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Defaunation in the Anthropocene has created a need to focus limited conservation resources on geographically-
explicit areas with high conservation significance. Priority conservation areas are often defined as those with
high biodiversity — hotspots. While these conservation areas are critical to securing global biodiversity, pre-

gozseryation vailing approaches for their delineation are often qualitative. Here, we demonstrate the benefits of a clade-
Hr;t:;issm specific approach that improves conservation. We use the distinct, imperiled clade of turtles (tortoises and

freshwater turtles) to delineate biogeographical regions and characterize their comparative levels of biodiversity
and conservation values. We produce a quantitative, revisable map of 63 global turtle regions and identify
several turtle regions, mostly in the Indomalayan turtle realm, that are high-priority conservation regions. While
our high-priority turtle regions include those previously reported in the literature as turtle hotspots, we also
describe a new priority conservation region in Southeast Asia (Yangtze-Huang He-Xi Yiang) which has both high
species and endemism richness. Although not considered a high or intermediate conservation priority, our
analyses delineated another previously unidentified turtle hotspot — the Kalahari Basin-Rift Valley. Additionally,
we identify several turtle regions, largely in Central America, with intermediate conservation priority. Our re-
sults reveal that many turtle hotspots represent complex biogeographical areas with high inter-regional -di-
versity, and several of these turtle-hotspots occur in transition zones with high biogeographical complexity. In
these cases, inter-regional conservation efforts will be necessary to ensure turtle biodiversity conservation.

Priority areas

1. Introduction

Human-caused, post-industrial defaunation has reached global
proportions, creating a sixth mass-extinction (Barnosky et al., 2011)
and inspiring the term ‘Anthropocene’’ for the modern geological age
(1950 to present; Dirzo et al., 2014). Global-scale efforts to halt or at
least reduce the rate of anthropogenic extinctions include character-
izations of distributional patterns to focus conservation efforts in geo-
graphically-explicit areas where they are most needed or most bene-
ficial (Funk and Fa, 2010; Hoffmann et al., 2010; Mittermeier et al.,
2011). Popular approaches include identification of hotspots and
ecoregions, which have successfully focused conservation efforts, but
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often lack rigorous assessment (Ladle and Whittaker, 2011). Further-
more, these methods often use predetermined regions delineated by
data from other taxonomic groups (i.e., surrogate taxa) and not the
group of interest. Often patterns of biodiversity are not correlated
among taxonomic groups, leaving uncorrelated groups without pro-
tection (Roll et al., 2017).

Objective delineation of regions for major taxonomic groups (e.g.,
Lissamphibia, Mammalia, Aves, Squamata, etc.) is critical for con-
servation because each taxon embodies unique evolutionary and eco-
logical properties that create their own legacies of speciation, dispersal,
and extinction (Whittaker et al., 2005; Richardson and Whittaker,
2010; Holt et al., 2013). These alternative legacies shape distinct
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biodiversity patterns (e.g. Roll et al., 2017; Leroy et al., 2018) with
implications for conservation. Thus, a biogeographic framework that
facilitates recognition of these taxon-specific patterns may improve
identification of high conservation priority areas and improve re-
presentation of previously underrepresented taxonomic groups (De
Klerk et al., 2002).

Non-marine turtles (i.e., freshwater turtles, tortoises, and terrapins;
henceforth ‘turtles’) provide an opportunity to discern robust, quanti-
tative, clade-specific conservation regions because their relatively low
taxonomic richness (=360 species), detailed fossil record, and well-
studied phylogenetic relationships (Joyce et al., 2013) make the group
particularly tractable for study. In addition, they are conspicuous and
influential within a myriad of ecosystems (Catano and Stout, 2015;
Lovich et al., 2018), and sometimes indicate the quality of habitat
(Battisti and Luiselli, 2011; Basile et al., 2011). Nevertheless, turtles are
one of the most imperiled major clades of all vertebrates (~60% of
species extinct or threatened compared with Lissamphibia, Squamata,
Aves, Crocodilia, and Mammalia; Turtle Taxonomy Working Group
[TTWG], 2017; Rhodin et al., 2018). This largely reflects ease of harvest
for food and the pet trade (TEWG, 2015Turtle Extinctions Working
Group [TEWG], 2015), which is unsustainable because many species
are long-lived with delayed maturity (Heppell, 1998; TTWG, 2017).
Despite their relative ecological and commercial value along with se-
vere imperilment, turtles are often overlooked because they are tradi-
tionally grouped with other ‘reptiles’ (Fa and Funk, 2007; Mittermeier
et al., 2011).

