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Highlights

•	 Six speciose, Neogene-age clades of North American 
turtles exhibit moderately strong congruence in 
natural, hierarchical relations among all-turtle 
provinces, indicating the presence of regionalization.

•	 This congruence identifies distinct eastern and 
western regions within North America, with the 
western region subdivided into aridland and wet-
tropics subregions.

•	 The present regionalization appears to reflect long-
term faunal differentiation across a continent with 
persistent geographical boundaries and fluctuating 
climates.

Abstract
North America harbors substantial species diversity in non-
marine turtles (includes tortoises and terrapins), much of 
which arose in the Neogene Period (Miocene and Pliocene 
epochs) within Kinosternon, Emydinae, Trachemys, 
Pseudemys, Graptemys, and Gopherus. This diversity 
is distributed among 16 biogeographical provinces, 
but natural, hierarchical relations among provinces are 
unresolved. We used three-item analysis to identify such 
relations among provinces for these clades, following a 
recent, relatively complete phylogenetic reconstruction. 
The final three-item analysis identified 53,353 taxon‐area 
cladograms — free of paralogy and multiple areas on a 
single branch. The final intersection tree has a retention 
index of 73.6% and a completeness index of 75.4%, both 
indicating moderately strong congruence in patterns 
among turtle clades. All six turtle clades support some 
nodes on the intersection tree, which is divided into 
eastern and western forks. The crown group on the eastern 
fork includes four provinces almost entirely east of the 
Mississippi River drainage, whereas the western fork is 
split into wet tropics and aridlands sub-forks. The east-west 
transition zone spans the Mississippi River drainage and 
Great Plains. Our summary of divergence estimates and 
geological history suggests that although phylogenetic 
synchrony existed between select taxa, there was general 
asynchrony because provincial turtle faunas developed 
over an extended period (Neogene). Temperature-sensitive 
distributions of various taxa responded to climatic cycles 
by expanding during periods of warming, but contracting 
during periods of cooling. Grassland expansion and 
geomorphic change in the Neogene created provincial 
boundaries that, although sometimes crossed under 
favorable climates, more commonly acted as dispersal 
barriers. Despite asynchrony in faunal assembly, existence 
of shared patterns reveals natural relations among 
provinces, producing a regionalization for North American 
turtles, useful for understanding their evolution as well 
as the biogeography of North America.

Keywords: all-turtle provinces, bioregionalization, comparative biogeography, Miocene, North America, Pliocene, speciation, 
taxon-area cladogram, three-item analysis, turtle biogeography
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Introduction
The practice of biogeographical regionalization, 

also known as bioregionalization, seeks to identify 
natural classifications (i.e., hierarchical organizations) 
that exist among biogeographic areas (Morrone 2015a, 
Ung 2018). These can be discovered through analysis 
of phylogenetic evidence present within clades used 
to define the areas being analyzed (Holt et al. 2013, 
Morrone 2018). For instance, cladistic methods in 
comparative biogeography analyze phylogenies and 
associated biotic areas to discover regional organization 
(Ebach and Parenti 2015, Morrone 2018). When similar 
inter-area relations occur across multiple, unrelated 
clades, this indicates a biogeographic pattern (Parenti 
and Ebach 2009, Ebach and Parenti 2015, Morrone 
2020), suggesting there is faunal regionalization, 
thus providing opportunity to develop a putative 
explanation for its origin (e.g., Hoagstrom et al. 2014, 
Morrone 2014, Ung et al. 2016a, 2016b).

The goal of this study was to discover and explain 
regionalization in North American turtles. Ennen et al. 
(2017) developed the first quantitative biogeographic 
provinces for North American turtles. This included 
an analysis of how provinces grouped together 
according to their faunal similarity, but lacked a 
cladistic assessment of provincial relations necessary to 
determine regionalization. Thereafter, Thomson et al. 
(2021) produced an updated, relatively comprehensive, 
phylogeny for global turtles. Availability of this 
inclusive and rigorous phylogeny created potential to 
determine natural relations among North American 
turtle provinces because it facilitates a comparative, 
cladistic approach. As already noted, discovering 
natural relations among areas (i.e., provinces) is 
necessary for bioregionalization.

Our analysis focused on six major radiations 
of North American turtles (Table  1), which mainly 
diversified during the Neogene Period (Miocene and 
Pliocene epochs, 23.0-2.6 Ma; dated phylogeny in 
Thomson  et  al., 2021). Throughout the Neogene, 
representatives of these clades adapted to and 
dispersed among modernizing ecosystems (e.g., 
Stephens and Wiens 2003a, 2004, Martin  et  al. 
2013, Bramble and Hutchison 2014). The Neogene is 
significant to North American biogeography because 
this is when modern landforms (Potter and Szatmari 
2009, Snedden and Galloway 2019) and ecosystems 
(Strömberg et al. 2011, Pound et al. 2012, Herbert et al. 
2016) developed. For turtles, the beginning of the 
Neogene was associated with reduced biodiversity 
due to ongoing climatic cooling (Hutchison 1982, Joyce 
and Bourque 2016, Vlachos 2018). However, climatic 
cooling also initiated sea-level lowering (Miller et al. 
2020, which ultimately, exposed new coastal lands. 
This, combined with Paleogene extinction of many 
turtle lineages, allowed those turtles that survived 
into the Neogene to, thereafter, diversify into the 
modern turtle fauna (e.g., Weems and George 2013, 
Thomson et al. 2021).

