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Abstract The Chelonian lineage has been exposed

to several climate change events along its evolutionary

history, but the rapid contemporary change in climate

patterns has the potential to erode turtle populations.

This study focuses on (1) evaluating the climatically

suitable area available for 15 species of mud turtles of

the genus Kinosternon, and on (2) assessing whether

or not these species retain their ancestral climate

niche. Occurrence data was collected for these species

and, using the Maxent algorithm and WorldClim

bioclimatic variables, suitable present and future

climatic niche areas were modeled. In addition, we

also carried out climatic niche similarity analyses

between pairs of species to evaluate whether these

conserve their climatic niche. Our models suggest that

most species of Kinosternon will lose a high propor-

tion of their suitable habitat in the future. Most mud

turtle species seem to conserve their climatic niche,

suggesting the prevalence of niche conservatism in the

group. Our results indicate that several mud turtle

species could be at severe risk of disappearing over the

next few decades due to the loss of climatically

suitable areas and of the conservation of their climatic

niches.
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Introduction

The current global climate change is a phenomenon

caused largely by the anthropogenic activities, which

today is wreaking a considerable effect on the

populations of many species, their life cycles, and

other biological systems, such as phenology, migra-

tory patterns, biotic interactions, and distribution

(Pearson & Dawson, 2003; Stempniewicz et al.,

2017). Therefore, climate change is considered one

of the most important factors threatening biodiversity

and ecosystem function (Thomas et al., 2004; Tanaka

et al., 2017). In this context, ectothermic organisms are

currently the most threatened by environmental

changes, due to the alteration of their thermal niches

caused by the greenhouse effect (Sinervo et al., 2010).

For example, outbreaks of emerging diseases and

infections such as Batrachochytrium dendrobatidis

Longcore, Pessier & Nichols, 1999 are related to the

decline of several populations of amphibian species

(Cohen et al., 2019). The link between climate change

and these epidemic diseases in amphibians has been

attributed to changes in environmental conditions that

influence the expansion or contraction of climatic

niches (Ron, 2005; Bonetti & Wiens, 2014a, b).

In reptiles, the increase in average environmental

temperature causes changes in their spatial distribu-

tion, physiological performance, reproductive biol-

ogy, behavior, and other life-history characteristics

(Bickford et al., 2010; Barrows, 2011; Lara-Reséndiz

et al., 2019). Since reptiles depend on external heat

sources to regulate their body temperature, climate is a

key factor influencing their thermal requirements,

tolerances, and adaptations in any environment of their

distribution (Hertz, 1981; Lara-Reséndiz et al., 2014).

For instance, Sinervo et al. (2010) suggested that a

continuous increase in temperature could cause a long-

term contraction of suitable habitat for lizard species

and thus an increase in the risk of local extinction.

This being so, it can be expected that anthropogenic

pressures will continue to cause a decrease in fresh-

water ecosystems, and therefore a negative effect on

biodiversity in the coming decades (Davies, 2010;

Lukasiewicz et al., 2016). Freshwater turtles are an

important component in this aquatic ecosystem (Iver-

son, 1982; Vogt & Guzmán-Guzmán, 1988). Accord-

ing to Macip-Rı́os et al. (2015) and Rhodin et al.

(2017), turtles are the most threatened group of

reptiles in the world due to climate change-related

factors, such as drying up of water bodies and changes

in thermal and rain patterns. Furthermore, the move-

ment and home ranges of freshwater turtles are limited

because many species are restricted to water bodies

with specific abiotic and biotic conditions (Pérez-

Pérez et al., 2017; Butler, 2019). For some mud turtles

(genus Kinosternon) it is documented that species

move overland in response to aquatic environment

fluctuations, nesting, environmental seasonality, and

mating (Cordero et al., 2012). For example, Hall &

Steidl (2007) reported that Kinosternon sonoriense Le

Conte, 1854 can move up to 500 m from one pond to

another. Highly aquatic species such Kinosternon

leucostomum Duméril & Bibron in Duméril &

Duméril, 1851 have been reported to be capable of

traveling up to 600 meters across land for nesting

(Cordero & Swarth, 2010).