Previous assessments of turtle-specific biogeography (Angielczyk
et al., 2015; Mittermeier et al., 2015; Roll et al., 2017; Ennen et al.,
2016, 2017; Rodrigues and Diniz-Filho, 2017) revealed that areas of
high turtle diversity often do not align with hotspots of global biodi-
versity and ecoregions (Olson et al., 2001; Olson and Dinerstein, 2002;
Abell et al., 2008; Mittermeier et al., 2015). For instance, the tropics
represent the center of species richness for numerous vertebrate groups,
while turtle biodiversity is concentrated in extratropical regions, such
as southern Asia and the southeastern United States of America (Roll
etal., 2017; Rhodin et al., 2018). Similarly, montane regions are centers
of endemicity for many vertebrate groups (Fa and Funk, 2007), whereas
turtle biodiversity is mainly concentrated in lowlands (Buhlmann et al.,
2009; Mittermeier et al., 2015).

Despite these readily apparent mismatches of turtle biogeography
with other vertebrate groups and ecoregions, surrogate- or assemblage-
based biogeography has been used in the past to identify overall species
conservation regions, potentially resulting in misidentified or under-
represented identification of priority turtle-regions (Roll et al., 2017).
Here, we investigate this issue by developing a biogeographical fra-
mework that facilitates recognition of clade-specific regions based on
turtle distributions, and identifies region-specific conservation value.
All of these analyses are repeatable, free from a priori bias, and ap-
plicable to any taxonomic clade.

2. Methods
2.1. Turtle-region delineation

2.1.1. Data collection

We used species-level taxonomy and distribution maps generated by
the TTWG (2017). TTWG has developed the most up-to-date, accurate,
and comprehensive study of turtle distributions, which is already being
used for global-scale studies of turtle macroecology and evolution
(Rodrigues and Diniz-Filho, 2017; Rodrigues et al., 2017). Seven extinct
species (genera Cylindraspis and Chelonoidis) were excluded from the
analyses. The two families of sea turtles (Cheloniidae and Dermoche-
lyidae) were also excluded (for their regional conservation assessment,
see Wallace et al., 2011).

We created a presence/absence matrix using turtle distributions and
our spatial sampling unit (i.e., HydroBASINs; Lehner and Grill, 2013)

Biological Conservation 241 (2020) 108323

with the lets.presab.grid function (R package letsR, Vilela and Villalobos,
2015). Our final data matrix included presence-absence data of 342
species arranged among 9029 Level-6 HydroBASINs units. We re-
cognized that some units contained better distributional data than
others and that distributions of rare, cryptic, or understudied species
were not always well-defined. For instance, TTWG (2017) listed 9
species (< 3.0% of the dataset) with “general approximations of their
potential distributions”. Nevertheless, most of these occupied small
distributions, reducing potential influence on our conclusions. In any
case, this analysis represents a step forward in understanding re-
gionalization of turtle faunas and is developed with recognition that it
can be revised as available information increases or changes.

2.1.2. Turtle biogeographical realms and turtle-region delineation

We followed common statistical approaches to delineate turtle
biogeographical regions and describe relationships among them
(Matamoros et al., 2012; Hattab et al., 2015; Ennen et al., 2017) using R
v. 3.3.2 (R Core Team, 2016). From our presence-absence matrix of
HydroBASINs (Lehner and Grill, 2013), we calculated compositional
beta diversity using the turnover component of Jaccard’s dissimilarity
index (Bjtu; Baselga, 2010, 2012) along with the beta.pair function of
the R package betapart (Baselga et al., 2018). We used an unweighted-
pair group method with arithmetic mean (UPGMA) clustering analysis
using the hclust function in (jtu to create a dendrogram of HydroBASINs
based on their faunal similarity. A UPGMA was selected because Kreft
and Jetz (2010) reported its superior performance with broad-scale
biogeographical datasets. We calculated a cophenetic correlation coef-
ficient (Farris, 1969) as a measure of fit of our modeled data (i.e.,
UPGMA) to the original data.

We used the Kelley-Gardner-Sutcliff penalty function (KGS) of the R
package maptree (White and Gramacy, 2015) and visually assessed the
UPGMA dendrogram to determine unique HydroBASIN clusters of turtle
assemblages, which represented faunally distinct biogeographical re-
gions for turtles (hereafter, turtle regions). The KGS analysis objectively
determined the number of clusters by maximizing inter-cluster dis-
similarities at all levels of the dendrogram, while retaining intra-cluster
homogeneity. Next, we used the number of clusters determined by the
KGS function and applied it in the cutree function. The end result was a
dendrogram of quantitatively delineated turtle regions, themselves
consisting of one or more HydroBASINs. We considered the relationship
among the turtle regions within the dendrogram as informative for
understanding global structure of turtle biodiversity. One of these re-
lationships corresponds to a broader geographical scale — biogeographic
realms for turtles (hereafter, turtle realms). That is, we defined turtle
realms using broader relationships among groups of turtle regions from
the UPGMA dendrogram. Finally, we used ArcMap v. 10.6.1 to spatially
map the turtle realms and regions of the globe.

