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The subspecies concept influences multiple aspects of biology and management. The ‘molecular revolu-
tion’ altered traditional methods (morphological traits) of subspecies classification by applying genetic
analyses resulting in alternative or contradictory classifications. We evaluated recent reptile literature
for bias in the recommendations regarding subspecies status when genetic data were included. Review-
ing characteristics of the study, genetic variables, genetic distance values and noting the species concepts,
we found that subspecies were more likely elevated to species when using genetic analysis. However,
there was no predictive relationship between variables used and taxonomic recommendation. There
was a significant difference between the median genetic distance values when researchers elevated or
collapsed a subspecies. Our review found nine different concepts of species used when recommending
taxonomic change, and studies incorporating multiple species concepts were more likely to recommend
a taxonomic change. Since using genetic techniques significantly alter reptile taxonomy there is a need to
establish a standard method to determine the species–subspecies boundary in order to effectively use the
subspecies classification for research and conservation purposes.
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1. Introduction

The subspecies classification may reflect evolutionary relation-
ships or only the human need to categorize, but the influence of
subspecies on other facets of biology and management demands
that the factors affecting their designation be clearly understood
(Starrett, 1958; Groves, 2012). The subspecies category was devel-
oped to enhance understanding of geographic variation, speciation,
and to refine taxonomic distinction. However, since the establish-
ment of subspecies there has been controversy regarding its neces-
sity (Mayr, 1982; Patten and Unitt, 2002; Hawlitschek et al., 2012)
showcased by Mayr (1970) reclassifying 315 species to subspecies,
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Table 1
List of the species concepts/criteria used in the studies evaluated in this paper.

Species concept/criteria Concept Reference

Biological species concept1 ‘Groups of actually or potentially interbreeding natural populations, which are reproductively isolated
from other such groups’

Mayr (1942)

Bayesian phylogenetic and
phylogeographic method2

‘This method assesses species-tree uncertainty due to the coalescent using multiple gene trees to
identify independently evolving lineages’

Yang and
Rannala (2010)

Cohesion species concept ‘A species is an evolutionary lineage through the mechanisms that limit the populational boundaries
for the action of such basic microevolutionary forces as gene glow, natural selection, and genetic drift’

Templeton
(1989)

Evolutionary species concept1 ‘A species is a lineage of ancestral descent which maintains its identity from other such lineages and
which has its own evolutionary tendencies and historical fate’

Wiley (1978)

General lineage species concept3 ‘Species are separately evolving metapopulation lineages, or more specifically, with segments of such
lineages’

de Queiroz
(1998)

Integrative Taxonomic Species Concept ‘This concept rejects the superiority of any particular set of characters (morphological, behavioral,
molecular, etc.) over others during the process of recognizing and diagnosing a species, and advocates
the combined and integrated use of various such methods.’

Miralles et al.
(2010)

Operational species delimitation criteria
(aka.Tree Based Delimitation)4

‘Set of criteria for concluding if mitochondrial lineages represent species: (1) ingroup lineages must be
exclusive of the outgroup (2) lineages within the species complex must be geographically exclusive of
one another’

Wiens and
Penkrot (2002)

Phenetic cluster criterion5 ‘Distinguishes species by their allocation to separate clusters in multivariate analyses’ Sokal and
Sneath (1963)

Phylogenetic species concept6 A species is an irreducible (basal) cluster of organisms, diagnosably distinct from other such clusters,
and within which there is a parental pattern of ancestry and descent

Cracraft (1983)

1 = From Frankham et al., 2012; 2 = Burbrink et al., 2011; 3 = de Queiroz, 2007 4 = Burbrink, 2002; 5 = Guo et al., 2009; 6 = Cracraft, 1989.
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reducing the number of North American bird species by 51% (607–
292).

Given the multitude of ways used to define a species (Table 1), it
is not surprising that this confusion extends down to subspecies as
well; some disciplines, such as herpetology have many authors
rejecting the subspecies classification (Reiserer et al., 2013) while
others, like ornithology, favor the classification for understanding
evolutionary divergence and conservation (Hawlitschek et al.,
2012). The differences between the disciplines is evident when
examining the ratio of species to subspecies within the vertebrate
groups: mammals have an approximate 1:2 ratio (Reeder et al.,
2007), aves is approximately 1:2.2 ratio (Lepage, 2014), while rep-
tiles are approximately 1:0.3 ratio (Uetz, 2010). Even using the
same criteria for subspecies designation could result in a different
number of species if different species designations are used (Rod-
ríguez-Robles and De Jesús-Escobar, 2000). Despite the confusion,
the term ‘‘subspecies’’ continues to be used in many aspects of bio-
logical research and currently influences conservation efforts (Zink,
2004) and legislation (Haig et al., 2006), making it essential to
identify and understand any biases in the application of the sub-
species concept.

