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Abstract: The Mexican Republic ranks fifth in the world in terms of amphibian diversity, and within
Mexico, the state of Oaxaca has the greatest amphibian richness and endemism. Unfortunately,
various factors, such as land use change and global warming, have caused a global crisis that
threatens the conservation of this class. In the face of these threats, an analysis of beta diversity
provides information that can be applied to conservation strategies, since its study reveals the spatial
scaling of diversity loss and clarifies the mechanisms of regional diversity maintenance. In this work,
we analyzed the beta diversity at the species and higher taxa level (order, family, subfamily, genus
and species) for the amphibians of Oaxaca and their replacement components and the differences
in richness for anurans and caudates separately between physiographic subprovinces. Very high
beta diversity was recorded, with higher diversity occurring among caudates (0.92) than among
anurans (0.84). Species replacement was the component that most contributed to this result, and
the subprovinces with substantial environmental differences had the most dissimilar amphibian
communities. The results of this study show the need to implement conservation strategies in
subprovinces with high amphibian richness and endemism levels, following the example of Sierra
Madre de Oaxaca (SMO), where local communities have developed conservation actions in most of
the territory.

Keywords: anurans and caudates; conservation; dissimilarity; subprovinces; replacement

1. Introduction

In Mexico, the class Amphibia has a high global richness level, ranking fifth in the
world in terms of diversity, with 430 species, of which 70% (300 species) are endemic to the
country [1]. Mexico has the second most plethodontid species globally, with 132 species,
of which 81% are endemic to the country [1]. At the national level, the state of Oaxaca
has the greatest diversity of Amphibia, registering 38 genera (32 anurans, 5 caudates and
1 Gymnophiona) and 158 species (109 anurans, 47 caudates and 2 caecilians) [2]. Oaxaca
contains 36.7% of the species, 65% of the genera and 81% of the families of amphibians in
Mexico. Of this total, 110 are endemic, 49 to Mexico (39 anurans, 9 caudates and 1 caecilian),
and 61 are endemic to Oaxaca (38.6%: 26 anurans and 35 caudates) [2]). In the case of
caudates, endemism is extraordinary since 74% are endemic to Oaxaca [2].

Unfortunately, globally, the amphibians are experiencing a new extinction crisis in
their history [3,4]; for example, in Mexico, more than 41% of amphibian species are criti-
cally endangered, endangered or threatened according to the International Union for the
Conservation of Nature IUCN) [5], and 72% of salamander species (95 species) in Mexico
are threatened with extinction [6] due to various factors, such as habitat transformation,
which is caused by human activities, including agriculture, livestock, logging and urban
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development; introduction of exotic species; and the effects of global climate change and
emerging infectious diseases [3—6]. In addition to this problem, amphibians have limited
dispersal capacities, specialized habitats and habits and high rates of endemism [3-5],
which contribute to the fact that, at the national scale, they present the highest beta diver-
sity within terrestrial vertebrate species with a high conservation risk [7-9]. Given this
background, we consider it important to analyze the diversity of amphibians in the state of
Oaxaca with integrative methodological approaches. In this work, we analyze amphibian
beta diversity and its replacement components and the differences in the richness of the
amphibians in the physiographic subprovinces of the state of Oaxaca since this type of
analysis offers quantitative information that can contribute to a better understanding of the
diversity of this group at different scales and that can be reflected in conservation strategies
for these species at the state level [10].