2.2. Turtle-region biodiversity and conservation assessment

2.2.1. Biodiversity and conservation variables

Biodiversity metrics calculated for each turtle region were: (1)
species richness, (2) species density (number of species/km?; Myers
et al.,, 2000), (3) mean number of species per HydroBASIN, (4) en-
demic-species richness, (5) endemic-species density (number of en-
demics/km?; Myers et al., 2000), (6) mean endemic-species richness
based on the inverse range-size method (Kier and Barthlott, 2001), and
(7) empirical logit transformation of endemism (logit endemism). Ac-
cording to Kier and Barthlott (2001), the inverse range-size method is a
better metric of the restrictedness of distributions and it scales linearly
with area, unlike other metrics of endemic-species richness. The logit
endemism metric gives higher conservation value to turtle regions with
relatively high endemism, regardless of species richness, and is superior
to proportional endemism for characterizing patterns of endemism
across turtle regions (Fa and Funk, 2007). Because species and en-
demics do not accumulate linearly with area (Arrhenius, 1921), we
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applied a transformation (natural log +1) to species and endemic
densities.

We calculated four conservation metrics for each turtle region. The
first was a mean IUCN Red List Index (RLI, Bubb et al., 2009) excluding
extinct species. We used IUCN Red List categories reported for turtles by
Rhodin et al. (2018) as a qualitative index of faunal imperilment. The
RLI uses the following IUCN Red List categories and weighted values:
least concern (0), near threatened (1), vulnerable (2), endangered (3),
critically endangered (4), and extinct (5). Because this assessment fo-
cused on living species and we previously removed all extinct species
from our biogeographical analyses, we also excluded them from this
metric, creating a modified RLI. We used the modified RLI to provide a
comprehensive measure of living faunal imperilment for entire regional
turtle fauna. We used similar weighted values as the RLI (excluding
extinct category) and modified the formula as follows:

Z vvspl + u/51.72 + VVSp}"
Wer* N

RLI=1 -

where W, is the weight of the IUCN category for a species within a
turtle region, Wy is the weight for the critically endangered category,
and N is the number of speices assessed in the turtle region excluding
the data deficient species. Turtle regions with low RLI values contained
more threatened species than non-threatened species.

The second conservation metric was human footprint (Global
Human Footprint Dataset; WCS and CIESIN, 2005), which used data
collected from 1995-2004. The human footprint variable was calculated
as a percentage of the turtle region that was impacted by humans. The
third conservation metric was percent area within each turtle region
predicted to be inundated by an unmitigated 1-m sea-level rise (Agha
et al., 2018). We considered a high human footprint and sea-level rise
as surrogate metrics for contemporary and future habitat loss and de-
gradation.

The fourth conservation metric was mean economic value of land
(US dollar per ha) for each turtle region (Naidoo and Iwamura, 2007).
We considered turtle regions with low-economic-value areas to have
greater conservation potential due to increased feasibility for pur-
chasing habitats dedicated to preservation and restoration in developed
countries along with increased potential for incentivized systems and
ecotourism (McNeely, 1998; Taylor et al., 2009; Hiiber, 2019).

All biodiversity and conservation metrics were calculated using
means within each turtle region. There were no data for human foot-
print or economic value of land for the Galapagos Islands and Aldabra
Atoll/Seychelles Islands. Therefore, these turtle regions were excluded
from the conservation classification tree analysis.

2.2.2. Classification tree

We evaluated the descriptive relationship between turtle-region
biodiversity, conservation parameters (i.e., explanatory variables), and
turtle realms (i.e., response variable) using classification-tree analyses
(i.e., recursive partitioning, function rpart, package rpart; Therneau
et al., 2018). Classification trees are often used to construct predictive
models with biological data; however, they can also be used to present a
simple descriptive structure for complex data (De’ath and Fabricius,
2000). The classification-tree analysis (McCune and Grace, 2002) is
nonparametric and recursively divides (i.e., dichotomizes or sub-
divides) data using the best explanatory variable producing two
homogeneous groups (i.e., decrease in deviance) at each branching.
This subdivision continues, growing the tree, until additional branches
fail to decrease deviance. At each dichotomous split, the analysis pro-
vides a value (i.e., threshold) for the specific variable that separates the
data into two groups. Each threshold divides the data into two subsets
with higher and lower values of the discriminating variable.