‘‘Subspecies’’ replaced the term ‘‘variety’’ in zoology, inheriting
the meaning of geographic race (variant populations of a species
based on geographic location), in the late nineteenth century
(Mayr, 1963). Simply replacing the term, the subspecies concept
remained an ambiguous classification since species characteristics
were not necessarily dependent on geographic variation (Wilson
and Brown, 1953; Mayr, 1963; Mayr and Ashlock, 1991). Mayr
(1963) redefined subspecies, as ‘‘an aggregate of local populations
of a species, inhabiting a geographic subdivision of the range of the
species, and differing taxonomically from other populations of the
species.’’ This concept, while more specific, remains ambiguous in
meaning and application since ‘‘differing taxonomically’’ has mul-
tiple interpretations.

Repeated suggestions have been made to standardize ‘‘differing
taxonomically, with statistical quantification of subspecies such as
the 75% rule (Amadon, 1949). In this case, a population was consid-
ered a subspecies if 75% of the population’s morphological charac-
teristics lay outside of 99% of the range of other populations
(Amadon, 1949). The percentage, while initially accepted, was
eventually argued to be too low because subspecies should be
diagnostically distinct thus, the criteria then increased to 90% or
100% separation of defining characteristics between populations
(Marshall, 1967; Amadon and Short, 1992). More recently, Patten
and Unitt (2002) argued for a 95% rule in order to parallel the stan-
dard alpha value of 0.05 in other statistical tests.

Originally the 75% rule applied only toward morphological fea-
tures using the Biological Species definition, but the ‘‘molecular
systematics revolution’’ integrated genetics into the analysis of
subspecific designation (Rodríguez-Robles and De Jesús-Escobar,
2000; Patten and Unitt, 2002). The genetic techniques altered the
rules for subspecific designation by revising the traditional
ranked-based taxonomy to apply a phylogenetic-based taxonomy
(Mulcahy, 2008). Currently, the common methods of analysis in-
volve sequencing mitochondrial or nuclear genes to then analyze
the genetic distance between the subspecies in order to determine
their genetic distinctiveness, or to evaluate the evolutionary lin-
eages between the recognized subspecies (Burbrink, 2002; Fritz
et al., 2007). If subspecies have high genetic distance values, or rep-
resent distinct evolutionary lineages, they are raised to full species
rank, but if the subspecies have low genetic distance values or lack
a distinct evolutionary lineage scientists either maintain the sub-
species classification or collapse the subspecies to a single species
with no subspecies (Burbrink et al., 2000; Fritz et al., 2007;
Makowsky et al., 2010). However, the application of genetics raises
additional questions about the validity of subspecies as the genetic
results often disagree with the recognized subspecies based on
morphological data (Ball and Avise, 1992; Burbrink et al., 2000;
Phillimore and Owens, 2006). This lack of congruence can lead to
alterations in the taxonomy including rejecting subspecies (e.g.,
Macey et al., 1998; Daniels et al., 2010), combining subspecies
(e.g., Podnar et al., 2004), establishing new subspecies (e.g., Guick-
ing et al., 2008), or elevating subspecies to full species (e.g., Leaché
and Reeder, 2002; Bryson et al., 2007).

Avian subspecies have been a particular focus for genetic eval-
uation since Mayr’s reevaluation decreased the number of species
by 51% (Mayr, 1970). More recently, Zink (2004) surveyed 41 avian
species using mtDNA analyses and found that only 3% of avian sub-
species qualified as distinct evolutionary entities. He found that
the average bird species had only 1.9 independent evolving groups,
based on DNA analysis instead of his surveyed average of 5.5 based
on morphological and geographical data. Zink (2004) concluded
that there were too many avian subspecies, and suggested that
the number of avian subspecies should be collapsed while the
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number of species should remain the same. However, this conclu-
sion may be refuted by methods other than mtDNA clades, which
may not produce monophyletic groups (Mulcahy, 2008; Genner
and Turner, 2012).