Indeed, Neogene diversification was widespread 
among turtle clades and across North America. Despite 
being colder than much of the preceding Paleogene 
Period, the Neogene was warmer than the present, 
with temperatures peaking during the Middle Miocene 
Climatic Optimum (MMCO 17.0-15.0 Ma) at a level that 
has not been approached since (Zachos et al. 2001). 
The post-MMCO climate cooled and aridity increased, 
with aridity peaking in the Late Miocene (Chapin 2008, 
Eronen et al. 2012). Nevertheless, the Pliocene Epoch 
(5.3-2.6 Ma) was still warmer than the subsequent 
Quaternary Period, which includes the present 

Table 1. Turtle clades used for analysis. Geographical taxa are monophyletic species or species groups, based on references 
provided. Appendix S1 provides raw data including provincial distributions and phylogenetic relations. Appendix S2 provides 
the data file used for analysis, with very widespread taxa and provinces with only one taxon removed.

Clade Description Geographical taxa: raw/
analyzed (n) References

Kinosternon Genus; aquatic and semi-
aquatic

15/15 Iverson et al. 2013
Thomson et al. 2021

Emydinae Subfamily; aquatic, semi-
aquatic, and terrestrial

11/7 Martin et al., 2013
Thomson et al. 2021

Trachemys Genus; aquatic 12/12 Fritz et al. 2012
Parham et al. 2013
Parham et al. 2015

Vargas-Ramírez et al. 2017
Thomson et al. 2021

Pseudemys Genus; aquatic 07/7 Thomson et al. 2021
Graptemys Genus; aquatic 09/9 Thomson et al. 2018

Thomson et al. 2021
Gopherus Genus; terrestrial 06/6 Edwards et al., 2016 

Thomson et al. 2021
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day (Salzmann  et  al. 2011, Haywood  et  al. 2016). 
Accordingly, sea levels of the Pliocene were higher 
than in the Quaternary (Rovere et al. 2015, Klaus et al. 
2017). The Quaternary climate diverged from the 
Neogene, with onset of glacial cycles (Ehlers et al. 2018) 
that dramatically affected continental hydrography 
(e.g., Blum and Hattier-Womack 2009, Bentley et al. 
2016), ecosystem geography (e.g., Webb et al. 2004), 
and turtle distributions (e.g., Amato  et  al. 2008, 
Rödder et al. 2013). To avoid confounding Quaternary 
patterns with those of the Neogene, we focused on 
Neogene diversification to elucidate its significance 
to biogeographic relations among provinces of North 
American turtles.

Once our cladistic biogeographic analysis was 
completed, we employed the comprehensive 
phylogeny of Thomson et al. (2021) to assess whether 
biogeographical patterns were synchronous or 
established episodically, over time (Morrone 2020). 
This was necessary because a shared pattern does 
not prove synchronicity (Donoghue and Moore 2003, 
Naka and Brumfield 2018, Busschau et al. 2022). That 
is, the same biogeographical pattern can be repeated 
through time (e.g., Keck and Near 2010, Blanton et al. 
2013). Further, a shared pattern does not identify 
mode of diversification (e.g., dispersal or vicariance, 
Parenti and Ebach 2009, Morrone 2015b). To address 
this, we reviewed speciation modes indicated by 
turtle taxonomists and incorporated their conclusions 
with temporal patterns and inter-provincial relations 
revealed here to compose an integrative biogeographic 
scenario (sensu Morrone 2020), which we propose 
could inform future taxonomic and biogeographical 
study.

Materials & Methods
Our primary goal was to determine a natural 

classification of all-turtle provinces of Ennen  et  al. 
(2017) using a cladistic approach, a process also known 
as bioregionalization (Ebach 2013, Ebach and Parenti 
2015). Comparative cladistic approaches follow the 
assumption that phylogenetic relations among taxa 
reflect biogeographic relations among areas they 
inhabit (Ebach and Parenti 2015, Morrone 2020). 
Although various cladistic approaches are available 
(Ebach and Parenti 2015, Morrone 2020), we used 
three-item analysis for the following reasons. Three-
item analysis is the only comparative cladistic method 
to rely on hierarchical hypotheses when determining 
area relations (Cao et al. 2007), allowing it to accurately 
extract natural hierarchies from phylogenetic data 
(Rineau et al. 2020) for biogeographical analysis. Other 
cladistic approaches may misconstrue hierarchical 
relations because they do not correctly resolve 
relations involving widespread species (i.e., species 
in multiple biotic areas, Williams and Ebach 2006, 
Parenti and Ebach 2009), whereas paralogy-free 
subtrees provide a logical means to resolve paralogy 
issues (Zaragüeta Bagils  et  al. 2012, Rineau  et  al. 
2020). Three-item analysis also facilitates accurate 
calculation of the retention index (Rineau et al. 2020), 
an important measure for assessing the proportion 

of available phylogenetic information retained in a 
cladogram (Zaragüeta Bagils  et  al. 2012). Further, 
three-item analysis treats missing and inapplicable 
data differentially and accurately, allowing for removal 
of missing data from analysis (Zaragüeta‐Bagils and 
Bourdon 2007). Hence, results are explicitly based on 
data that provide meaningful information (Rineau et al. 
2020).

The six lineages of North American turtles analyzed 
here (Table 1) represented the only turtle clades that (1) 
existed by the Early Miocene, (2) diversified to become 
major clades in the Neogene (Miocene-Pliocene), 
and (3) became distributed broadly across North 
America. For each clade, we followed the maximum-
clade-credibility chronogram of Thomson  et  al. 
(2021) to determine interspecific relations. Because 
we followed the phylogeny of Thomson et al. (2021), 
we also followed nomenclature presented in their 
tree (this was done for the convenience of the 
reader, not necessarily as an endorsement of any 
particular names). We inferred the positions of taxa 
that were missing from the Thomson  et  al. (2021) 
chronogram using recent studies (Table 1, Appendix 
S1). Within each clade, we recognized lineages that 
arose within the Neogene (based on divergence 
estimates in Thomson  et  al. 2021) as independent 
geographical taxa. We estimated the provincial 
distributions of geographical taxa as equivalent to 
the modern distributions of living descendants. If a 
Neogene geographical taxon diversified into two or 
more species in the Quaternary, this diversification 
was not included in analyses. In other words, we 
grouped all descendant species of Quaternary age 
into a single Neogene taxon, representing the Most 
Recent Common Ancestor (MRCA).