We conducted two classification-tree analyses, one evaluating bio-
diversity metrics as explanatory variables and another evaluating con-
servation metrics as explanatory variables. By using multiple metrics in
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each analysis, we aspired to produce a comprehensive assessment of
relative conservation concern among realms (sensu Price, 2002; Funk
and Fa, 2010). Because optimization occurs at each branching within a
classification tree, rather than for the entire dataset, classification-tree
models are often statistically over-fit and need to be pruned through
cross-validation. We used a V-fold cross-validation method, where V
equaled 20, to prune both classification trees (De’ath and Fabricius,
2000).

2.2.3. Conceptualization of turtle regions as priorities

We combined the results from the two classification-tree analyses in
a two-dimensional matrix to assess preliminary conservation priorities
among turtle regions and provide a framework to support future at-
tempts at more detailed assessments. The matrix provides a straight-
forward visualization of how biodiversity and conservation metrics
interface among turtle regions across the globe.

Based on this matrix, we propose that a turtle region should have
highest conservation priority if it was classified as high in logit en-
demism or range restriction within the biodiversity classification tree
(Fig. 3A branches 2, 8, and 9), while at the same time also classified as
highly imperiled (RLI) in the conservation classification tree (Fig. 3B
branch 2). This follows the tradition of conservation biology that em-
phasizes endemism, range restriction, and imperilment in conservation
actions (see Myers et al., 2000; Kier and Barthlott, 2001; Price, 2002; Fa
and Funk, 2007; Funk and Fa, 2010; Rhodin et al., 2018). It is also
consistent with efforts to conserve global biodiversity (Myers et al.,
2000; Buhlmann et al., 2009; Hoffmann et al., 2010; Mittermeier et al.,
2011, 2015).

Following this logic, we further propose that turtle regions have
intermediate conservation priority if classified as high in logit en-
demism or range restriction within the biodiversity classification tree
(Fig. 3A branches 2, 8, and 9) and, although not classified as highly
imperiled, nevertheless suffering from a high human footprint (Fig. 3B
branch 7). This follows the convention that habitat destruction and
other human disturbances (e.g., harvest) threaten species with re-
stricted ranges (Purvis et al., 2000; Cardillo et al., 2008). Additionally,
we propose that turtle regions with low endemism, low range restric-
tion, and low species richness (Fig. 3A branch 6), but high imperilment
(Fig. 3B branch 2) could also be considered of intermediate conserva-
tion priority, based simply on the level of imperilment of the resident
fauna, which is presumably due to regional factors.

Finally, we propose that other turtle regions be classified as rela-
tively low conservation priorities, from a global perspective. Relatively
low range restriction and endemism, imperilment, and human footprint
suggest global extinction is less likely for species of these regions than
those in the aforementioned categories.

3. Results
3.1. Turtle-region delineation and hotspots

3.1.1. Description and relationships of turtle-regions

The global distribution of non-marine turtles covers ~77.6 million
km? (57.5%) of ~135.0 million km? of the total global landmass in our
dataset. Modeled data from the UPGMA analysis fit the original data
well (cophenetic coefficient = 0.862). The UPGMA dendrogram re-
vealed the biogeographical organization of turtle regions (Figs. 1 and 2;
Appendix A). The KGS analysis revealed 6 turtle realms and 63 turtle
regions nested within these realms. The land size of these turtle regions
were highly variable ( = 1.23 million km?, standard deviation = 2.01
million km?). Turtle realms correspond closely to biogeographical
realms defined using freshwater turtle species (sensu Bour, 2008) and
other taxa, with an exception. The Palearctic turtle-realm was limited to
Europe and western Asia, while the eastern portion of the traditional
Palearctic biogeographical realm (sensu Bour, 2008) was occupied by
three turtle regions (i.e., Songhua Jiang-Liao He-Amur-Korea [ID7],
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Fig. 1. A map of 63 turtle regions of the world using 342 turtle species and 9029 individual HydroBASINS. Each three-digit code (two letters and a number)
represents a turtle-region ID that identifies each turtle region by name (Appendix A; Supplemental Tables A and B). Turtle regions of similar color have relatively
similar species composition and comprise turtle realms as follows: Blue (Nearctic), Green (Neotropical), Red (Afrotropical), Brown (Palearctic), Yellow
(Indomalayan), and Purple (Australasia). Turtle regions shaded grey represent independent, singleton branches that each shares no species with any other turtle
region (Fig. 2). Finer resolution maps of each turtle realm are available in the supplemental materials (Supplemental Figures A-F) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.).