Mud turtles (Kinosternon) inhabit a wide variety of

aquatic environments including streams, lagoons,

rivers, seasonal or perennial ponds, irrigation chan-

nels, dams, and water tanks in grazing areas through-

out its distribution in the Americas (Iverson et al.,

2013). Therefore, a number of taxa of this group of

turtles have microendemic distributions in several

basins across the American continent, and particularly

in Mexico; for example, species that are found

exclusively in one or two watersheds (Legler & Vogt,

2013; Macip-Rı́os et al., 2015). Thus their small

distribution and ecological characteristics, such as

limited dispersal ability, specialized diet, reduced

activity time, and temperature-dependent sex deter-

mination (Vogt & Flores-Villela, 1986; Iverson, 1991;

Pérez-Pérez et al., 2017), could put the permanence of

Kinosternon populations at risk at different scales of

time and space, since the dynamics of the ecological

traits of the genus depend on climate patterns (Sirois

et al., 2014). Currently, there are few studies on these

aspects of freshwater turtles (Ihlow et al., 2012). One

such study evaluates the effect of climate change on

five species of the genus Kinosternon under different

climate change scenarios in North America, using a

maximum entropy approach to modeling (Butler et al.,

2016). The results of this study showed that areas with

suitable climate conditions forK. bauriiGarman, 1891

and K. hirtipesWagler, 1830 are expected to decrease

substantially in the future. In contrast, areas suit-

able for K. sonoriense will remain essentially

unchanged, while areas suitable for K. flavescens
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Agassiz, 1857 and K. subrubrum (Bonnaterre, 1789)

are expected to increase (Butler et al., 2016).

The historical biogeography of Kinosternon turtles

also seems to reinforce the influence of climate on the

distribution of species. For example, mud turtles have

experienced several climate change events throughout

their evolutionary history (Cadena et al., 2007), and

the fossil record shows that the distribution of this

genus has been gradually modified following climate

change events over the past several million years

(Iverson et al., 2013). However, it is known that

current climate change is being dramatically acceler-

ated by anthropic effects (Cleland et al., 2006; Loarie

et al., 2009; Hamann et al., 2015). Lavergne et al.

(2010) andWiens et al. (2010) suggest that if a species

cannot follow its climatic niche as environmental

conditions shift geographically, the species would

have to adapt to new environmental conditions or

disappear. For example, local extinctions in relatively

short periods of time show considerable trends

towards climatic niche conservatism (Wiens & Gra-

ham, 2005; Sinervo et al., 2018). This is because

niches tend to be conserved in the sense that descen-

dant species tend to inhabit geographical areas similar

to those inhabited by their immediate ancestors

(Wiens et al., 2010; Hu et al., 2016).

Since mud turtles live under a restricted set of

climate conditions and evolved conservatively, we

characterize the climatic niche of the turtle species

within the genus Kinosternon (Ihlow et al., 2012;

Fagundes et al., 2015). In this study, we hypothesize

that the species of the genus Kinosternon could lose a

large part of their climatic niche during the coming

decades, and that species of the genus will show high

climate niche conservatism due to their strong depen-

dence on and affinity with the environmental charac-

teristics of the habitats in which they live, in particular

microendemic species such as Kinosternon abaxillare

Baur in Stejneger, 1925, K. alamosae Berry & Legler,

1980, K. chimalhuaca Berry, Seidel, & Iverson in

Rogner, 1996, K. creaseri Hartweg, 1934, K. duran-

goense Iverson, 1979, K. oaxacae Berry & Iverson,

1980, and K. stejnegeri (Hartweg 1938). The aims of

this study are to determine the changes in habitat

suitability over time using ecological niche models

projected under three different climate change sce-

narios (present, 2050, and 2070), and to evaluate

whether species of the genus Kinosternon conserve

their climatic niches or not, by using an analysis of

niche similarity for species occurring throughout the

Western Hemisphere (Broennimann et al., 2012; Hu

et al., 2016).