The extent of genetic influence on non-avian subspecies classi-
fication remains unknown since most studies evaluate species on a
case-by-case basis. In this study we reviewed the literature to eval-
uate the impact of genetic analysis on subspecies classification in
reptiles. We focused on the class Reptilia due to the relatively large
number of species and subspecies - approximately 9547 species
and 3200 subspecies (Uetz, 2010). Our objectives were to deter-
mine (1) if genetic analyses resulted in alteration in the number
of subspecies within the class Reptilia and if the alterations were
consistent across the orders and suborders, (2) if characteristics
of the study or genetic variables influenced taxonomic change,
(3) if genetic distance values differed between authors elevating
subspecies to a species or collapsing subspecies, and (4) the influ-
ence of the species concepts applied when analyzing subspecies.
2. Methods

We addressed the objectives via a literature review using Web
of Science and JSTOR databases and the following search terms:
reptile subspecies; snake, turtle, or lizard genetics; and snake, tur-
tle, or lizard subspecies. Studies chosen needed to include genetic
sequencing, evaluation of P2 subspecies (or an evaluation of single
species lacking any subspecies), and specific discussion of the tax-
onomic implications.

To determine if the suggested number of subspecies changed
after the study we noted each study for the number of subspecies
examined and the number of subspecies recommended in the con-
clusion. We also noted the type of DNA used (mitochondrial, nucle-
ar, or both), number of loci, total base-pair length, sample size,
number of sample locations, the study’s published year and the
species concept applied.

When authors recommended an elevation of a subspecies to
species rank or collapsed the subspecies we noted the minimum
and maximum genetic distance values and then recorded the mid-
point values based on the range. If authors only provided the max-
imum value we assumed the minimum value was 0. Studies that
only provided the mean genetic distance values were excluded
from analysis since the mean value does not approximate the med-
ian value under non-normal conditions. We excluded studies that
did not make a taxonomic recommendation because there were
multiple reasons why authors did not alter the taxonomy such as
insufficient sample size (e.g., Rocha et al., 2006) and genetic data
(e.g., Silva et al., 2010), needing to re-examine morphology (e.g.,
Burbrink et al., 2000; Linkem et al., 2010), or extending geographic
sampling (e.g., Vargas-Ramírez et al., 2010).
2.1. Statistical analysis

We used the nonparametric Wilcoxon Paired Signed Rank Test
to examine if genetic analyses altered the taxonomic status of a
significant number of reptiles. The pairs consisted of the number
of subspecies before the genetic analysis (representing the number
of subspecies based on morphology) and the number of recom-
mended subspecies after the genetic analysis (representing the
number of subspecies based on genetic analysis). We also com-
pared the number of species before and after the study. We are
aware that the number of species will not decrease since each
study begins with 1 species and will either remain the same or in-
crease after the genetic analysis, but we wanted to determine if
there was a significant increase in the number of species after ge-
netic analysis.
Logistic regression was used to evaluate the effect of different
study variables on taxonomic recommendation. Variables were
considered significant if the alpha value was 60.05. Models that in-
cluded different combinations of the variables were ranked using
AICc (corrected Akaike’s information criteria). The models that
had a delta AIC value 62 were considered competitive and evalu-
ated (Burnham and Anderson, 2002). Exact binomial tests and
chi-square tests were used to evaluate if the different species con-
cepts influenced altering the species taxonomy.

To compare the genetic distance values when authors elevated
or collapsed a subspecies we used the nonparametric Mann–Whit-
ney U-test. To make the comparison we used the midpoint value of
each study based on its minimum and maximum values. We also
compared the minimum genetic distance values reported to ele-
vate subspecies to species level to the maximum genetic distance
values reported for collapsing subspecies into a single species. All
of our analyses were conducted using the R program version
2.13.1 (R Development Core Team, 2011).
3. Results

We found 124 studies that met our requirements: 30 Testu-
dines and 94 Squamata (47 Lacertilia, 47 Serpentes; A.1). Testu-
dines were not evaluated by suborder (Cryptodira, Pleurodira)
due to the small number of studies we found. Similarly, Crocodylia
and Sphenodontida were not included in this review as we did not
find a sufficient number of studies for evaluation.