Yangtze-Huang He-Xi Yiang [ID11], and Japan [ID3]) that are con-
tiguous with the traditional Indomalayan (ID) biogeographical realm
(Fig. 2). This biogeographical pattern could arise by the lack of eastern
dispersal or extinction from Siberia of Palearctic turtles, leaving this
area open to colonization from the Indomalayan turtle realm (Barth
et al., 2004). That is, the Songhua Jiang-Liao He-Amur-Korea, Yangtze-
Huang He-Xi Yiang, and Japan turtle regions represented northward
extensions of the Indomalayan turtle realm, east of the Tibetan Plateau,
and exemplify the unique and diverse turtle radiation represented in
this turtle realm.

The Nearctic (NA) and Neotropical (NE) turtle realms (10 turtle
regions each) correspond to the traditional biogeographical realms of
the same name and are sister realms for turtles (Figs. 1 and 2). Simi-
larly, the Australasia (AU) turtle realm (five turtle regions) corresponds
with the traditional Australasia biogeographical realm and is un-
affiliated with other turtle realms (Fig. 2). Singleton (or independent
[IN]1) branches on the UPGMA dendrogram that did not correspond to
any biogeographical realm and were unaffiliated with major turtle
realms included islands (e.g., Cuba [IN4], Hispaniola [IN6], Galdpagos
Islands [IN5], and Aldabra-Seychelles [IN1]) and isolated turtle regions
(e.g., Australian Southwestern Coast [IN2] and Pilbara Coastal Drai-
nages [IN8]) of Western Australia (Fig. 2).

We recognize the limitations of displaying all the turtle regions at
the global scale in Fig. 1. We provide access to regional maps in the
supplemental materials (Supplemental Figures A-F), and online data at
https://bit.ly/2GAGCq0; including an interactive map of the turtle-re-
gions with complete summaries of metrics used in this study by turtle-
region. As distributional and phylogenetic data for turtles improve,
turtle-region boundaries can be updated. Revisions could coincide with
future publications of the Turtle Taxonomy Working Group’s updated
status and distribution compilations.

3.1.2. Turtle hotspot comparison

Our biogeographical approach for delineating turtle regions re-
vealed two categories of the turtle hotspots identified by Mittermeier
et al. (2015). The first category consisted of contiguous turtle hotspots
that represent individual turtle regions with high a-diversity. Seven of

our turtle regions, including Orinoco-Amazon Basin-Tocantinus [NE7],
Congo Basin [AF5], Indian Subcontinent [ID1], Tropical Wet/Dry
Forest [AF11], East Africa Coast-Madagascar [AF6], Lower Mekong-
Malaysia-Indonesia-Philippines [ID4], and Northern Great Karoo-South
Africa [AF10], either fully or nearly encompassed an entire turtle-hot-
spot of Mittermeier et al. (2015). These turtle regions all have high
species and endemic-species richness (Supplemental Table A) centered
in the hotspot portion of the region. Importantly, we identified two
new, previously unrecognized turtle hotspots—Yangtze-Huang He-Xi
Yiang [ID11] and Kalahari Basin-Rift Valley [AF8] —each with high a-
diversity.

The second hotspot category consisted of nine turtle hotspots (sensu
Mittermeier et al., 2015) each comprised by multiple turtle regions,
which indicates the biodiversity of these turtle hotspots actually reflects
inter-regional 3 diversity. These biogeographically complex turtle hot-
spots exist within every turtle realm and include the North American
Desert Wilderness Area, Southeastern United States, Mesoamerica,
north and east Australia, New Guinea, Indo-Burma, and Mediterranean
Basin as mapped by Mittermeier et al. (2015). Finally, one turtle hot-
spot - Tumbes-Choc6-Magdalena — was nearly encompassed by the
Mosquitia-Isthmus-Rio Atrato-Magdalena [NES5] turtle region. This
turtle region substantially overlapped (i.e., shared land area) to the
north with another turtle hotspot — Mesoamerican indicating high 8
diversity between these two Mittermeier et al. (2015) turtle hotspots.