Materials and methods

Taxon sampling

The genus Kinosternon is composed of about 30 living

taxa; 21 species and 9 subspecies (Rhodin et al., 2017;

López-Luna et al., 2018). Of this total, we included 15

species in this study, following the taxonomy pro-

posed by Rhodin et al. (2017), which are 50% of the

total species. The species Kinosternon angustipons

Legler, 1965, K. baurii, K. dunni Schmidt, 1947, K.

hirtipes chapalaense Iverson, 1981, K. h. magdalense

Iverson, 1981, K. h. murrayi Glass & Hartweg, 1951,

K. h. tarascense Iverson, 1981, K. leucostomum

postinguinale Cope, 1887, K. scorpioides albogulare

Duméril & Bocourt, 1870,K. s. cruentatumDuméril &

Bibron in Duméril & Duméril 1851, K. sonoriense

longifemorale Iverson, 1981, K. steindachneri Sieben-

rock, 1906, K. subrubrum, K. s. hippocrepis Gray,

1856, and K. vogti López-Luna et al., 2018 were

specifically not included in this analysis because

available information is scarce. Occurrence data for 15

species were obtained from three basic sources:

(i) geographic records collected in the field over an

11-year period; (ii) online databases, such as Global

Biodiversity Information Facility (GBIF, available at

www.gbif.org), and HerpNet (http://www.herpnet.

org/portal.html); and (iii) from the specialized litera-

ture (Iverson, 1992; Berry et al., 1997; Aguirre-León

& Aquino-Cruz, 2004; Macip-Rı́os et al., 2009; Legler

& Vogt, 2013; van Dijk et al., 2014). All data were

individually reviewed and records that seemed unre-

liable for a particular type of information were elim-

inated from the data base; for example, duplicate

records and occurrences far from the known ranges of

distribution for each species (Elith et al., 2010). The

selected records were georeferenced with the free

Google EarthTM program (version 7.0.3.8542) and

configured in decimal degrees using the WGS 84

datum converter. Our final database included 5,153

records on 15 different species: Kinosternon abaxil-

lare (19 records), K. acutumGray, 1831 (131 records),

K. alamosae (33 records), K. stejnegeri (27 records),

K. chimalhuaca (72 records), K. creaseri (97 records),
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K. durangoense (100 records), K. flavescens (453

records), K. herrerai Stejneger, 1925 (245 records),

K. hirtipes (701 records), K. integrum Le Conte, 1854

(2,067 records), K. leucostomum (329 records),

K. oaxacae (21 records), K. scorpioides (Linnaeus,

1766) (760 records), and K. sonoriense (98 records)

(Fig. 1).

Determination of accessible distribution area

Since bodies of water are very important for the

presence of the turtles, we determined accessible areas

for each species of turtle from digital layers of

watersheds for the American continent at 30 arc-

minutes resolution (* 1 9 1 km) as a background

(Lehner et al., 2006). For each species, we selected

only those localities that coincided with a known body

of water in accordance with Iverson (1992) and

Rhodin et al. (2017).

Climate variables

We downloaded annual means of the meteorological

conditions recorded from the periods present and

future (2050 and 2070) data of 19 bioclimatic

variables available in the WorldClim data base

(Hijmans et al., 2005; http://www.worldclim.org/) at

30 arc-minutes spatial resolution (* 1 9 1 km). We

estimated future projections using the CCSM-GCM

model for the present, 2050, and 2070 under two

greenhouse concentration scenarios, RCP26 and

RCP85, which represent an optimistic (RCP26 = ?

2.6 W/m2) and pessimistic scenario (RCP85 = ?

8.5 W/m2). To identify the variables with the greatest

contribution to explaining the spatial-environmental

variation for each species, we extracted the values of

each variable associated with the occurrence records

of each species and used them in a factorial analysis

with STATISTICA (ver. 10; StatSoft Inc, 2004). We

Fig. 1 Records compiled for this study of the turtle species of the genus Kinosternon in America
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selected the variables with greater explanatory power

(inferred from the eigenvalues), while variables with

little explanatory power or with high correlations were

eliminated. This process avoids multicollinearity

among the environmental predictors used. The selec-

ted variables were BIO1 = Annual Mean Tempera-

ture, BIO2 = Mean Diurnal Range (Mean of monthly

(max temp - min temp)), BIO4 = Temperature Sea-

sonality (standard deviation 9 100), BIO6 = Min

Temperature of Coldest Month, BIO7 = Temperature

Annual Range (BIO5 - BIO6), BIO8 = Mean Tem-

perature of Wettest Quarter, BIO9 = Mean Tempera-

ture of Driest Quarter, BIO12 = Annual Precipitation,

BIO15 = Precipitation Seasonality (Coefficient of

Variation).