When applied comparatively among non-
related clades, three-item analysis tests for shared 
distributional patterns among areas (sensu Parenti and 
Ebach 2009, Ung et al. 2016b). Three-area relations 
repeated across multiple clades are interpreted 
as biogeographical patterns suitable for general 
interpretation (Parenti and Ebach 2009, Ung  et  al. 
2016a). For endemic areas, we used all-turtle provinces 
of Ennen et al. (2017). These are based on distributional 
patterns of continental turtles, terrapins, and tortoises 
(aquatic, semi-aquatic, terrestrial), excluding marine 
turtles. Of 16 initial provinces, we excluded Vizcaino-
Magdalena and California Coast because each has only 
one extant turtle taxon from the clades used in this 
study (i.e., a shared pattern cannot occur in a province 
with only one taxon). Based on high faunal similarity 
and several shared species in this study, the Mexican 
Gulf Province of Ennen et al. (2017), as used here, 
is presumed to include the Central American Pacific 
Slopes, Mosquitia-Isthmus-Río Atrato-Magdalena, and 
Upper Usumacinta regions of Ennen et al. (2020). That 
is, the Mexican Gulf Province conceptually extended 
to the northwestern slopes of the Andes (Ennen et al., 
2020). We included one separate, extra-continental 
region—Cis Andes, South America—in the analysis 
because it was colonized by turtles from multiple North 
American clades (Pereira et al. 2017). The Cis Andes 
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region as defined here includes all of South America 
east and south of the Andes.

Using the remaining 14 provinces and the external 
Cis Andes region, we converted cladograms of taxa 
for each clade into taxon‐area cladograms (TACs), 
replacing terminal taxa with the provinces their 
living descendants inhabit (Zaragüeta Bagils  et  al. 
2012). Following standard procedure (Parenti and 
Ebach 2009), we grouped sister taxa that shared the 
same provincial distributions as one geographical 
taxon because separate treatment of sister taxa that 
have identical provincial distributions provides no 
additional information (Appendix S1). For example, 
Kinosternon acutum, K. creaseri, and K. herrerai form 
a three-species clade confined to the Mexican Gulf 
Coast Province (Iverson et al. 2013, Thomson et al. 
2021). Thus, in this study, we combined them into 
one geographical taxon.

We used LisBeth version 1.3 (Zaragüeta Bagils et al. 
2012) to conduct a congruence analysis based on 
compatibility principles (Wilkinson 1994) where the 
TACs—free of paralogy and of multiple areas on a 
single terminal‐branch (MASTs)—were combined to 
create optimal area cladograms for each turtle clade. 
LisBeth built a consensus tree (intersection tree) from 
the three-area statements that were derived from 
these TACs (e.g., Grand et al. 2014, Hoagstrom et al. 
2014, Ung et al. 2016a). We estimated the validity 
of findings with the retention index (percentage of 
found three‐area statements included in optimal area 
cladograms) and completeness index (percentage 
of found three‐area statements deduced from the 
intersection tree and present in the paralogy‐ and 
MASTs‐free TACs) (Zaragüeta Bagils  et  al. 2012). 
In each index, greater inclusion indicates greater 
biogeographical congruence.

We initially used complete phylogenies for analysis 
to avoid discarding any potentially useful information 
(Appendix S1). From a computational point of view, 
LisBeth (Zaragüeta Bagils et al. 2012) implements an 
exact-tree calculation to reconstruct the consensus tree 
(i.e., this is an exhaustive tree, not a heuristic). Thus, 
complexity of calculations increases exponentially 
with the number of terminals and depending upon 
the topology of the cladogram (Zaragüeta Bagils et al. 
2012). Cases with many widespread taxa (i.e., taxa 
inhabiting numerous provinces) can introduce 
excessive complexity that overloads computational 
capacity (Ung et al. 2016b). However, because of diffuse 
distributions, these widespread taxa typically provide 
little useful information (Murphy et al. 2019). As an 
example, in our study, the complete cladistic analysis on 
the raw dataset (all taxa) resulted in decomposition into 
an excessive number (1522) of three-area statements 
(Table S1). Reconstruction of the consensus tree was 
stopped after 24 h of calculation on a virtual machine 
installed on a MacOS X Mojave with 16Go of RAM 
(Lisbeth runs on Microsoft Windows), with the result 
that only 0.11% of 176,685 terminals had been so-far 
explored. Based on this, it was determined that the raw 
data set (all taxa) was too confounded for meaningful 
computation.

Thereafter, we used an investigative approach to 
remove only those widespread species that confounded 
the analysis. This was done to avoid excluding taxa 
that could provide meaningful information. For each 
clade, we ran separate biogeographical treatments to 
eliminate paralogy (i.e., paralogy-free subtree analysis) 
followed by the transparent method (Ebach et al. 2005, 
Parenti and Ebach 2009). This revealed that Emydinae 
was the only clade with excessive computational 
difficulties (Table S2). Specifically, Emydinae generated 
294,208 TACs (Table S2). Once this was known, we used 
an iterative approach to determine which widespread 
taxa should be removed from Emydinae to facilitate 
analysis. We removed widespread taxa one at a time, 
beginning with the most widespread taxon. With each 
removal, we reran the paralogy-free subtree analysis 
and transparent method. From this, it was found that 
removal of Terrapene carolina (eight provinces), T. 
mexicana (six provinces), and T. ornata (six provinces) 
allowed computation to proceed (Table S2). All other 
taxa were included in a revised (i.e., pruned) Emydinae 
clade for use within the final, multi-clade three-item 
analysis (Appendix S2, sensu Murphy et al. 2019).