2. Materials and Methods

The units of study in this work were the 12 physiographic subprovinces present in the
state of Oaxaca that were used for an analysis of the herpetofauna in Oaxaca by Mata-Silva
et al. [2,11]: Balsas Depression (DB); Mountains and Valleys of the West (MVO); Tehuacan
Trench (FT); Sierra Madre de Oaxaca (SMO); Gulf Coastal Plain (PCG); Central Valleys
of Oaxaca (VCO); Mountains and Valleys of the Center (MVC); Isthmic Depression of
Tehuantepec (DIT); Sierra Madre de Chiapas (SMC); Sierra Madre del Sur (SMS); Pacific
Coastal Plain (PCP); and Tehuantepec Coastal Plain (PCT) (Figure 1). From the information
on amphibians in this work [11], a database of presence and absence was constructed.
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Figure 1. Map of subprovinces of Oaxaca: Balsas Depression (DB); Mountains and Valleys of the
West (MVO); Tehuacan Trench (TT); Sierra Madre de Oaxaca (SMO); Gulf Coastal Plain (PCG);
Central Valleys of Oaxaca (VCO); Mountains and Valleys of the Center (MVC); Isthmic Depression of
Tehuantepec (DIT); Sierra Madre de Chiapas (SMC); Sierra Madre del Sur (SMS); Pacific Coastal Plain
(PCP); and Tehuantepec Coastal Plain (PCT) [2,11].
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To determine if there is a relationship between the size of the area of the provinces
and the richness of amphibians, anurans and caudates, a regression analysis was applied.
Beta diversity or dissimilarity was separated into its two components of replacement
and differences in richness [12-15]. According to this method, the total dissimilarity is
1 — BSOR (similarity coefficient of Sorensen). This total dissimilarity is divided into two
components: dissimilarity due to turnover (SIM) and dissimilarity due to differences in
richness (BSNE) [14-16], represented as 3SOR = 3SIM + BSNE. This analysis was carried
out in the R program 4.0.3, using the BAT package 2.0.0 [17,18].

This partition was performed both for the dissimilarity in the composition of species
and for that in the taxonomic structure, considering the composition of taxa higher than the
species level, using the method of Bacaro et al. [19], where the total taxonomic dissimilarity—
here, BSORT—is equal to the dissimilarity of the Jaccard or Sorensen coefficient but taking
into account higher taxa. The values of BSORT range from zero when the taxonomic
structure of both communities is identical to 1 when the taxonomic structure is totally
different [19]. Taxonomic dissimilarity measures the proportion represented by nonshared
taxa to the total number of taxa in the two communities. Therefore, the partitioning of
BSORT with the procedure of Carvalho et al. [14] provides a dissimilarity component due
to the change in the taxon (BSIMT) and a dissimilarity component due to the difference in
taxon richness (3SNET). To calculate the total taxonomic dissimilarity and its components,
we used the categories of order, family, subfamily, genus and species. The analysis was
carried out in the R program 4.0.3 [18].

To observe the patterns of beta diversity among species and the beta taxonomy between
physiographic subprovinces, we performed a nonmetric dimensional scaling analysis
(NMDS). A cluster analysis was performed to determine similarities between subprovinces
according to beta diversity values. This cluster analyses were performed using the UPGMA
(Unweighted Pair Group Method with Arithmetic Mean) linkage method. The clusters
formed were superimposed in the NMDS and were described using cutoff levels at 0.60
of dissimilarity for the total beta diversity and 0.30 of dissimilarity for the replacement
components and differences in richness. These analyses were performed in the PRIMER
V7® program [20]. Simple linear regression analyses were also performed to explore the
existence of a relationship between the beta diversity of species and the beta diversity of
higher amphibian taxa for the total beta diversity, turnover and differences in richness of
the 12 physiographic subprovinces present in Oaxaca. All the analyses were performed
for all amphibians; however, the analyses were performed independently for anurans
and caudates separately, as these orders present important differences in richness and
environmental requirements, and their dissimilarity patterns can vary.

3. Results
3.1. Species Richness and Endemism

Nationally, the state of Oaxaca has the highest amphibian species richness, with
158 species; in addition, 54.3% of these amphibians have been recorded in only one sub-
province, as well as 48 of the 61 species endemics to Oaxaca (80%, Table 1). In comparison to
caudates, anurans were distributed more broadly, in as many as 10 subprovinces (X = 2.87
subprovinces), and the caudates were distributed in as many as three subprovinces (X = 1.3
subprovinces, Table 2). Notably, the SMO had 88 species (62 anurans and 26 caudates),
with 70.45% endemism (62 species: 36 anurans and 26 caudates), while, nationally, there
was 21.6% endemism (19 species) at the national level (17 anurans and 2 caudates) and
49% endemism (43) at the state level (19 anurans and 24 caudates), of which 86.7% (36)
are endemic to this subprovince (16 anurans and 20 caudates). There is a relationship
between the subprovince area and amphibians’ richness; this relationship is also observed
in anurans and caudates separately (2 = 0.461 p < 0.017; 2 = 0.407 p < 0.025; and 7 = 0.51
p < 0.0137, respectively).
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Table 1. Area (km?), species richness (S) and number of endemics to Mexico and Oaxaca of am-
phibians, anurans and caudates for the 12 physiographic subprovinces of Oaxaca. Mx = México;
Oax = Oaxaca.