3.2. Turtle-region biodiversity and conservation assessment

3.2.1. Classification tree analysis

The biodiversity classification-tree analyses (Fig. 3a) identified five
terminal branches that partition turtle regions by biodiversity metrics:
biodiversity nodes 2, 5, 6, and 8-9. Dominant biodiversity metrics
useful for classification were logit endemism (used in two nodes), in-
verse-range endemic (one node), and species richness (one node;
Fig. 3a; Table 1). The first partition was dominated by logit endemism
(i.e., threshold value of 0.255), partitioning turtle regions into two
groups (higher and lower logit endemism). One branch from this first
node was terminal with no further branching (terminal branch 2),
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Fig. 2. A simplified dendrogram of overall turnover using unweighted pair-group method with arithmetic averages analysis based on the turnover component of
Jaccard’s dissimilarity index (Bjtu; Baselga, 2012) matrix of 342 turtle species by 9029 HydroBASINS. Each individual branch indicates a unique turtle region
identified with a turtle-region name and ID. Defined turtle-region IDs can be found in (Appendix A; Supplemental Tables A and B). Turtle regions of similar color have
relatively similar species composition and each broad color classification comprises a turtle realm. New and Old World branches in black are also labeled. Singleton
turtle regions (independent branches) in gray share no species with other turtle-regions.

representing seven turtle regions with highest logit endemism
(=0.255), predominately from the Independent (or singleton branches)
and Australasia turtle realms (Figs. 3a).

The other branch from the first node included remaining turtle re-
gions with logit endemism < 0.255, which were next subdivided based
on values of inverse-range endemism (threshold value of 0.023). The
branch from this node having lower inverse-range endemism (< 0.023)
was further subdivided into regions with higher and lower species
richness (threshold value of 9.5). This produced terminal branch 5
consisting of 11 turtle regions with higher species richness (=9.5)
dominated by turtle regions from the Afrotropical realm. The other
branch from the species-richness node was terminal branch 6,

consisting of nine turtle regions with lower species richness (< 9.5),
dominated by turtles regions from the Palearctic.

The remaining 36 turtle regions were on the branch from the in-
verse-range endemic node having higher inverse-range endemism
(=0.023), which was further partitioned by logit endemism at a
threshold value of -1.533. This logit-endemism node forked into two
terminal branches (Fig. 3a). One terminal branch included 21 turtle
regions with moderate logit endemism (=-1.533, but < 0.255), largely
within the Afrotropical and Neotropical turtle realms, but all realms
were represented to some degree (Fig. 3a). The other terminal branch
included 15 turtle regions with low logit endemism (< -1.533), largely
from the Nearctic turtle realm (Fig. 3a).
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Fig. 3. Results of the classification-tree analyses for turtle-region biodiversity (a) and conservation (b) parameters. The barplots represent the proportion of each
branch (y-axis) represented by turtle regions of each turtle realm (x-axis; color scheme corresponds with Figs. 1 and 2). Note, species-density and endemic-density
values were multiplied by 1000 to reduce significant digits for display in the figure. Color of the branch tips corresponds to colors of cells within Fig. 4 because results
of the classification-tree analyses were used to determine conservation priorities. Also, the numbers within the hexagons correspond with the numbered hexagons in

Fig. 4.
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Table 1
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The mean and standard deviation for five biodiversity metrics by terminal node based on the classification tree analysis. Acronyms are defined as follows: species
richness (SR), endemic richness (ER), logit endemism (EN), species density (SD), endemic-species density (ED), species richness per HydroBASIN (SRH), and inverse-

range endemism (RE).

Biodiversity node SR ER EN SD ED SRH RE

Node 2 5.00 = 5.20 4.29 + 4.64 1.31 = 0.93 0.001 = 0.002 0.001 =+ 0.002 0.45 = 4.00 3.04 = 0.42
Node 5 15.64 = 6.33 0.82 + 1.08 —2.70 * 0.64 1.35E-05 * 9.94E-06 3.45E-07 *= 4.52E-07 0.01 + 0.84 3.343 = 0.006
Node 6 522 = 277 0.33 = 0.50 —1.85 £ 0.99 1.79E-05 * 3.18E-05 6.23E-07 = 1.03E-06 0.01 = 0.36 1.66 + 0.006
Node 8 13.86 + 15.45 4.43 = 5.92 —-0.56 = 0.57 5.31E-05 =+ 8.38E-05 1.50E-05 =+ 1.59E-05 0.12 + 2.28 3.68 = 0.12
Node 9 12.07 = 11.76 0.93 + 1.91 —2.28 * 0.70 7.16E-05 *+ 9.79E-05 2.54E-06 *= 5.77E-06 0.06 + 3.37 4.02 = 0.05

The conservation classification-tree analysis (Fig. 3) identified four
terminal branches (i.e., conservation branches 2, 5, 6, and 7). The IUCN
Red List Index (RLI) was the dominant conservation metric partitioning
turtle regions into two main branches. At this first node, turtle regions
subdivided at an RLI threshold of 0.336. One fork was a terminal
branch, conservation branch 2, including 11-highly-threatened turtle-
regions with RLI values < 0.336, predominately in the Indomalayan
turtle realm.