To interpret the branching pattern in the intersection 
tree, we determined which clades supported each node 
(i.e., synapomorphic taxa, Ung et al. 2016b) and then 
identified phylogenetic relations within those clades 
that informed branch arrangement on the intersection 
tree. For these phylogenetic relations, we reported 
divergence estimates in Thomson  et  al. (2021) to 
determine likely timing of reproductive isolation 
between provinces. Within this temporal context, 
we reviewed literature on turtle biogeography, river-
drainage evolution, climatic trends, and ecosystem 
evolution to propose biogeographical scenarios of 
province relations, which could be useful hypotheses 
for future study.

Results
As described in the Materials and Methods, three 

of 60 initial geographical taxa were pruned from the 
Emydinae tree due to widespread distributions. Before 
removal, these species confounded the three-item 
analysis, producing 347,560 MAST- and paralogy-free 
TACs (Table S1). In addition, two other geographical 
taxa were removed because they only occurred in areas 
with a single geographical taxon. These were both 
colonists from continental North America to adjacent 
areas (1) Emys orbicularis-E. trinacris (Emydinae), 
which colonized Eurasia from North America (Spinks 
and Shaffer 2009); (2) a lineage of Trachemys that 
colonized the Antilles Archipelago from North America 
(Parham et al. 2013). With all of these taxa removed, 
55 geographical taxa were included in the analysis 
(Table S1, Appendix S2). Three-item analysis of the 
pruned data produced 53,353 MAST- and paralogy-
free TACs with an intersection tree retention index of 
73.6% (156,860 of 213,160 TACs included), indicating 
moderately strong congruence within and among 
clades. The intersection tree completeness index is 
75.4% (343 of 455 TACs included), demonstrating 
moderately strong congruence among trees. All clades 
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contributed to support of some nodes within the 
intersection tree. Nodes were variously supported by 
one to five clades (Fig 1).

The intersection tree (Fig  1) has two main 
forks separating eastern and western provinces. 
The boundary is the transition zone from woodland 
to grassland, which spans the Tallgrass Prairie and 
High Plains-Río Grande provinces on the west and 
Central Gulf Coast and Interior Highlands provinces 
on the east (Fig 2). The west fork of the intersection 
tree holds nine provinces and has relatively complex 
structure (Fig  1). The Pluvial Proglacial Province is 
the first branching area (Fig  1, node 1), supported 
by Emydinae (two taxa) and Trachemys (one taxon) 
(Table S3). Above this branch, node 2 is a split between 
a wet tropics subfork holding two provinces (Cis Andes, 
Mexican Gulf Coast) and a western aridlands subfork 
holding six provinces. Evolutionary relations within 
Kinosternon (three taxa), Trachemys (two taxa), and 
Gopherus (one taxon) support the relation of these 
two subforks (Table  S4). Within the wet tropics, 
three sister relations (Kinosternon angustipons-dunni 
with K. leucostomum; Kinosternon scorpioides with 

K. integrum; and Trachemys callirostris-T. chichiriviche 
with T. emolli-T. grayi-T. venusta) support a sister 
relation of the Cis Andes region with the Mexican Gulf 
Coast Province (Fig  1, node 8). Divergences within 
these groups are estimated as Middle-Late Miocene, 
Pliocene-Early Pleistocene, and Pliocene, respectively 
(Thomson et al. 2021).

Within the western aridlands subfork of the 
intersection tree, the Mojave Desert Province was the 
first branching area (Fig 1, node 3). Two turtle taxa 
occupy this Province (Emys marmorata-E. pallida; 
Gopherus agassizii) and both exhibit evolutionary 
relations with other western aridlands provinces 
(Table S3). The Mexican Pacific Coast Province occupies 
the second lowest branch within the western aridlands 

Figure 1. Intersection tree of Taxon Area Cladograms (TACs) 
showing relations among biogeographical provinces for six 
major clades of North American turtles that diversified in the 
Neogene. Three-item analysis produced 53,353 MAST- and 
paralogy-free TACs with an intersection tree retention index 
of 73.6% (156,860 of 213,160 TACs included), indicating 
moderately strong congruence within and among clades. 
The intersection tree completeness index is 75.4% (343 of 
455 TACs included), again demonstrating moderately strong 
congruence among trees. Colored branches correspond to 
the map (Figure 2). Yellow-green palette represents western 
aridland provinces; Blue-gray palette represents eastern 
forest provinces. Nodes are numbered from top to bottom 
for reference in text. Turtle clades supporting each node 
are listed as three-letter abbreviations: KIN = Kinosternon, 
EMY = Emydinae, TRA = Trachemys, PSE = Pseudemys, GRA 
= Graptemys, GOP = Gopherus.