Area Species Richness Endemic Species to Mexico and Oaxaca
Subprovinces km? S Amphibia S Anura S Caudata S Caecilians Aﬁ)slg:;a I\?)Sl(l)r:x (;;;/C(l)a::

DB 1788.17 7 7 0 0 5/0 5/0 0/0
MVO 21,262.73 33 24 9 0 27/13 18/5 9/8
FT 1134.21 14 14 0 0 7/0 7/0 0/0
SMO 17,519.96 88 62 26 0 62/43 36/19 26/24
PCG 7975.92 28 25 3 0 4/1 2/1 2/0
vVCO 2267.42 14 13 1 0 11/2 10/1 1/1
MVC 6662.62 16 16 0 0 8/1 8/1 0/0
DIT 2114.12 20 18 2 0 3/0 1/0 2/0
SMC 5816.08 44 37 6 1 11/01 7/0 4/1
SMS 12,350.15 49 42 6 1 32/12 25/6 7/6
PCP 9262.06 21 21 0 0 7/0 7/0 0/0
PCT 4298.77 27 26 0 1 6/1 6/1 0/0

Table 2. Number of subprovinces occupied by endemic and nonendemic amphibian species for
Mexico and Oaxaca.

No. Subprovinces No Endemics  Mexico Endemics = Oaxaca Endemics Total

1 10 23 48 81
2 12 1 10 23
3 5 8 2 15
4 4 1 0 5
5 4 3 0 7
6 3 2 0 5
7 4 3 0 7
8 1 1 0 2
9 1 0 0 1
10 3 0 0 3

Total 47 42 60 149

3.2. Total Beta Diversity of Amphibian Species at the State Level

The total beta diversity for Oaxacan amphibian species was 86% (FSOR = 0.86) and
was higher than that of higher taxa (3SORT = 0.79). Turnover was more important than
the differences in richness at the species level (3SIM = 0.74 and BSNE = 0.12) and higher
taxa level (BSIMT = 0.63 and BSNET = 0.16). In comparison to the anurans, the caudates
presented a higher total beta diversity of species and taxa (caudates, fSOR = 0.92 and
BSORT = 0.81; and anurans, 3SOR = 0.84 and FSORT = 0.76), and the turnover (caudates,
BSIM = 0.81 and BSIMT = 0.63; and anurans, BSIM = 0.72 and BSIMT = 0.61) was more
important than the differences in richness (anurans, 3SNE = 0.12 and BSNET = 0.15; and
caudates, BSNE = 0.11 and BSNET = 0.18; Figure 2). However, when all the subprovinces
are analyzed, including where the caudates are not distributed, in comparison to the other
factors, the differences in richness were more important (3SIM = 0.11 and FSNE = 0.69).
There was no relationship between total beta diversity or turnover and the area of the
physiographic provinces (r> = 0.031, p <0.1526; 2 = 0.035, p < 0.1318, respectively). The area
of the physiographic subprovinces showed a positive and significant relationship with the
differences in richness (2 = 0.1033, p < 0.0083).
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Figure 2. Total species and taxonomic beta diversity of amphibians, anurans and caudates among the
12 physiographic subprovinces of the state of Oaxaca. The replacement component contributes more
to the total beta diversity of amphibians, both at the species and higher taxa levels. SP = species level;
TX = higher taxa level.

Furthermore, we explored the relationship between richness and beta diversity with
its components with the mean annual temperature and annual precipitation of each sub-
province. The regression analysis between the mean annual average temperature and the
total annual precipitation of each physiographic province and its amphibian species rich-
ness showed that only temperature was positively related to richness (r*> = 0.376, p < 0.035;
12 = 0.062, p < 0.42 respectively, Table 3).