Climatic niche modeling

We used the maximum entropy modeling method

(Phillips et al., 2006) implemented in the MaxEnt

program (version 3.3.3; Phillips et al., 2004), which

generates habitat suitability maps. The indicator

ranges from 0 (low suitability) to 1 (high suitability)

(Elith et al., 2011). We generated the models with the

default configurations of MaxEnt using the species

occurrence and climate data described above. We

randomly selected 20% of the data for testing (eval-

uation of each model) and used the other 80% for

training (calibration of the model; Urbina-Cardona &

Flores-Villela, 2010). We evaluated the accuracy of

the models in MaxEnt (version 3.3.3; Phillips et al.,

2004) using the area under the curve (AUC) metric.

The models with AUC values between 0.5 and 0.7

were classified as low precision, values between 0.7

and 0.9 were classified as models with good precision,

and models with AUC[ 0.9 were classified as high

precision (Pliscoff & Fuentes-Castillo, 2011).

The probabilistic maps were output in ASCII

format; they were imported into the ArcMap GIS

10.3 program (ESRI, 2006) and transformed into

binary maps showing areas where the climatic niches

are most likely present and absent. These were

produced using the criterion of ‘‘equal training sensi-

tivity and specificity logistic threshold,’’ which was

applied as a cut-off threshold, because it equates errors

of commission and of omission in order to balance

these two types of errors (Pearson et al., 2007; Ward,

2007). Finally, to assess the impacts of climate change

for each species of the genus Kinosternon, we

calculated the percentage change between current

and future conditions by the formula % change = [(

S1 - S0)/S0] 9 100%, where S0 is the area with

suitable climate conditions for the species according to

the reference scenario (current), and S1 is the climat-

ically suitable area for the species under future climate

conditions (Gutiérrez & Trejo, 2014).

Climatic niche conservatism

We compared climatic niches among the 15 species of

the genus Kinosternon according to the analytical

framework proposed by Broennimann et al. (2012)

using Ecospat (Broennimann et al., 2015) in R (R Core

Team, 2014). The environmental variables obtained

from the factorial analysis described above were used

in these niche comparisons. In this study we used the

approach of principal component analysis (PCA-

environmental), extracting the first two axes of a

PCA, including the 10 bioclimatic variables selected to

represent the climatic niche of each species. These axes

were represented in an environmental space divided

into a 100 9 100-cell grid within the geographical

range for each species (Broennimann et al., 2015; Hu

et al., 2016). We used the simple kernel density

function to calculate the density of the number of

occurrences and numbers of each site with particular

environmental conditions for each cell within the

environmental space (Broennimann et al., 2012).

Wemeasured climatic niche overlap between species

pairs in the environmental space using Schoener’s D,

which ranges from 0 (no overlap) to 1 (total overlap)

(Warren et al., 2008). We carried out niche similarity

tests according to themethodology proposed byWarren

et al. (2008), which is based on 100 randomizations in

both directions (A vs. B and B vs. A) in a null model.

When the observed overlap value is significant

(P\ 0.05) in a two-way test, the climatic niches of

the two species are considered similar, indicating that

the climatic niche predicts the climate niche of the other

species better than expected by a specific null model.

Results

Ecological niche models

Ecological niche models of the Kinosternon species

showed high AUC values ([ 0.70). The bioclimatic
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variables that contributed most to the calibration of the

models were BIO8 (Mean Temperature of Wettest

Quarter), BIO12 (Annual Precipitation), and BIO15

(Precipitation Seasonality–Coefficient of Variation)

(see Table 1).

The ecological nichemodels showed that most of the

species will lose area with conditions suitable for their

respective climatic niche under the climate change

scenarios considered in this study. The species that will

likely lose the most area suitable are Kinosternon

abaxillare,K. chimalhuaca,K. oaxacae,K. scorpioides,

andK. sonoriense. The principal reduction occurs in the

scenarios with the highest concentrations of greenhouse

gases, 2050 RCP85 and 2070 RCP85, while K. abaxil-

lare and K. creaseri will have significant increases in

their distribution area by the year 2050 according to the

RCP85 scenario (Table 2, Fig. 2).