The other fork from the RLI node represented turtle regions with
fewer threatened species (RLI values =0.336). This fork branched
based on human footprint (Fig. 3b; Table 2) at a threshold value of
27.418. The branch from this node representing higher human footprint
(=27.418) was a terminal branch including 19-turtle-regions (con-
servation branch 7), representing regions in mostly the Neotropical and
Palearctic realms, but also the Indomalayan, Independent, and Nearctic
realms to a lesser degree (Fig. 3b). The other branch representing lower
human footprint (< 27.418) included the remaining 31 turtle regions,
which were further split by a second human-footprint threshold, this
time of 14.244. This node forked into two terminal branches: terminal
branch 5 representing 9 turtle regions with lowest human-footprint
(< 14.244), largely including the Australasia realm; and terminal
branch 6 representing 22 turtle regions with moderate human-footprint
(=14.244 but < 27.418), largely including Afrotropical realms.

3.2.2. Conservation prioritization of turtle regions

According to our preliminary conceptualization of prioritization
proposed above (Section 2.2.3), turtle-regions with highest conserva-
tion priority have high logit endemism values (=0.255) or high in-
verse-range endemic values (=0.023) (terminal biodiversity branches
2, 8, and 9) combined with low RLI terminal conservation branch 2;
Fig. 4). These proposed high-priority turtle regions include Irrawaddy-
Salween-Mekong [ID2], Arabian Peninsula Coastal Fog Desert [AF3],
Upper Yangtze [ID10], Timor Island [ID9], Ryukyu Island-Disjunct
HydroBASINs [ID5], Indian Subcontinent [ID1], Lower Mekong-Ma-
laysia-Indonesia-Philippines [ID4], Yangtze-Huang He-Xi Yiang [ID11],
Song Hong (Vietnam/China) [ID6], and Southern California-Northern
Baja [NA9] (Table 3). Although removed from the conservation analysis
for missing data (i.e., human footprint and economic value of land),
Galépagos Islands [IN5] had the highest logit endemism value (3.22)
and a very low RLI (0.187) and thus we believe should also be con-
sidered a high-priority turtle region for conservation.

Notably, this analysis revealed two previously overlooked global
turtle hotspots that also have high a-diversity and highest conservation
concern. First is the Yangtze-Huang He-Xi Yiang turtle region in China

Table 2

(turtle-region ID 11, Appendix A, Fig. 1). This turtle region harbors 24
turtle species, four of which are endemics. Second is the Kalahari Basin-
Rift Valley turtle region (ID AF8). This turtle region harbors 30 turtle
species, three of which are endemics.

Turtle regions with intermediate conservation priority also have
high logit endemism values (=0.255) or high inverse-range endemic
values (=0.023) (terminal biodiversity branches 2, 8, and 9), but have
relatively high RLI values (=0.336) that indicate lower imperilment,
but nevertheless suffer from high human footprint (=27.418, terminal
conservation branch 7; Fig. 4). For example, several island turtle re-
gions, including Cuba [IN4], Hispaniola [IN6], Japan [ID3], Sri Lanka
[ID8], and Sicily [PA6], were considered intermediate conservation
priorities because all had high or moderate logit endemism (i.e., bio-
diversity node 8 and 9) and high human footprint (i.e., conservation
node 7). Similarly, nine continental turtle regions had intermediate
priority, all of which had high or moderate logit endemism and human
footprint (Table 3; Fig. 4). Most of these turtle regions were in the
complex biogeographical area encompassing the transition zone be-
tween the Nearctic and Neotropical turtle realms. Finally, we also
propose the Songhua Jiang-Liao He-Amur-Korea turtle region [ID7] as
an intermediate conservation priority. This turtle region was highly
threatened (i.e., conservation branch 2), which elevated its overall
priority even though it has relatively low values for logit endemism
(< 0.255) and inverse-range endemic (< 0.023) and species richness
(< 9.5) metrics (i.e., biodiversity node 6).

4. Discussion
4.1. Turtle regions versus turtle hotspots

The regional perspective provided by this study reveals two distinct
categories of turtle hotspots, which suggests a modification is needed
for the framework presented by Mittermeier et al. (2015). On one hand,
this study identifies several turtle regions with high a-diversity, seven
of which fully encompass previously described turtle hotspots (sensu
Mittermeier et al., 2015). For all of these high a-diversity turtle regions,
hotspot-focused conservation should effectively preserve regional turtle
diversity. However, global warming and sea-level rise threaten to alter
suitability and spatial extent of hotspots, in which case, identification of
adjacent regional boundaries associated with hotspots identifies areas
naturally available for species responding to these stressors. Such areas
could gain increasing conservation significance over time (Ihlow et al.,
2012; Agha et al., 2018). On the other hand, some hotspots were re-
vealed as inter-regional areas, representing high B-diversity among

The mean and standard deviation from the four conservation metrics by terminal node based on the classification tree analysis (Fig. 3). Acronyms are defined as
follows: Red List Index (RLI), economic value of land (EVL), human footprint (HFP), and sea-level rise (SLR).