Table 3. Monthly and annual average of temperature and precipitation of subprovinces present in the
state of Oaxaca. Temperature (in °C)/precipitation (in mm). Data taken from Mata-Silva et al. [11].

SUBPROV  JAN FEB MAR APR MAY JUNE JULY AUG SEP OCT Nov DEC ANNUAL
DB 19.3/4 20.9/3 23.4/6 24.9/28 25.4/75  24.4/156 23.3/132 23.2/145 22.8/161 22.0/45 20.5/6 19.4/1 22.5/762
MVO 17.2/6 18.7/4 20.9/8 22.4/20 232/76  223/155 21.4/113 21.5/103 21.1/149  20.0/52 18.4/13 17.3/3 20.4/702
FT 21.3/3 22.6/3 25.5/5 27.9/12 285/33  27.8/104 26.1/113 26.3/84  26.1/101 24.9/30 22.9/8 21.7/4 25.1/500
SMO 13.5/14 149/10  16.8/13  17.3/33 17.9/54  16.7/171 159/171 16.0/152 15.8/178 14.9/88 13.9/45 14.1/22 15.6/951
PCG 21.4/37  22.3/41 24.4/38  27.2/36 28.4/91 28.0/402 26.6/516 27.2/377 26.7/448 21.2/225 23.2/81 21.9/56 24.9/2348
VvCO 17.5/2 19.0/5 21.1/10  22.7/32 229/71 22.1/161  21.1/109 21.2/107 20.9/126  19.9/41 18.5/9 17.6/3 20.4/676
MvC 20.0/2 21.2/3 23.1/6 24.9/21 25.6/54  24.7/113  24.0/83 24.1/81 23.6/101  22.8/32 21.5/7 20.4/2 23.0/505
DIT 22.3/25 23.1/20  24.7/23  26.5/21 27.5/56  26.5/212 25.6/292 25.9/287 252/295 24.4/142  23.4/47 22.6/30 25.0/1450
SMC 21.8/107 229/56  24.7/34  26.4/39 27.3/80  263/273 25.6/302 259/351 255/462 24.4/284 23.1/154 22.2/116  25.0/2258
SMS 13.2/5 13.8/21 14.5/18  14.9/39 149/124 142/258 13.9/204 13.9/232 13.6/238 13.8/93 13.5/19 13.4/8 14.0/1259
PCP 26.1/3 26.5/7 27.2/2 27.8/8 28.6/65  28.1/163 28.0/138 28.2/249 27.9/217 27.2/83 26.4/8 26.0/3 27.3/946
PCT 24.8/4 25.6/4 27.1/3 29.0/6 29.6/55  28.6/201 283/132 28.7/160 27.7/237  27.1/58 26.1/14 25.2/5 27.3/879

In the case of the relationship between the mean annual temperature and the total beta
diversity, turnover and differences in richness, only this last variable had a positive and
significant relationship (r2 =0.023, p < 0.223 and Mantel test r = 0.186, p < 0.097; 2 =0.03,
p < 0.156; Mantel test r = 0.18, p < 0.878; 2 =0.083, p <0.017; Mantel test r = 0.321, p < 0.056).
A weak positive and significant relationship was evident between precipitation and total
beta diversity and turnover (2 = 0.069, p < 0.1561; r* = 0.074, p < 0.024 respectively). The
differences in richness were not related to precipitation (r2 =0.004, p < 0.60, Table 3).
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3.3. Beta Diversity of Amphibians between Pairwise of Physiographic Subprovinces

The total beta diversity of amphibians presented the highest values between DB/PCG
and DB/DIT (BSOR =1 for both pairs, the DB/SMC SOR = 0.92), and between FT/PCT
and PCG/VCO (BSOR = 0.90 for both pairs, Figure 3). The highest turnover occurred
between DB/PCG and DB/DIT (BSIM = 1.0), and another 10 pairs showed values greater
than 80% (BSIM = 0.80), with MVO being involved in five pairs. For the differences in
richness, the highest dissimilarity value was obtained between FT and SMO (BSNE = 0.72).