Climatic niche similarity (conservatism)

In general, climatic niche similarity values among

species of the genus Kinosternon were moderately

high and significant (P B 0.05), which suggests high

climatic niche conservatism in this genus (Table 3;

Fig. 3). Only a few species (with very reduced or

microendemic distribution) had low values of niche

similarity; K. abaxillare, K. alamosae,

K. chimalhuaca, K. durangoense, and K. oaxacae

(Table 3, Fig. 3).

Discussion

Based on the variables that contributed the most to the

climatic niche models (see Table 1), it is evident that

seasonality is particularly important for Kinosternon

turtles. Our results also indicate that a decline in

precipitation and in seasonality is expected under all

scenarios. Butler et al. (2016) note that habitat

suitability conditions will decline by 81% to 95% in

the southeastern United States by 2050. Therefore, we

would expect that these species might be vulnerable to

climate change, because one of the effects would be an

alteration in seasonal patterns where these species

occur (Gabriel et al., 2017). It is expected that such

environmental modifications will have an impact on

some life-history traits, such as activity patterns and

reproduction, which could lead to local extinctions

(Brown et al., 1997; Ihlow et al., 2012). In addition, it

is known that Kinosternon turtles have seasonal

activity patterns and temperature sex determination,

which are also affected by changes in climate patterns

(Vogt & Flores-Villela, 1986; Tuma, 2006; Macip-

Rı́os et al., 2017).

Table 1 Values of area under the curve (AUC) of the models and the five bioclimatic variables that contributed the most to their

construction for each species of Kinosternon

Species AUC values Five most important variables and percent contribution

Kinosternon abaxillare 0.98 BIO15 (53.2%), BIO12 (27.4%), BIO4 (19%), BIO2 (1%), BIO1 (.2%)

Kinosternon acutum 0.77 BIO8 (35%), BIO6 (24%), BIO15 (15%), BIO4 (12%), BIO1 (6%)

Kinosternon alamosae 0.95 BIO9 (47.2%), BIO1 (21.9%), BIO6 (8%), BIO8 (7.3%), BIO15 (6.1%)

Kinosternon stejnegeri 0.95 BIO8 (50%), BIO15 (24%), BIO1 (14%), BIO12 (9%), BIO9 (1.5%)

Kinosternon chimalhuaca 0.91 BIO9 (33.6%), BIO2 (11%), BIO1 (8%), BIO8 (5%), BIO7 (4%)

Kinosternon creaseri 0.78 BIO4 (23%), BIO15 (22%), BIO12 (19%), BIO8 (13%), BIO9 (8%)

Kinosternon durangoense 0.95 BIO9 (28%), BIO2 (24%), BIO4 (19%), BIO7 (13.6%), BIO15 (13.5%)

Kinosternon flavescens 0.85 BIO8 (70.1), BIO4 (7.7%), BIO9 (7.7%), BIO1 (4.6%), BIO12 (4%)

Kinosternon herrerai 0.90 BIO6 (58.9%), BIO12 (10.2%), BIO15 (6.8%), BIO2 (6%), BIO4 (6%)

Kinosternon hirtipes 0.85 BIO15 (42%), BIO4 (14%), BIO9 (11.5%), BIO2 (9%), BIO1 (8.7%)

Kinosternon integrum 0.80 BIO15 (32%), BIO4 (28%), BIO6 (20%), BIO12 (10%), BIO1 (4.8%)

Kinosternon leucostomum 0.80 BIO4 (23.7%), BIO9 (20.5%), BIO12 (19%), BIO7 (11%), BIO15 (7%)

Kinosternon oaxacae 0.94 BIO8 (60%), BIO6 (15.8%), BIO9 (13.8%), BIO4 (8.7%), BIO1 (1.3%)

Kinosternon scorpioides 0.85 BIO4 (23%), BIO8 (30.4%), BIO15 (15.4%), BIO2 (11%), BIO9 (9.2%)