We found that Testudines and Squamata significantly decreased
in the number of subspecies (T = 162, P < 0.05, T = 2261, P < 0.0001)
and increased in the number of species (T = 15, P < 0.05, T = 820,
P < 0.0001 Fig. 1A and B) following genetic evaluation. When divid-
ing Squamata into suborders, both Lacertilia and Serpentes signif-
icantly decreased in the number of subspecies (T = 709, P < 0.0001,
T = 451, P < 0.0001 respectively; Fig. 1C and D) and significantly in-
creased in the number of species (T = 231, P < 0.0001, T = 190,
P < 0.0001 respectively; Fig. 1C and D).

Our study character variables varied greatly in range: the year
of the published study (1996–2012), sample size (3-480), and
number of sample locations (2-207). The genetic variables also
exhibited a large range: number of loci (1-20), total base pair
length (253-4842), type of DNA (nmtDNA = 86, nnDNA = 1, nboth = 37).
However, the logistic regressions failed to find any models with
predictive power based on the variables we examined (see Supple-
mentary Tables 1–4).

We found that there was a significant difference (H = 35.045,
df = 1, P < 0.0001) between the midpoint genetic distance values
when authors elevated (median = 6.4%, range = 1.0%–19.4%) a sub-
species to when they recommended a collapse (median = 1.0%,
range = 0.05%–4.3%) of the subspecies. There was also a significant
difference (H = 8.922, df = 1, P < 0.01) between the minimum ele-
vated genetic distance values (median = 4.9%, range = 0%–13%,)
when compared to the maximum collapsed genetic distance values
(median = 2.05%, range = 0.1%–5.6%).

Nine different species concepts were used when evaluating the
focal subspecies in the reptile orders. The concepts applied (Ta-
ble 1) were the phylogenetic species concept (n = 64), evolutionary
species concept (n = 26), general lineage concept (n = 6), integra-
tive taxonomic concept (n = 3), operational species delimitation
criteria/tree based delimitation (n = 3), Bayesian phylogenetic and
phylogeographic concept (n = 1), phenetic cluster criterion (n = 1),
cohesion species concept (n = 1), and biological species concept
(n = 1). Some authors applied two or more species concepts includ-
ing phylogenetic and biological species concept (n = 12), evolution-
ary species concept and operational species delimitation criteria
(n = 2), general lineage species concept and operational species



Fig. 1. A comparison between the number of subspecies and species prior to the genetic analysis to the number of subspecies and species after the genetic analysis for the two
reptile orders. (A) Testudines. (B) Squamata and for the two Squamata suborders. (C) Lacertilia. (D) Serpentes.
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delimitation criteria (n = 2), evolutionary species concept and bio-
logical species concept (n = 1), and phylogenetic species concept
and cohesion species concept (n = 1).

Statistical power limited us to only evaluating the two most
common species concepts (phylogenetic species concept, evolu-
tionary species concept) regarding the influence of species concept
on recommending species change. Authors using the phylogenetic
species concept were significantly less likely to recommend a tax-
onomic change (n = 23 recommendations, n = 64 studies;
P = 0.033). In contrast, when the evolutionary species concept
was applied the probability of recommending a taxonomic change
did not differ from random (n = 11 recommendations, n = 26 stud-
ies; P = 0.557). We then compared all studies that used a single
species concept (n = 44 recommendations, n = 106 studies) to all
the studies that used two species concepts (n = 16 recommenda-
tions, n = 18 studies) using a chi-square test. Authors that used a
single species concept were less likely to make a recommendation
than those that used multiple concepts (v2 = 15.338, df = 1,
P < 0.001).
4. Discussion

Genetic sequencing significantly altered reptile taxonomy by
increasing the number of species and decreasing the number of
subspecies. In particular, 60% of the 60 studies that recommended
taxonomic change raised one or more subspecies to full species
rank and 40% collapsed the subspecies while retaining a single spe-
cies. These results suggest that Zink’s (2004) conclusions, that
there are too many subspecies currently recognized, for avian spe-
cies taxonomy are also applicable to reptile taxonomy. Similar to
the avian species, reptile genetic data often did not agree with
the recognized subspecies that were based on morphological
differences (Bryson et al., 2007; Burbrink et al., 2008; Daza et al.,
2009; Bellati et al., 2011) although, some studies showed the ge-
netic data supported the recognized subspecies, in which case
the authors did not recommend taxonomic changes (Walker
et al., 1995; Ursenbacher et al., 2006; Fritz et al., 2012).