Figure 2. Map of all-turtle provinces for North America from 
Ennen et al. (2017), with revised names: VM = Vizcaino-
Magdalena, CC = California Coast, MD = Mojave Desert, 
MG = Mexican Gulf Coast, GB = Gila-Bouse, MN = Mesa 
del Norte, MP = Mexican Pacific Coast, HR = High Plains-
Río Grande, TP = Tallgrass Prairie, GN = Great Lakes-North 
Appalachia, PP = Pluvial Proglacial, FP = Florida Peninsula, 
AC = Apalachicola-Chesapeake, IH = Interior Highlands, CG 
= Central Gulf Coast, MS = MAFLA Shelf. Thickened, black 
boundaries among provinces highlight division of wet 
tropics, eastern forest, and western aridland branches and 
the color scheme corresponds to Figure 1. Yellow-green 
palette represents western aridland provinces; Blue-gray 
palette represents eastern forest provinces. Provinces in 
gray were excluded from analyses due to only one taxon 
present. Areas in white have no native turtles. Arrows 
indicate extra-continental areas colonized from North 
America by Trachemys (Antilles), multiple clades (Cis Andes), 
and Emys (Eurasia).
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subfork (Fig 1, node 4). Representatives of Kinosternon 
(six taxa), Emydinae (one taxon), Trachemys (two 
taxa), and Gopherus (one taxon) exhibit evolutionary 
relations with other provinces on the western aridlands 
subfork (Table S3). Similarly, the High Plains-Río Grande 
Province is the third lowest Province on the western 
aridlands subfork (Fig 1, node 5) and representatives 
of Kinosternon (two taxa), Emydinae (one taxon), 
Trachemys (two taxa), Graptemys (one taxon), and 
Gopherus (one taxon) exhibit evolutionary relations 
with other western aridlands provinces (Table  S3). 
In contrast, the Tallgrass Prairie Province (Fig 1, node 
6) is supported only by a relation of the widespread 
K. flavescens with the Gila-Bouse and Mesa del 
Norte provinces (Table  S3). This lone relation does 
not represent a pattern shared among multiple taxa. 
In contrast, the crown sister relation of the Gila-
Bouse and Mesa del Norte provinces (Fig.  1, node 
7) is supported by three separate relations within 
Kinosternon, each of varying age (Table S3), indicating 
this is a repeated pattern within the genus. Notably, 
across the western aridlands subfork of the intersection 
tree, provincial taxa varied in specific inter-provincial 
relations and in timings of divergence (Table S3).

The east fork of the intersection tree includes 
provinces of naturally forested ecoregions, extending east 
from the Central Gulf Coastal Plain and Interior Highlands 
provinces to the Atlantic Coast. The position of the Interior 
Highlands Province as first to branch from this fork (Fig 1, 
node 9) is supported by relations within Kinosternon 
(one taxon), Emydinae (two taxa), and Graptemys (three 
taxa) (Table S5). The next highest branch (Fig 1, node 10) 
separates the Central Gulf Coastal Plain from a crown 
group of four provinces. The position of the Central 
Gulf Coastal Plain as peripheral to this crown branch is 
supported by Kinosternon (one taxon) and Graptemys 
(five taxa) (Table S5). Estimated divergences of taxa 
supporting nodes 9 and 10 are variable (Early Miocene 
to Pleistocene, Table S5), indicating a sequential pattern 
of inter-province divergence.

A crown fork including four eastern forest provinces 
(Fig  1, node 11), arranged as sister-province pairs, 
is supported by Kinosternon (one taxon), Emydinae 
(three taxa), Pseudemys (two taxa), and Graptemys 
(one taxon) (Table S6). On this crown branch, the Great 
Lakes-North Appalachia Province is sister to the MAFLA 
Shelf Province (Fig 1, node 12). However, this sister 
relation is supported by a single phylogenetic relation 
(Pseudemys alabamensis – Pseudemys rubriventris) and 
thus does not represent a shared pattern. In contrast, 
the Apalachicola-Chesapeake and Florida Peninsula 
provinces are resolved as sisters within the crown of 
the branch (Fig 1, node 13), supported by Kinosternon 
(two taxa), Emydinae (one taxon), and Pseudemys (three 
taxa) (Table S7).

Discussion

East-West Subdivision of Intersection Tree
The east-west fork at the base of the intersection 

tree (Fig 1) represents major east-west divergences in 
Kinosternon (Oligocene to Early Miocene), Gopherus 

(Late Oligocene-Early Miocene), and Trachemys 
(Middle-Late Miocene). The western lineages in each 
of these clades (Table 2) are confined to provinces 
on the west fork of the intersection tree. Further, 
except for the glaciated Tallgrass Prairie and Pluvial 
Proglacial provinces, all west-fork provinces include at 
least one taxon from one of these western lineages. 
There are at least three nonexclusive hypotheses 
for divergence of these western lineages from their 
eastern relatives.

1.	 Into-the-tropics hypothesis. Periods of climatic 
cooling may have favored range expansion of 
temperate turtles into the tropics (Meseguer and 

Table 2. Species lists for western and eastern lineages 
of Kinosternon, Trachemys, and Gopherus based on 
Thomson et al. (2021). Asterisks indicate descendants of 
eastern lineages that have distributions expanded into 
provinces of the west fork of the intersection tree.

Clade Western 
Lineage Eastern Lineage

Kinosternon K. angustipons K. baurii
K. dunni K. subrubrum

K. leucostomum K. flavescens*
K. herrerai K. arizonense*

K. acuta K. durangoense*
K. creaseri

K. alamosae
K. chimalhuaca
K. scorpioides
K. integrum
K. oaxacae

K. sonoriense
K. hirtipes

Trachemys T. gaigeae T. scripta scripta
T. nebulosa T. decussata
T. dorbigni T. terrapen
T. medemi T. decorata
T. ornata T. stejnegeri
T. yaquia T. adiutrix*
T. taylori T. scripta elegans*

T. hartwegi
T. callirostris

T. chichiriviche
T. emolli
T. grayi

T. venusta
Gopherus G. berlandieri G. flavomarginatus*

G. agassizii G. polyphemus
G. morafkai
G. evgoodei
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Condamine 2020). Evidence supports this hypothesis 
for east-west divergence in Kinosternon. Estimated 
divergence during the Oligocene-Miocene transition 
(Thomson et al. 2021) corresponds with cooling 
across the Northern Hemisphere during the Mi-1 
glaciation (Zachos et al. 2001, Hyeong et al. 2014), 
which presumably favored southwestward range 
expansion of Kinosternon, although associated 
aridification of North America corresponded with 
range contractions and extinctions of kinosternids 
(Joyce and Bourque 2016), potentially separating 
eastern and western lineages. Concurrent sea-
level fall (Miller  et  al. 2020) may have enabled 
range expansion for lineages colonizing southward 
(Thomson et al. 2021).