Kinosternon sonoriense 0.85 BIO15 (58.3%), BIO6 (13.9%), BIO2 (7%) BIO8 (4.2%), BIO12 (5%),
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Table 2 Geographical area with suitable climate conditions for Kinosternon species according to current and future conditions and

rate of change in habitat suitability between the present and the future

Species Scenario area (km2) % change rate current/scenario

Kinosternon abaxillare Current 4,800.65

2050-RCP 2.6 4,360.88 - 9.16

2050-RCP 8.5 7,885.08 ? 64.25

2070-RCP 2.6 3,858.58 - 19.62

2070-RCP 8.5 2,300.77 - 47.90

Kinosternon acutum Current

2050-RCP 2.6

100,385.4

93,201.78

- 7.15

2050-RCP 8.5 95,867.92 - 4.50

2070-RCP 2.6 99,881.2 - 0.50

2070-RCP 8.5 85,901.34 - 14.42

Kinosternon alamosae Current 21,345.22

2050-RCP 2.6 17,400.22 - 18.48

2050-RCP 8.5 16,333.7 - 23.47

2070-RCP 2.6 19,513.44 - 8.58

2070-RCP 8.5 16,205.19 - 24.80

Kinosternon stejnegeri Current 105,664.83

2050-RCP 2.6 101,901.7 - 3.56

2050-RCP 8.5 106,738.59 ? 1.10

2070-RCP 2.6 99,567.31 - 5.77

2070-RCP 8.5 89,304.11 - 15.48

Kinosternon chimalhuaca Current 2,300.35

2050-RCP 2.6 2,860.6 - 1.37

2050-RCP 8.5 2,211.07 - 23.76

2070-RCP 2.6 2,388.48 - 17.64

2070-RCP 8.5 1,150.35 - 60.33

Kinosternon creaseri Current 50,300.12

2050-RCP 2.6 48,080.5 - 4.41

2050-RCP 8.5 83,367.47 ? 65.74

2070-RCP 2.6 41,842.19 - 16.81

2070-RCP 8.5 38,401.3 - 23.65

Kinosternon durangoense Current 48,201.4

2050-RCP 2.6 44,128.13 - 8.45

2050-RCP 8.5 43,324.38 - 10.11

2070-RCP 2.6 40,319.11 - 16.35

2070-RCP 8.5 33,427.18 - 30.65

Kinosternon flavescens Current 1,231,104.11

2050-RCP 2.6 1,022,031.02 - 16.98

2050-RCP 8.5 1,147,116.68 - 6.82

2070-RCP 2.6 1,221,241.76 - 0.80

2070-RCP 8.5 1,013,354.13 - 17.68

Kinosternon herrerai Current 40,128.48 - 11.72

2050-RCP 2.6 35,421.92 - 9.32

2050-RCP 8.5 36,385.29 - 7.51

2070-RCP 2.6 37, 111.46 - 32.38
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Fossil evidence shows thatKinosternon turtles have

a Mesoamerican origin dating from the Cretaceous

with subsequent radiation to North America (Iverson

et al., 2013). However, several studies have docu-

mented that the climatic niche of Kinosternon species

has diminished over time in the evolutionary history of

the genus (Rödder et al., 2013, Joyce & Bourque,

2016). Our results show that habitat suitability will

continue to decrease considerably for most species,

particularly at moderate and high latitudes, where the

environment will become drier and highly seasonal

(see Table 2). Seager et al. (2007) noted that in the arid

regions of southwestern North America, environmen-

tal conditions will be more extreme and will have

longer periods of drought.