We were surprised that no study variables were able to predict
the likelihood of a taxonomic change. However, this result further
supports a lack of bias by factors that are typically considered
important in taxonomic evaluation such as sample size, number
of sample sites, loci used, or total number of base pairs sequenced.
Typically, increasing the number of characters should increase the
resolution and clade support (de Queiroz et al., 2002), but we did
not find these variables to be indicative of taxonomic recommen-
dation. For example, Trimeresurus flavomaculatus was originally
comprised of 3 subspecies, and despite sequencing 4 mitochondrial
genes, totaling 2424 bp, the authors still recommended that more
data were required in order to recommend any taxonomic change
(Slanders et al., 2004). The year of the selected studies ranged from
1996 to 2012, yet even with the changes of species concepts and
improvements of technology the year of the study was not able
to predict the likelihood of recommending taxonomic change.

Not surprisingly, we found that genetic distance values signifi-
cantly differed between recommendations for elevating a subspe-
cies and collapsing a subspecies. A method for determining if the
percent genetic distance alters the taxonomy is the comparison
of the subspecies in question to the closest sister taxon and then
determining a threshold value for elevating to species. If the dis-
tance value is greater than the sister taxon this supports the eleva-
tion of the species whereas if it is less this supports either the
collapse of the subspecies or maintaining the subspecies (Stuckas
and Fritz, 2011). For example, Fritz et al. (2012) compared the Tra-
chemys scripta subspecies (T. s. subspecies 1 and T. s. subspecies 2) to
T. gaigeae using the cytochrome B. The genetic distance between
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the species (T. scripta and T. gaigeae) ranged from 1.47%–1.67%,
thus they used 1.5% as the threshold value for recognizing different
species. The genetic distance between T. s. subspecies 1 and T. s. sub-
species 2 was considerably lower at 0.57%, thus the subspecies were
not elevated. Using the comparative method shows that there is
not a universal threshold value for elevating a subspecies, but
needs to be done in a case-by-case system within its phylogenetic
context. The comparative method agrees well with our results as
we found that the midpoint genetic distances used for elevation
ranged from 1.0% to 19.4%. However, the large difference between
the median genetic distances used to elevate a subspecies (6.4%)
compared to collapsing a subspecies (1.0%) shows that there is a
consensus between the researchers that a higher genetic distance
percentage is necessary for elevating a subspecies.

The species concept used also may complicate the recommen-
dation for taxonomic change due to the variety of concepts. In
the 124 studies we reviewed there were nine species concepts ap-
plied when evaluating the subspecies taxonomy. Applying differ-
ent species concepts when evaluating subspecies creates
uncertainty about the validity of the recommended change. For
example, Rodríquez-Robles and De Jesús-Escobar’s (2000) genetic
data depicted the Louisiana pine snake (Pituophis ruthveni) as a
paraphyletic species. Systematists that prefer monophyly would
not recognize P. ruthveni as a species, but authors that apply the
evolutionary species concept may recognize P. ruthveni as a species
since P. ruthveni is an allopatric taxon with distinguishable mor-
phological characteristics (Rodríquez-Robles and De Jesús-Esco-
bar’s, 2000).

The practice of raising subspecies to full species rank has oc-
curred throughout other taxa, thus causing a rapid increase in the
number of species (Marris, 2007; Gippoliti and Groves, 2013; Za-
chos, 2013). The species concept applied when recommending a
taxonomic change is one of the main causes of taxonomic splitting
(Zachos and Lovari, 2013). For example, the phylogenetic species
concept has led to a large increase in the number of species within
mammalian taxa (Marris, 2007; Zachos and Lovari, 2013) and with-
in Reptilia this concept was the most common single species con-
cept applied. Taxonomic splitting, when supported, provides
essential taxonomic information; however, depending on the level
of support raising a subspecies may present further complications
in regards to their conservation and overall taxonomic status.