For the anurans, 19 pairs showed values above 80%, with the highest being between
DB/PCG and DB/DIT (fSOR = 1 for both pairs) and between DB/SMC and FT/PCT
(BSOR = 0.90 for both pairs). With respect to turnover, the highest values were between
DB/PCG and DB/DIT (SIM = 1.0), followed by those between FT/PCP and FT/PCT
(BSIM = 0.85 for both). The differences in richness had their highest value between FT and
SMO (BSNE = 0.63). The caudates did not have records in five subprovinces, so 21 pairs of
66 possible pairs were analyzed because, when comparing subprovinces with and without
caudates, the maximum possible beta diversity originated from the effect of the differences
in richness; however, when they were eliminated from the analysis, 14 pairs showed
the maximum beta diversity (BSOR = 1) caused by turnover (3SIM = 1 and BSNE = 0).
The highest values of the differences in richness were found between SMO/VCO and
MVO/VCO (BSNE = 0.92 and BSNE = 0.8; Figure 3, caudates SP).

3.4. Determination of Beta Diversity of Species and Higher Taxa

For the total beta diversity of amphibian species, the cluster analysis shows that
three groups were formed with a similarity of 0.40 (SMO, DB, VCO, MVC, MVO and FT;
SMS, PCP and PCT; and SMC, PCG and DIT), and for the total beta taxonomic diversity,
two groups were formed (Figure 4). In the case of anurans, at the species level, two groups
were formed with a similarity of 40% (MVO, MVC, FT and VCO; and PCT, PCP, SMS, SMC,
DIT and PCG). For the caudates, a group formed with a similarity of 60% (DIT, PCG, and
SMC), and the remaining species were not grouped (Figure 4). For the total beta taxonomy,
two groups were formed (Figure 4). Regarding the turnover of species and higher taxa of
all amphibians, two groups were distinguished with a similarity of 0.60 (MVO, MVC, FT
and VCO; and PCT, PCP, SMS, SMC, DIT and PCG). For the replacement of anurans, three
groups formed with a similarity of 0.40 (PCP, PCT and SMS; DIT, PCG and SMC; and MVO,
MVC, FT, VCO, DB and SMO). For the caudates, two groups formed (SMO, VCO and MVO;
and DIT, SMC and PCG), as occurred for the replacement of higher taxa (Figure 4). For
the differences in richness of amphibians, anurans and caudates at the level of species and
higher taxa, a group with a similarity of 0.40 was formed.

3.5. Relationship between Beta Diversity of Species and Higher Taxa of amphibians from Oaxaca

The total taxonomic beta diversity followed the same trend as that of the beta diversity
of species since both were positively and significantly related for all amphibians (* = 0.85
p < 0.0001), as were turnover (r* =0.88, p < 0.0001) and differences in richness (r* = 0.90,
p < 0.0001), indicating that species diversity can be represented by the diversity of higher
taxa in future analyses where information at the species level is not available. The same
result was obtained for anurans (total beta: 2 = 0.86, p < 0.0001; turnover: 2 = 0.86,
p < 0.0001; differences in richness: 2 =0.87, p < 0.0001); however, in the caudates, this
relationship was less robust (total beta: 2 =0.70, p < 0.0002; turnover: 72 = 0.65, p <0.0001;
differences in richness: 2 = 0.40, p < 0.0065), probably due to the high species richness and
the low richness of higher taxa in this order (Figure 5).
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Figure 3. Total beta diversity of species and higher taxa of amphibians, anurans and caudates
calculated by pairs of the 12 physiographic subprovinces of the state of Oaxaca. Total beta diversity
of species: (A) amphibians, (B) anurans and (C) caudates. Total beta diversity of higher taxa:
(D) amphibians, (E) anurans and (F) caudates. SP = species level; TX = higher taxa level.
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diversity of anuran species, (B) anuran species replacement, (C) differences in anuran species richness,

(D) amphibian total taxonomic beta diversity, (E) anuran total taxonomic beta diversity, (F) caudates

total taxonomic beta diversity, (G) amphibian replacement of species, (H) anuran replacement of

species, (I) caudates replacement of species, (J) amphibian taxonomic replacement, (K) anurans

taxonomic replacement and (L) caudate taxonomic replacement.
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Figure 5. Correlations between total beta diversity, turnover and differences in richness for species
and higher taxa of all amphibians (A—C), anurans (D-F) and caudates (G-I) from physiographic
subprovinces in Oaxaca.