Table 2 continued

Species Scenario area (km2) % change rate current/scenario

2070-RCP 8.5 27,132.12

Kinosternon hirtipes Current 389,669.48 - 10.40

2050-RCP 2.6 349,113.98 - 9.78

2050-RCP 8.5 351,549.13 - 18.51

2070-RCP 2.6 317,519.46 - 22.46

2070-RCP 8.5 302,120.54

Kinosternon integrum Current 489,667.28 - 13.77

2050-RCP 2.6 422,205.53 - 7.01

2050-RCP 8.5 455,301.18 - 18.23

2070-RCP 2.6 400,382.2 - 8.02

2070-RCP 8.5 450,354.68

Kinosternon
leucostomum

Current 616,365.12 - 9.73

2050-RCP 2.6 556,385.17 - 45.05

2050-RCP 8.5 586,462.11 ? 11.84

2070-RCP 2.6 689,365.19 - 22.51

2070-RCP 8.5 601,421.1

Kinosternon oaxacae Current 3,021.19 ? 3.90

2050-RCP 2.6 3,139.24 ? 17.87

2050-RCP 8.5 3,561.12 - 4.87

2070-RCP 2.6 2,873.95 - 30.50

2070-RCP 8.5 2,113.12

Kinosternon scorpioides Current 1,987,641.98 - 4.38

2050-RCP 2.6 1,900,539.21 - 31.76

2050-RCP 8.5 1,356,300.59 - 28.54

2070-RCP 2.6 1,420,344.77 - 34.15

2070-RCP 8.5 1,308,678.49

Kinosternon sonoriense Current 284,101.28 - 17.59

2050-RCP 2.6 234,111.31 ? 5.10

2050-RCP 8.5 298,361.19 - 20.74

2070-RCP 2.6 225,167.45 - 34.82

2070-RCP 8.5 185,167.33

cFig. 2 Habitat suitability area from current and future pro-

jected climate models (2050 RCP26, RCP85 and 2070 RCP26,

RCP85). Green areas represent the climatic niche projected for

the species. a Kinosternon abaxillare, b K. alamosae, c K. ste-
jnegeri, d K. chimalhuaca, e K. durangoense, f K. flavescens,
g K. herrerai, h K. hirtipes, i K. oaxacae, j K. sonoriense,
k K. acutum, l K. creaserie, m K. integrum, n K. leucostomum
and o K. scorpioides
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Fig. 2 continued
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The Kinosternon turtles are distributed from south-

ern Canada to northern Argentina. Along their distri-

bution, environments can reach lethal temperatures

during some months of the year. This being so, they

have evolved diverse ecological and physiological

adaptations to cope with extreme temperatures and dry

conditions (Ultsch, 2006; Pérez-Pérez et al., 2017).

However, longer periods of drought and extreme

temperatures can go beyond the tolerance rates of their

plasticity and are likely to cause decreases in popu-

lation sizes that could lead to local extinctions (Ligon

& Peterson, 2002).

Fig. 2 continued

cFig. 3 Pairs of species that showed similar climatic niches in

the environmental space according to principal components

analysis (PCA-environmental). The panels represent the niches

of species pairs along the first two axes of the PCA. Solid

contour lines illustrate the full range (100%) of climate space,

and dashed contour lines represent the (50%) available

environment (background). Shading shows the density of

species occurrences per grid cell. Blue pixels show niche

overlap between the two species (conservatism of climate

conditions occupied in both species), red pixels and green pixels

are the parts of the niche of the species that do not overlap
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Fig. 3 continued
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Environmental niche models also suggest that

climatic niches for Kinosternon abaxillare, K. chi-

malhuaca, K. creaseri, K. durangoense, K. herrerai,

K. hirtipes, K. oaxacae, and K. sonoriense will

decrease considerably during the coming decades

(see Table 2). These results are alarming, since several

of these taxa are microendemic, occurring only in a

very narrow distribution area. For example, the

models reveal that by 2050 and 2070, large areas with

suitable conditions will be lost from the distribution of

Kinosternon hirtipes. Therefore, three of its sub-

species, K. h. chapalense from Lake Chapala and

Presa Zapotlán, K. h. magdalense from Presa San

Juanico, and K. h. hirtipes from the Valley of Mexico

will be drastically imperiled by the reduction of

suitable habitat. Areas with suitable climate conditions

for K. acutum, K. alamosae, K. flavescens, K.

integrum, and K. stejnegeri will be less affected.

These results coincide in part with those reported by

Butler et al. (2016), who state that the habitat

suitable for the species K. hirtipes will decrease

during the coming decades. However, our results

differ from theirs for K. flavescens and K. sonoriense,

as Butler et al. (2016) suggest that habitat suitability in

these species will increase considerably, but our

analysis found expected decreases of 17.68% and

34.82% for these two species respectively.