Regardless of the validity of the subspecies concept, the subspe-
cies is still utilized in biology, and perhaps more importantly, be-
cause it is considered in legislation and enforcement it needs to
be retained (Haig et al., 2006). Given that we found that genetic
analysis significantly influences subspecies designations, scientists
should determine a standard method to discriminate the species–
subspecies boundary. De Queiroz (2007) suggested the Unified
Species Concept (USC) stating that all species concepts are similar
in theory, species are separately evolving metapopulation lineages,
and the method to determine the species (i.e. morphological, phy-
logenetic, geographic, etc.) are considered as operational criteria
(lines of evidence). The USC concept does not address subspecies;
however, the integrative taxonomic approach is similar to the
USC concept and can be applied for discerning subspecies–species
boundary (see Padial et al., 2010 for review). This approach incor-
porates different sets of characters as separate lines of evidence
(e.g., molecular, morphological, behavioral, ecological, etc.) and
then uses each line of evidence when considering species/subspe-
cies taxonomic status (Miralles et al., 2010). Hawlitschek et al.
(2012), used the integrative approach to evaluate Lycodryas macul-
atus (junior synonym, L. sanctijohannis), which is an endemic spe-
cies in the Comoros Archipelago. The authors used mitochondrial
and nuclear DNA and morphological data as the three main lines
of evidence to diagnose the species. The mtDNA line of evidence
supported differentiation between four island populations, the
nDNA line of evidence had slight support for four distinct popula-
tions, and the morphological line of evidence supported two dis-
tinct populations. The authors considered all three lines of
evidence and decided Lycodryas should be considered as two sep-
arate species each with two subspecies. The subjective nature of
the process is highlighted by none of the three lines of evidence
fully supporting each other, but by applying multiple analyses this
integrative approach can increase the consensus regarding the sub-
species recommendation (Hawlitschek et al., 2012). However, the
integrative taxonomic approach remains underdevelopment, thus
this concept lacks a consensual concept (see Padial et al., 2010
for review).

The concept of the integrative approach is not new, as scientists
have suggested the need for multiple lines of evidence before alter-
ing species taxonomy for more than two decades (Ball and Avise,
1992). The importance of, and difficulty in, incorporating multiple
data sets is highlighted by the differing rates of morphological and
molecular evolution and the different rates of evolution among dif-
ferent loci (Zink, 2004). Historically, subspecies nomenclature was
based more heavily on morphological traits, which tend to be poly-
genic (Schluter, 1984). Polygenic loci have increased additive vari-
ance suggesting morphological traits could provide evidence of
isolation before it is detected in mtDNA gene trees or FST values
(Zink, 2004). The integrative approach ensures that morphological,
genetic, geographic, and other lines of evidence are all considered
before changing taxonomy, thus maximizing the inclusivity of the
data when designating the species- subspecies boundary.

The main limitations to the integrative approach are the sub-
stantial amounts of data required to effectively evaluate a species
and there is no standard regarding the number of lines of evidence
needed for analysis. Nevertheless, some form of a standardized
method for evaluating subspecies status is desirable given that leg-
islation, such as the Endangered Species Act, can be invoked to pro-
tect this taxonomic level (Fitzpatrick, 2010). The debate on the
subspecies concept may become moot as the prices and difficulties
of sequencing whole genomes becomes more commonplace,
allowing scientists to distinguish subspecies based on all the rele-
vant genetic information along with other equally important lines
of evidence (morphological, geographical, behavioral, ecological,
etc.). Until that time a rigorous and standardized concept will facil-
itate both biological understanding and management.

5. Conclusions

Whether or not the subspecies is merely a reflection of our need
to further categorize species, there is a need to reflect on how we
determine subspecies. We found evidence that genetic techniques
are altering the subspecies taxonomy within reptiles. Instead of
applying a single species concept, we recommend using the inte-
grative taxonomic approach for discerning subspecies since multi-
ple lines of evidence incorporates all available data when
determining the species–subspecies boundary. The importance of
an integrative boundary is highlighted by 79% (49 of 62) of the
studies that applied a single species concept, and did not recom-
mend a change in taxonomy, did suggest further analyses prior
to changing the taxonomy. Genetic data are important lines of evi-
dence as established by their influence in recommending taxo-
nomic change, but this should not be to the exclusion of other
lines of evidence when altering subspecies taxonomy. Determining
the validity of the subspecies rank should no longer be argued
since this classification is applied in management and legislation;
rather, the focus should be on determining the best and most con-
sistently reliable method to discern subspecies. We suggest that
the integrative taxonomic approach provides a more objective
method that could be effectively applied for research and conser-
vation purposes.
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Appendix A