4. Discussion

Among the states in Mexico, Oaxaca has the highest amphibian richness and en-
demism, surpassing the endemism of amphibians recorded in 13 countries on the same
continent [21]. According to our results, this amphibian richness in Oaxaca is related to
the size of the physiographic subprovinces, given the species—area relationships initially
proposed for island biogeography [22], which is recognized as one of the patterns of global
diversity [23,24]. This same species—area relationship has been recorded for the herpeto-
fauna of the Caribbean Islands [22] and the Marias Islands in the Mexican Pacific [25]
and for the reptiles of the islands of Mexico [26], as well as for amphibians and reptiles
in tropical forest fragments [27-29]. In addition to the size of the area, factors such as



Diversity 2024, 16, 224

10 of 15

temperature, precipitation, humidity and environmental heterogeneity are factors that
influence amphibian richness [9,10,28-30].

The total beta diversity was high for all amphibians, anurans and caudates, with
dissimilarity values greater than 85% in all cases; however, dissimilarity values were
higher for the caudates than for the anurans. This result is consistent with the higher
beta diversity values of 80% recorded for amphibians at the continental [10] and national
scales [7-9]. The same trend was found for taxonomic beta diversity, although with lower
values, indicating that the amphibian faunas present in the 12 subprovinces in Oaxaca
drastically change their composition both at the level of species and at the level of higher
taxa. The total beta diversity of amphibian species between the pairs of subprovinces
also showed generally high values (>80%), indicating a high rate of change between the
composition of the amphibian communities between these units. Similar results were
obtained by Mata-Silva et al. [11], who used the biogeographic similarity coefficient for the
entire state for the herpetofauna in these same subprovinces, and they found that 48% of
the possible combinations presented dissimilarities greater than 80%. The coincidence of
some our results with those of Mata Silva et al. [11] reflects a general trend at the state level
due to the complex physiography of Oaxaca, which causes the physiographic subprovinces
to present well-differentiated faunas with high dissimilarity for amphibians, as shown
in our study, and low similarity for amphibians and reptiles together, as shown by Mata
Silva et al. [11], who calculated the similarity and obtained very low values in 48% of
the pairs of subprovinces they analyzed (20% similarity on average), and we obtained
very high dissimilarity values (an average of 80%). This shows that both studies present
related results, since similarity and dissimilarity are inversely proportional. However,
we decided to implement a different analysis that would provide more information in
addition to the single measure of similarity between pairs of subprovinces, having the
following differences: (1) The similarity coefficient used by Mata-Silva et al. [11] is little
known, and it has not been statistically evaluated as the dissimilarity method of Baselga [12]
has been. Thus, it has received criticism [14,15], which has caused improvements to the
extent that, today, it is recognized as a novel and reliable method that is widely used in
numerous beta diversity studies [16,31]. (2) In our study, we carried out a dissimilarity
analysis based on the components of replacement and differences in richness between
subprovinces; therefore, the method we used allowed us to recognize the underlying
processes that determine the beta diversity of amphibians. (3) Furthermore, the analyzes
were performed only for amphibians, and for anurans and caudates independently, as
we consider that reptiles have different environmental requirements and should not be
analyzed together with amphibians. (4) Here, we demonstrate, for the first time, that, at
the level of subprovinces, in Oaxaca, there is greater beta diversity of salamanders than
of frogs due to greater endemism and smaller distribution areas in the caudates. (5) In
addition, we carried out the analyses both for all subprovinces together (3SOR) and for
pairs of subprovinces (3SOR), so we have results at different scales (state and regional).
(6) they also did not test whether beta diversity for taxa higher than the species level (genus,
subfamily, family and order) follows the same trend as at the species level and whether
higher taxa can be used as surrogates for the species. (7) Finally, they also did not group
the subprovinces that presented dissimilarity values.