Subsequent, Middle Miocene warming and 
moistening corresponded with turtle range expansions 
(Hutchison 1982), but then was followed by Middle-
Late Miocene cooling and aridification (Zachos et al. 
2001, Chapin 2008, Eronen et al. 2012). This period of 
cooling corresponds with an apparent into-the-tropics 
invasion in Trachemys, which originated in temperate 
North America and colonized southward from there 
(Fritz  et  al. 2012). Aforementioned, Late Miocene 
aridification of central and western North America 
could have separated eastern and western lineages 
of this genus. In the same period, the MRCA of the K. 
flavescens group founded a population giving rise to 
K. durangoense at the northern edge of the tropics 
(Iverson 1979; Thomson  et  al. 2021), suggesting a 
shared history between western Trachemys and the 
K. flavescens group.

Divergence estimates in Thomson  et  al. (2021) 
imply the MRCA of T. scripta elegans and T. adiutrix 
dispersed from North to South America in the Late 
Pliocene-Early Pleistocene, yet another period of 
climatic cooling (Zachos et al. 2001). Notably, there 
do not seem to be examples of taxa from western 
lineages expanding northeastward, into eastern-forests 
provinces. This agrees with the asymmetric gradient 
of extinction and dispersal that is characteristic of 
turtles and is associated with the into-the-tropics 
hypothesis (Meseguer and Condamine 2020). However, 
an into-the-tropics pattern seems unlikely for Gopherus 
because estimated Early-Middle Miocene divergence 
(Thomson  et  al. 2021) corresponds with the warm 
MMCO.

2.	 Grassland expansion hypothesis. It is also possible 
that ecosystem changes account for east-west 
cladogenesis in turtle lineages. For Gopherus, 
Early-Middle Miocene timing of east-west 
divergence (Thomson et al. 2021) corresponds with 
a transition from wooded to open habitat in west-
central North America (Kukla et al. 2022). During 
this period, rodents and lagomorphs declined in 
diversity, with extirpations eliminating woodland/
shrubland taxa (Samuels and Hopkins 2017). 
Absence of living Gopherus from the Great Plains 
is consistent with a hypothesis that emergence of 
grasslands separated eastern and western lineages. 
As already mentioned, Middle-Late Miocene east-

west divergence in Trachemys (Thomson  et  al. 
2021) corresponded with increased aridification in 
western North America (Chapin 2008, Eronen et al. 
2012) when grassland came to dominate the 
northwestern Gulf Coast (Godfrey et al. 2018). On 
the other hand, ancestral Kinosternon appear to 
have been associated with grasslands (Bourque 
2016) and K. flavescens remains widespread on 
the Great Plains and Tallgrass Prairie (Iverson 
1979; Houseal et al. 1982), suggesting east-west 
divergence in this genus was not due to emergence 
of grasslands.

3.	 Geomorphic change hypothesis. River-drainage 
reorganization may also help explain east-west splits 
in Kinosternon and Trachemys. For Kinosternon, 
subdivision of the Oligocene Río Grande drainage 
into northern (Río Grande) and southern (Río 
Bravo/San Fernando) drainages (Snedden and 
Galloway 2019) may have been important. Fossil 
evidence suggests eastern Kinosternon originated 
in the Early Miocene Río Grande drainage, later 
expanding eastward (Bourque 2016). If so, then 
Kinosternon to the south, in the Early Miocene Río 
Bravo drainage, may have founded the western 
lineage. For Trachemys, if the progenitor of western 
lineage was widespread during the Middle Miocene 
Climatic Optimum (MMCO) (as suggested above), 
then stream transfers from the Middle Miocene 
Guadalupe River into the Late Miocene Río Grande 
(Snedden and Galloway 2019) could have shifted a 
population to the southwest. Several fishes were 
likely transferred to the Late Miocene Río Grande 
in this manner (Hoagstrom and Echelle 2022).

Terrestrial Gopherus seem less likely to have been 
affected by river-drainage reorganization, however, the 
Early Miocene was also a period of intense volcanism 
and massive landscape erosion across the region 
between the Gulf of México Coastal Plain and the Great 
Basin (Cather et al. 2012, Snedden and Galloway 2019). 
It is possible either emergence of volcanic mountains 
or ecological effects of landscape denudation (or both) 
contributed to east-west divergence within Gopherus. 
Isolation of western Gopherus in the Great Basin, with 
eastern Gopherus distributed along the Gulf Coast, is 
consistent with molecular evidence that eastern G. 
polyphemus and G. flavomarginatus diverged in the 
Late Miocene-Pliocene (Thomson et al. 2021). This 
possibility is congruent with biome reconstructions 
because during the Late Miocene, there was a forest-
savanna corridor along the Gulf Coast (Pound et al. 
2011), potentially occupied by a widespread MRCA 
of eastern G. polyphemus-G. flavomarginatus.

An additional pattern contributing to the east-west 
subdivision of the intersection tree is a paucity of 
Pseudemys and Graptemys within west-fork provinces. 
The geography (Spinks  et  al. 2013) and phylogeny 
(Thomson et al. 2021) of Pseudemys indicate westward 
colonization into the High Plains-Río Grande Province 
was during the Miocene-Pliocene transition, indicating 
that unlike the western lineages discussed above, 
presence of Pseudemys in a western border province 
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is attributable to more recent range expansion from 
the east. A similar history applies to Graptemys in 
the High Plains-Río Grande Province (Thomson et al. 
2018, 2021). Graptemys species also occur in the 
Tallgrass Prairie and Pluvial Proglacial provinces, which 
is attributable to post-glacial colonization (discussed 
further below).