The list of species and studies included for the review.
Species
 Citation
Agkistrodon contortrix
 Soto et al. (2006)

Atropoides nummifer
 Castoe et al. (2003)

Charina bottae
 Rodríguez-Robles et al. (2001)

Coluber constrictor
 Burbrink et al. (2008)

Coronella austriaca
 Santos et al. (2008)

Crotalus horridus
 Clark et al. (2003)

Crotalus viridis
 Ashton and de Queiroz (2002)

Diadophis punctatus
 Fontanella et al. (2008)

Elaphe

guttata[Pantherophis
guttata]
Burbrink (2002)
Elaphe obsoleta
[Pantherophis obsoleta]
Burbrink et al. (2000), Burbrink
(2001)
Elaphe quatuorlineata
 Lenk et al. (2001)

Hierophis viridiflavus
 Rato et al. (2009)

Hypsiglena torquata
 Mulcahy (2008)

Lachesis muta
 Zamudio and Greene (1997)

Lampropeltis getula
 Pyron and Burbrink (2009)

Lampropeltis

mexicanamexicana

Bryson et al. (2007)
Lampropeltis pyromelana
 Burbrink et al. (2011)

Lampropeltis triangulum
 Bryson et al. (2007)

Lampropeltis zonata
 Rodríguez-Robles et al. (1999)

Leptodeira annulata
 Daza et al. (2009)

Leptodeira septentrionalis
 Daza et al. (2009)

Leptodeira splendida
 Daza et al. (2009)

Lichanura trivirgata
 Wood et al. (2008)

Lycodryas sanctijohannis
 Hawlitschek et al. (2012)

Macroprotodon brevis
 Carranza et al. (2004b)

Macroprotodon cucullatus
 Carranza et al. (2004b)

Madagascarophis

colubrinus

Nagy et al. (2007)
Malpolon monspessulanus
 Carranza et al. (2006a)

Natrix maura
 Guicking et al. (2008)

Natrix natrix
 Fritz et al. (2012)

Natrix tessellata
 Guicking et al. (2009)

Nerodia erythrogaster
 Makowsky et al. (2010)

Pituophis deppei
 Bryson et al. (2011)

Pituophis lineaticollis
 Bryson et al. (2011)

Pituophis melanoleucus
 Rodríguez-Robles and De Jesús-

Escobar (2000)

Protobothrops jerdonii
 Guo et al. (2009)

Python curtus
 Keogh et al. (2001)

Rhabdophis tigrinus
 Takeuchi et al. (2012)

Sistrurus catenatus
 Kubatko et al. (2011)

Sistrurus miliarius
 Kubatko et al. (2011)

Thamnophis elegans
 Bronikowski and Arnold (2001)

Thamnophis sirtalis
 Janzen et al. (2002)

Trimeresurus

flavomaculatus

Slanders et al. (2004)
Trimorphodon biscutatus
 Devitt (2006)

Viper ammodytes
 Ursenbacher et al. (2008)

Vipera aspis
 Ursenbacher et al. (2006)
Appendix A (continued)
Species
 Citation
Vipera berus
 Ursenbacher et al. (2006)

Acontias lineatus
 Daniels et al. (2002)

Acontias meleagris
 Daniels et al. (2002)

Ameiva chrysolaema
 Gifford et al. (2004)

Anolis brevirostris
 Glor and Laport (2012)

Anolis distichus
 Glor and Laport (2012)

Callisaurus draconoides
 Lindell et al. (2005)

Cryptoblepharus boutonii
 Rocha et al. (2006)

Diplodactylus granariensis
 Oliver et al. (2007)

Egernia (Liopholis)

multiscutata

Chapple et al. (2004)
Eremias persica
 Rastegar Pouyani et al. (2010)

Eumeces (Plestiodon)

gilberti

Richmond and Reeder (2002)
Eumeces (Plestiodon)
skiltonianus
Richmond and Reeder (2002)
Gallotia atlantica
 González et al. (1996)

Gallotia galloti
 González et al. (1996)

Gymnodactylus geckoides
 Pellegrino et al. (2005)

Hemidactylus bouvieri
 Arnold et al. (2008)

Iberolacerta cyreni
 Arribas and Carranza (2004)

Lacerta (Iberolacerta)

cyreni

Carranza et al. (2004a)
Lacerta (Scelarcis)
perspicillata
Perera et al. (2007)
Lacerta bilineata
 Böhme et al. (2007)