The highest dissimilarities for amphibians in this study were found between DB and
other subprovinces, such as FI, PCT, PCG, SMO and VCO [11]. In addition, Calderdn-
Patron et al. [32,33] obtained similar dissimilarity values for the beta diversity of species
and higher taxa of amphibians between pairs of ecoregions in Hidalgo and between pairs
of quadrants at three scales on the Isthmus de Tehuantepec, and Judrez-Ramirez et al. [34]
obtained similar values at the local level among the amphibians of three natural protected
areas (NPAs) in the state of Veracruz, recording total beta diversity in the three parks
ranging from 60 to 100%.

In comparison to the differences in richness, turnover contributed more to the total beta
diversity of species and taxonomic beta diversity for amphibians, anurans and caudates,
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with the dissimilarity being higher in caudates, indicating that species substitution between
subprovinces is the mechanism that causes variation in the species composition of the
analyzed regions. These results are consistent with those recorded for amphibians in some
regions of America [10]; those recorded at the state level among ecoregions within the
state of Hidalgo [33]; and those of Sonora, México, where the highest « and -diversity
values occur in the middle-humidity range, as well in the transitional-climate categories,
and the greatest 3-diversity was aggregated in patches in the western portion of the state
in mountains with temperate climates [34]. Also, in this work, the authors found a strong
association between beta diversity and the climate and soil moisture categories rather than
physiographic categories [34]. The same results were obtained at the local level among the
amphibians from three NPAs in the state of Veracruz, with a total beta diversity ranging
from 60 and 100% [35,36]. In two pairs, turnover was more important than the differences
in richness, and the opposite occurred in one pair [35]. Moreover, in the three private
NPAs in Veracruz, amphibians presented a relatively low dissimilarity values in species
composition (values of Bcc between 0.27 and 0.48), mainly due to species replacement,
with values between 18 and 28% [36]. However, on the Isthmus of Tehuantepec, at fine
and medium scales, both components contributed similar amounts [32]. In the case of
the differences in richness, their contribution to the total beta diversity did not exceed
13% in any group analyzed, which reflects that there is a very high substitution of species
among the subprovinces. These results seem to be influenced by historical and spatial
factors [10], such as the Pleistocene glaciations, which caused amphibians to use shelters
to survive at high latitudes, where the temperature decreased; subsequently, as the planet
warmed, the surviving species dispersed and repopulated this region, while, in the areas
near the equator, this phenomenon was less common, which caused the beta diversity of
amphibians to be dominated by turnover below the 37th parallel and by differences in
richness about this parallel [10].

Regarding the turnover between subprovinces, MVO, DB and FT presented the high-
est values. These results may be due to several factors, such as differences in tempera-
ture, precipitation and environmental heterogeneity (altitudinal gradient and number of
plant communities) between subprovinces [9,10,30,32,33]. In addition, the geographical
distance that exists between the subprovinces is also important, since it can cause the phe-
nomenon of distance decay in similarity, indicating that the further apart in geographical
distance two communities are, the greater the difference in species composition between
them [22-24,26,33,37]. Another important factor is the size of the area of the subprovinces,
because, as established by the theory of island biogeography, and as we verified in this
work with the correlations between the size of the subprovince and its richness, the larger
the size of the area, the greater number of species it will have [22-26]. Finally, the number
of records and collections in each subprovince could be important, like in the case of DB
subprovince, which presents a minor area and very few records and collections, indicating
low richness (seven species) and important differences in composition and richness in
respect to other subprovinces, like SMO (88 species) [32,33].