We found that suitable habitat for four species was

projected to expand outside the current geographic

ranges. These species are K. abaxillare, K. creaserie,

and to a lesser extent K. leucostomum and K. oaxacae,

and the shift was more obvious in the low-concentra-

tion scenario. However, even when the ranges of the

species are predicted to increase, these turtles may not

be able to expand their ranges in concordance with the

shift in suitable habitat (Butler et al., 2016; Waterson

et al., 2016). Although turtles of the Kinosternon

genus have the ability to move for several meters (Hall

& Steidl, 2007; Cordero et al., 2012; Pérez-Pérez et al.,

2017), anthropic factors such as habitat fragmentation

and urbanization are strong barriers that prevent

species from establishing themselves in new places

with adequate habitat conditions (Semlitsch & Bodie,

2003; Ner & Burke, 2008).

Ihlow et al. (2012) predict that during the coming

decades there will be suitable habitat for a great

diversity of chelonians in some regions of the planet,

while in other places, suitable conditions will be lost.

These authors also raise the question of whether turtle

species could adjust to the new environmental condi-

tions generated by climate change in the future. Our

climatic niche conservatism results suggest that

species of the genus Kinosternon will not be able to

withstand the new environmental conditions generated

by climate change, since this lineage of turtles

maintains its ancestral niche.

Our results present robust evidence that mud turtles

show climatic niche conservatism in both tropical and

Fig. 3 continued
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sub-tropical species from semi-arid zones. It is

important to note that K. hirtipes and K. integrum

have climatic niches similar to tropical and semi-arid

species, since these species inhabit a great variety of

environments along their geographical distribution

(Legler & Vogt, 2013); nevertheless, even if this

species could occur in sympatry across its distribution,

K. hirtipes requires perennial aquatic habitats and

aestivates only a short period of time (Legler & Vogt,

2013), while K. integrum can aestivate for more than

250 days out of water (Aparicio et al., 2018).

Our results are supported by other authors such as

Cooper et al. (2011) and Olalla-Tárraga et al. (2011)

who found greater niche conservatism in tropical

mammals and amphibians than those in temperate

regions. Finally, microendemic species, such as

K. abaxillare, K. chimalhuaca, K. alamosae, K. du-

rangoense, and K. oaxacae showed low climate niche

similarity with respect to other mud turtles. This

pattern may be due to the fact that each of these species

have unique local adaptations to a particular environ-

mental niche different from all the other species, as

other authors have suggested (Waldron et al., 2006;

Bonetti & Wiens, 2014a, b; Maik et al., 2015).

The climatic niche conservatism demonstrated in

this study showed a grouping pattern like that reported

for the phylogeny of the Kinosternon lineage proposed

by Iverson et al. (2013). This supports the evidence

that species of the genus Kinosternon still conserve

their ancestral climatic niche. For example, our results

also showed that there is climatic niche similarity

among K. acutum, K. creaseri, K. herrerai, K. scorpi-

oides, and K. leucostomum. These species are also

grouped in one of the clades proposed by Iverson et al.

(2013), which is composed of species with southern

tropical affinity. The species K. alamosae, K. hirtipes,

K. sonoriense, K. durangoense, K. integrum, and

K. stejnegeri were found within a second larger clade

in the phylogeny proposed by Iverson et al. (2013),

and also share climatic niche similarity. This latter

group includes northern species with an affinity to

drier and more seasonal climates.

In conclusion, our climatic niche models and

climate niche conservatism results suggest that species

of the genus Kinosternon could be at severe risk of

disappearing over the next few decades due to the loss

of climatically suitable areas in their distribution and

conservation of their climatic niche. Furthermore, loss

and drying up of water bodies could heavily impact

mud turtles in the areas they inhabit, which in turn

could ultimately impact negatively on human well-

being (Chapin et al., 2000).

Acknowledgements We thank Jonathon Marshall for his

review and comments on this manuscript. This study is part of

the PhD research of the senior author (CBI), in the program

(000652) Biodiversidad y Conservación at the Universidad

Autónoma del Estado de Hidalgo, México. A scholarship was
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H. Jiménez-Arcos, H. Gadsden & F. R. Méndez-De la

Cruz, 2014. Thermoregulation in two sympatric popula-

tions of lizard: Sceloporus lineolateralis and Sceloporus
poinsettii (Squamata: Phrynosomatidae) in Durango,

Mexico. Revista Mexicana de Biodiversidad 85: 875–884.

Lara-Reséndiz, R. A., P. Galina-Tessaro, A. G. Pérez-Del-
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