Taken together, evidence to explain the east-west 
subdivision of the intersection tree suggests that 
although common processes likely explain east-west 
splits within major turtle clades, divergence timings 
were asynchronous (apart from possible joint westward 
expansion in Trachemys and the K. flavescens group). 
The three above hypotheses are each potentially 
relevant to multiple clades, but the timings of when 
these processes influenced each lineage are varied. 
Asynchrony is attributable to the ancient age of turtle 
lineages, which set the stage for diversification to 
occur throughout the Neogene period, along with 
the fluctuating climate and dynamic geomorphology 
across the east-west transition zone.

East fork of intersection tree

Appalachian rejuvenation
Branching within the East Fork of the intersection 

tree is attributable to major Neogene events. During 
the Middle Miocene, some combination of uplift, 
drainage rearrangement, and increasing precipitation 
elevated relief along the Appalachian Divide and 
initiated drainage reorganization in the continental 
interior (Wagner et al. 2018, Snedden and Galloway 
2019). These events potentially separated turtle 
populations of the Interior Highlands and Central Gulf 
Coastal Plain from provinces to the east (Fig. 2, node 
10), like patterns in fishes (Hoagstrom  et  al. 2014, 
Hoagstrom and Echelle 2022). Accordingly, trans-
Appalachian divergence estimates in turtles (Table S5) 
are Middle Miocene or younger, but different 
timings among lineages indicate multiple episodes 
of divergence across this boundary. Hence, although 
divergences likely occurred via allopatry (Lamb et al. 
1994, Stephens and Wiens 2003b), it was evidently 
asynchronous.

In response to Appalachian rejuvenation, a Late 
Miocene-Early Pliocene Great Floridian River arose, 
extending southeast from the southern Appalachians, 
along the length of the Florida Peninsula (Warzeski et al. 
1996, Missimer and Maliva 2017). This could explain 
the sister relation of the Apalachicola-Chesapeake 
and Florida Peninsula provinces because turtles 
therein would have had access to both provinces. 
Non-emydine taxa linking these provinces (Table S7, 
Kinosternon and Pseudemys) are distributed among 
the MAFLA Shelf, Apalachicola-Chesapeake, and Florida 
Peninsula provinces, suggesting close biogeographic 
relations, but histories of these taxa are difficult to 
discern due to poorly resolved phylogenetic relations 
(Walker et al. 1998, Iverson et al. 2013, Spinks et al. 
2013). Late Miocene-Pliocene divergence of Antillean 
Trachemys (Thomson et al. 2021) suggests the MRCA 
of Trachemys scripta scripta-Antillean Trachemys 

inhabited this river and, from its mouth, crossed the 
Straits of Florida to Cuba, perhaps upon discharged 
mats of floating vegetation (sensu Legler 1990). Late 
Miocene sea-level fall ~8.2 Ma (Miller et al. 2020) or 
the lack a major ocean current through the Florida 
Strait 11.5-9.5 Ma (Kirillova et al. 2019) could have 
facilitated flotsam delivery to Cuba. Relatively high 
salinity tolerance in Trachemys (Agha et al. 2018) may 
have also aided this crossing.

Great Lakes-North Appalachia and MAFLA 
Shelf relation

Only the sister relation of Pseudemys rubriventris 
and P. alabamensis supports a sister relation between 
the Great Lakes-North Appalachia and MAFLA Shelf 
provinces. Hence, this is not a general pattern 
(Parenti and Ebach 2009). Further, geography does 
not corroborate this relation because these provinces 
are disjunct (Fig 2). One explanation for sister pairing 
of P. alabamensis with P. rubriventris is incomplete 
lineage sorting, in which case more detailed studies 
with additional molecular markers or techniques 
could reveal different placement within the genus, as 
observed in preliminary analyses (Spinks et al. 2013). 
Alternatively, it is possible these two taxa descend 
from a common ancestor with a broader distribution, 
presently disjunct due to extinction of intervening 
populations. However, without a known aquatic 
connection between these provinces, this hypothesis 
seems to have less support.

West fork of intersection tree

Western aridlands subfork
The west fork of the intersection tree (Fig 1) includes 

nine provinces. The largest branch is the western 
aridlands subfork of six provinces. Taxa representing 
Kinosternon, Emydinae, Trachemys, Graptemys, and 
Gopherus all lend support to the unity and positioning 
of provinces on this subfork. Among the western 
aridlands provinces (besides the poorly resolved 
Tallgrass Prairie, discussed further below), numerous 
geographical taxa provide evidence of inter-provincial 
evolutionary relations. Almost all of these divergence 
events have been interpreted as Neogene range 
fragmentations (i.e., vicariance, Table  S3). In one 
exceptional case, Iverson (1981) hypothesized that 
ancestral K. hirtipes traversed the Cochise Filter Barrier 
to reach the Sonoran Desert (Gila-Bouse Province), 
where it then diverged to become K. sonoriense.

As turtle distributions are sensitive to temperature 
and precipitation (e.g., Stephens and Wiens 2009, 
Ennen et al. 2016), it is commonly inferred that turtles 
of the western aridlands expanded distributions during 
warmer or wetter periods and fragmented when the 
climate cooled or dried (e.g., Milstead and Tinkle 
1967, Spinks and Shaffer 2009). For coastal taxa, sea-
level rises may also cause range fragmentation (e.g., 
Lamb et al. 1994; Berry et al. 1997; Martin et al. 2013). 
Notably, divergence timings vary substantially across 
the western aridlands region and, in each province, 
accumulation of turtle taxa evidently occurred 
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episodically, from Early Miocene to Early Pleistocene 
(Table S3).

Although excluded from analysis due to only 
one living geographical taxon, the California Coast 
Province may be justifiably considered sister to the 
Mojave Desert Province because Emys marmorata-E. 
pallida inhabits both (Spinks et al. 2014) and Gopherus 
agassizii did so in the Pleistocene (Vlachos 2018). 
The excluded Vizcaino-Magdalena Province supports 
only Trachemys nebulosa, a species also occurring in 
the Mexican Pacific Province (Legler and Vogt 2013, 
Parham  et  al. 2015), suggesting affiliation of these 
provinces.