The dissimilarity of salamanders between subprovinces was greater than anurans and
was explained mainly by replacement. We consider these results to be mainly caused by a
high degree of endemism, specialized microhabitats and restricted distributions, which are
associated with differences in precipitation, temperature and environmental heterogeneity
(altitude, vegetation types, level of conservation, etc.) between subprovinces [9,30,32-34].
However, in addition to this, salamanders are generally more difficult to find than anurans
since they have smaller distribution areas and very particular microhabitats, so many are
endemic to small localities and so finding them requires the experience of researchers. For
these reasons, they may be undersampled, and it is possible that, as sampling increases,
their records in the state will increase, changing their distributions at the subprovince level
and modifying beta diversity values [32,33]. In Mexico, the beta diversity of amphibians is
associated with the heterogeneity of precipitation [9], which is related to their reproduction
water requirements since adults need environmental humidity and colder temperatures to
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survive [30]. Thus, a greater spatial variation in precipitation within a region indicates a
greater variation in local conditions and, therefore, the possibility that numerous species of
amphibians inhabit a restricted subset of the region [9]. Results related were obtained by
Dalmolin et al. [38], who evaluated the beta diversity of amphibians in different pools in
Brazil and determined that total beta diversity and turnover were related to the depth and
vegetation of the pools.

Amphibians are the most threatened class of terrestrial vertebrates in terms of conser-
vation [1,3], and according to Alroy [39], at the global level, the extinction of amphibians
has accelerated since the 1980s and 1990s, with between 28 and 201 species going ex-
tinct and a current extinction probability for frogs of 66.1% [40]. Unfortunately, globally,
Mesoamerica has the second highest probability of frogs going extinct, at 17.74%, with
the main causes being deforestation, the introduction and expansion of the distribution
of exotic species and the presence of the fungus Batrachochytrium dendrobatidis [3,39,40].
Previous authors estimated the environmental vulnerability score for the amphibians of
Mexico and determined that salamanders are the most threatened order, with 87% of them
having a high environmental vulnerability; at the same time, 42.6% of anurans have a high
environmental vulnerability. Within the Plethodontidae family, some genera in Mexico face
critical conservation problems, as indicated by the high proportion of threatened species:
Thorius (96%), Chiropterotriton (83%) and Pseudoeurycea (78%) [5].

At a local scale, in the particular case of the conservation of amphibians in the state of
Oaxaca, we consider that it is necessary that greater government efforts be made to protect
the species since, of the 158 amphibian species recorded in Oaxaca, only 58 are considered
in NOM-059 by the Secretariat of Environment and Natural Resources SEMARNAT [41],
and 91 species have not been evaluated. In addition, 56.5% of the amphibians endemic to
the area are not under any conservation category [11]. Despite the complex scenario for
amphibians, it is noted that, in Oaxaca, the SMO subprovince implements successful con-
servation actions in most of its territory based on the efforts of local communities [42]. This
information is important because it is the most important subprovince for the conservation
of amphibians at the state level, as it has the greatest richness (88 species) and endemism
(43 species) levels in Mexico; this subprovince contains 95% of the caudates endemic to Mex-
ico and 80.5% of those endemics to Oaxaca. The same observation was found by Mata-Silva
et al. [11] for all herpetofauna since the SMO contains the greatest total number of species
at 216, of which 88 are amphibians. High richness levels of vascular plants, gymnosperms,
oaks, birds and mammals have also been found in this subprovince [7,42-45]. Although the
SMO is the best-preserved region of Oaxaca, 10 species of anurans are experiencing declines
in their populations, and 11 anurans in MVC and SMS are also experiencing declining
populations [46]; in addition, salamanders of the genus Thorius have been evaluated as
critically endangered, endangered and threatened according to the IUCN [4,47], and the
high-mountain Pseudoeurycea species of Cerro San Felipe have not been observed recently
despite search efforts [48]. Given the great relevance of these regions, it is necessary to
conduct studies that determine conservation areas and evaluate the population status of
endemic or threatened species. Conducting biodiversity studies considering other dimen-
sions, such as functional and phylogenetic diversity, is also necessary to design better
management and conservation strategies in this territory.
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mdpi.com/article/10.3390/d16040224 /s1. Table S1: Partitions of beta diversity of Amphibia between
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between pairs of physiographic subprovinces of the state of Oaxaca; Table S3: Partitions of beta
diversity of Caudata between pairs of physiographic subprovinces of the state of Oaxaca; Table 54:
Partitions of taxonomic beta diversity of Amphibia between pairs of physiographic subprovinces
of the state of Oaxaca; Table S5: Partitions of taxonomic beta diversity of Anura between pairs of
physiographic provinces of the state of Oaxaca; Table S6: Partitions of taxonomic beta diversity of
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