Lacerta dugesii (Teira

dugesii)

Brehm et al. (2003)
Lacerta lepida (Timon
lepida)
Paulo et al. (2008)
Lacerta viridis
 Böhme et al. (2007)

Laudakia caucasia
 Macey et al. (1998)

Laudakia erythrogastra
 Macey et al. (1998)

Liolaemus monticola
 Torres-Pérez et al. (2009)

Pachydactylus rugosus
 Lamb and Bauer (2000)

Pedioplanis lineoocellata
 Makokha et al. (2007)

Phrynosoma douglasi
 Zamudio et al. (1997)

Platysaurus intermedius
 Scott et al. (2004)

Plestiodon brevirostris
 Feria-Ortiz et al. (2011)

Podarcis erhardii
 Poulakakis et al. (2003)

Podarcis melisellensis
 Podnar et al. (2004)

Podarcis muralis
 Bellati et al. (2011)

Podarcis taurica
 Poulakakis et al. (2005)

Psammodromus algirus
 Carranza et al. (2006b)

Sceloporus jarrovii
 Wiens and Penkrot (2002)

Sceloporus magister
 Leaché and Mulcahy (2007)

Sceloporus mucronatus
 Martínez-Méndez and Méndez-

De La Cruz (2007)

Sceloporus serrifer
 Martínez-Méndez et al. (2012)

Sceloporus undulatus
 Leaché and Reeder (2002)

Sceloporus zosteromus
 Leaché and Mulcahy (2007)

Sphaerodactylus

fantasticus

Thorpe et al. (2008)
Sphenomorphus
(Pinoyscincus) abdictus
Linkem et al. (2010)
Takydromus sexlineatus
 Ota et al. (2002)

Uromastyx aegyptia
 Wilms et al. (2009)

Uromastyx dispar
 Wilms et al. (2009)

Apalone spinifera
 McGaugh et al. (2008)

Batagur affinis
 Praschag et al. (2009)

Chelydra serpentina
 Walker et al. (1998)
(continued on next page)
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Species
 Citation
Chrysemys picta
 Starkey et al. (2003)

Cuora galbinifrons
 Stuart and Parham (2004)

Emys (Actinemys)

marmorata

Spinks and Shaffer (2005)
Emys orbicularis
 Fritz et al. (2005)

Hardella thurjii
 Praschag et al. (2007)

Homopus signatus
 Daniels et al. (2010)

Kinixys belliana
 Kindler et al. (2012)

Kinosternon flavescens
 Serb et al. (2001)

Lissemys punctata
 Praschag et al. (2011)

Mauremys caspica
 Fritz et al. (2008)

Mauremys leprosa
 Fritz et al. (2006b)

Pangshura smithii
 Praschag et al. (2007)

Pangshura tentoria
 Praschag et al. (2007)

Pelomedusa subrufa
 Vargas-Ramírez et al. (2010)

Pelusios castanoides
 Silva et al. (2010)

Pyxis arachnoides
 Chiari et al. (2005)

Rhinoclemmys pulcherrima
 Le and McCord (2008)

Sternotherus minor
 Walker et al. (1995)

Stigmochelys pardalis
 Fritz et al. (2010)

Terrapene carolina
 Butler et al. (2011)

Testudo graeca
 Fritz et al. (2007)

Testudo hermanni
 Fritz et al. (2006a)

Testudo horfieldii
 Fritz et al. (2009)

Trachemys decussata
 Fritz et al. (2012)

Trachemys dorbigni
 Fritz et al. (2012)

Trachemys scripta
 Fritz et al. (2012)

Trachemys venustra
 Fritz et al. (2012)
Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ympev.
2014.03.011.
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Sampayo, M.M., Pretus, J.L., Široký, P., Wink, M., 2006a. A rangewide
phylogeography of Hermann’s tortoise, Testudo hermanni (Reptilia:
Testudines: Testudinidae): implications for taxonomy. Zoolog. Scr. 35,
531–543.

Fritz, U., Barata, M., Busack, S.D., Fritzsch, G., Castilho, R., 2006b. Impact of mountain
chains, sea straits and peripheral populations on genetic and taxonomic
structure of a freshwater turtle, Mauremys leprosa (Reptilia, Testudines,
Geomydidae). Zoolog. Scr. 35, 97–108.
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