Wet Tropics subfork
The separate wet tropics branch on the intersection 

tree indicates relatively independent histories of North 
American turtles in this region. Wet tropics Kinosternon 
include the K. angustipons-K. dunni-K. leucostomum 
group (Middle Miocene, Thomson et al. 2021) and 
the K. acuta-K. creaseri-K. herrerai group (Middle-
Late Miocene, Thomson et al. 2021). In addition, K. 
scorpiodes evidently originated in the wet tropics 
(Pliocene-Early Pleistocene, Thomson  et  al. 2021) 
and then dispersed broadly during the Pleistocene 
(Iverson et al. 2013). The distribution of wet-tropics 
Trachemys (Fritz et al. 2012, Legler and Vogt 2013, 
Parham  et  al. 2015) is similar to Kinosternon, but 
divergence estimates (Thomson et al. 2021) indicate 
Trachemys originated later (Table S4). Once established 
on the Mexican Gulf Coast, wet tropics Kinosternon 
and Trachemys were positioned for range expansion 
into Central and South America, with at least three 
invasions for Kinosternon (Iverson et al. 2013) and two 
for Trachemys (Vargas-Ramírez et al. 2017).

A sister relation between the wet tropics and 
western aridlands subforks (Fig 1) is consistent with 
geographical proximity of these regions (Fig  2). 
Affiliation of these regions appears to result from 
three different patterns. First (Middle-Late Miocene), 
Kinosternon flavescens and Gopherus berlandieri each 
invaded the Mexican Gulf Coast Province (e.g., Reynoso 
and Montellano-Ballesteros 2004). Second (Pliocene-
Pleistocene), the MRCA of Trachemys scripta elegans-T. 
adiutrix dispersed through the Mexican Gulf Coast, 
into South America (Fritz et al. 2012). Third (Pliocene-
Early Pleistocene), there was separation of wet tropics 
and western aridlands lineages within Kinosternon 
(K. scorpioides from K. integrum) and Trachemys 
(T. dorbigni-T. medemi from T. ornata-T. yaquia – T. 
hartwegi-T. taylori). Thus, the relation between the 
western aridlands and wet tropics region appears 
complex, subsuming multiple of biogeographical events 
into one inter-region relation.

Quaternary effects on province placement
Grouping of the Pluvial Proglacial Province on the 

west fork (node 1) reflects three species that occur only 
marginally therein (Clemmys guttata, Emys blandingii, 
Trachemys gaigeae). Because these marginal 
distributions differ among taxa, the Pluvial Proglacial 
Province lacks definitive biogeographic relations with 

other provinces. Most of the Pluvial Proglacial Province 
encompasses drainages that were either largely within 
the Last Glacial-Permafrost maximum or within the 
climatically harsh Great Basin (Ennen  et  al. 2017). 
The only turtle species widespread throughout the 
Pluvial Proglacial Province are cold-tolerant Chelydra 
serpentina and Chrysemys picta (Holman and Andrews 
1994, Ennen et al. 2017), neither of which was part 
of this study.

Similarly, inclusion of the Tallgrass Prairie Province 
on the western aridlands subfork has limited support. 
This Province was within the Last Glacial-Permafrost 
maximum (French and Millar 2014) and the post-
glacial ecosystem has been unstable, varying between 
forest and grassland (Baker et al. 2002, Nelson et al. 
2006). Although unglaciated areas may have served 
as refugia for Emys blandingii (Sethuraman  et  al. 
2014), Glyptemys insculpta is a post-glacial immigrant 
that likely followed glacial retreat from the southeast 
(Amato  et  al. 2008). Kinosternon flavescens and T. 
ornata appear to have colonized from the west, with 
eastward expansion of the Prairie Peninsula in the 
Holocene (Smith 1957, Houseal et al. 1982, Serb et al. 
2001). Graptemys ouachitensis probably colonized 
this Province from the south via the Mississippi River 
(Brown et al. 2012).

Conclusions
This three-item analysis identifies natural sets of 

biogeographical provinces. At the continental scale, 
the most fundamental biogeographical pattern is 
subdivision between eastern and western provinces. 
These regions have divergent evolutionary legacies due 
to major evolutionary splits in Kinosternon, Gopherus, 
and Trachemys, along the with primarily eastern 
distributions in Pseudemys and Graptemys. Within 
the western provinces, the wet tropics subregion 
has a distinct evolutionary history from the western 
aridlands subregion, largely reflecting the evolution 
of separate lineages in western Kinosternon and 
Trachemys. Discovery of these shared patterns (and 
others described above) provides a regionalization 
for North American turtles, useful for understanding 
evolution of North American turtles and biogeography 
of North America.

Our summary of divergence estimates suggests 
that although there was some phylogenetic synchrony 
between select taxa, there was general asynchrony 
because provincial turtle faunas developed over time. 
Three factors likely help explain this pattern. First, 
long histories of each clade within North America 
allowed ample time for speciation (Stephens and 
Wiens 2003b, Rodrigues et al. 2017), consistent with 
phylogenetic evidence of sustained diversification 
over time (Thomson  et  al. 2021). Second, for a 
temperature-sensitive group like turtles (Ennen et al. 
2016, Rodrigues  et  al. 2019), climatic fluctuations 
evidently caused periods of range expansion to 
alternate with periods of range contraction. Third, 
persistent landforms and biomes can influence 
species distributions through time and contribute to 
evolutionary divergence at any time (e.g., Keck and 
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Near 2010, Naka and Brumfield 2018). Reticulating 
expansion-contraction cycles in turtle distributions 
evidently interacted with persistent geological and 
ecological barriers to, asynchronously, produce 
geographically similar inter-provincial relations within 
and among turtle clades.
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