Conservation node RLI EVL HFP SLR

Node 2 0.18 = 0.08 117.43 * 91.05 30.04 = 4.25 227 + 3.21
Node 5 0.75 * 0.17 21.33 = 28.74 9.56 = 3.87 3.63 = 4.89
Node 6 0.62 = 0.16 38.33 + 22.35 19.18 + 3.21 0.74 + 0.85
Node 7 0.7 = 0.1 156.77 + 143.91 35.74 = 5.89 7.09 = 12.61
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HIGHLY LOW HUMAN MOD HUMAN HIGH HUMAN
IMPERILED FOOTPRINT FOOTPRINT FOOTPRINT
IN5  Gaslapagos Islands IN8 Pilbars Coastal Drainages IN2 Australian Southwestern IN6 Hispaniols
HIGH LOGIT INZ7 Northern New Guinea Coast
ENDEMIC AU2 East Coastal-Murray-
Darling-Bass Straits
AF12 Upper Zombezi AF4 Cenirol Africa-Upper Nile .~ INE1 Caafinga-San Francisco-
NE3 Gran Chaco-Rio Negro Mata Atlantica
LOW Patagonia NE8 Parana-lguassu-Uruguay-
RESTRICTED AF9 (asa Bonaerensean Drainages
ENDEMIC/ AF1 African Sahel-Savannsh
HIGH SPECIES NE9 Rio Parnaiba
RICHNESS AF5  Congo Basin
AF11 Tropical Wet/Dry Forest
AF8 Kalshari Basin-Rift Valley
LOW IM7 Songhua Jiang-Liao He- AF13  Western Red Sea PA2 Europe-Western Asia
RESTRICTED Amur-Korea PA5 Northwestern Asia PA3 Lower Tigris & Euphrates
ENDEMIC/ AF2 African Mediterranean PA4 Northwest African Coast-
LOW SPECIES Coast Upper Tigris & Euphrates
RICHNESS AF7  Horn of Africa PATNG prus Disjincliydiohesing
AF3  Arabian Peninsuls Coastal AU3  Kimberley Region IN3 Bolsén de Mapimi IN4 Cubs
Fog Desert AU4  South New Guinea AF10 Northern Great Karoo- IM3 Japan
MOD-HIGH IM10 Upper Yangtze South Africa PA6 Sicily
RESTRICTED IM9  Timor Island AF6 ot African Coast- NE4 Lower Rio Catatumbo
ENDEMIC/ IM5 Ryukyu Islands and Disjunct Madagascar IM8 Sii Lanks
MODERATE Hydrobasins NEZ7 Orinoco-Amazon Basin- NE10 Upper Usumacinta
LOGIT IM11 Yangize-Huang He-Xi Yiang Tocantinus NE6 Northern Mexican Gulf Coast-
ENDEMIC IM4  Lower Mekong-Malayasia- NA8 Sonora-Gila-Guzman- Yucatan Peninsula
IndonesiatFhiippines Samalayuca NA6 Northern Nearctic-Great
IM1 Indisn Subcontinent Plains-Glacial
IM6 Song Hong NA2 Custro Cienegas-Rio Sslado  INA1Q Upper Rio Grande-Rio NE5 Mosquitia-Isthmus-Rio Atrato-
it NA9  Southern California- AU5 Wesi Papus Condie s Magdalens
ENDEMIC/ Northern Baja AU1 Cosstal Rivers of Timor- NA4 Grester California NE2 Central American Pacific Slope
LOW LOGIT IM2 Irrawaddy-Salween-Mekong Arafura Seas-Gulf of NA5 Mojave NA7 Sinaloa-Mexican Pacific Coast
ENDEMIC Carpentaria NAI Esjs NAS3 Florids Peninsula

Fig. 4. A matrix displaying biodiversity and conservation terminal branches from the classification-tree analyses (Fig. 3). Global turtle regions (with ID numbers) are
listed within the matrix according to their placement on branches within the biodiversity (rows) and conservation (columns) classification trees. Turtle regions with
red highlight are highest conservation priorities because of high biodiversity and threatened species. Turtle regions with yellow highlight are considered intermediate
because of high biodiversity with either high human footprint or threatened species. The colored and numbered hexagons correspond with classification-tree
branches in Fig. 3. Although excluded from the classification-tree analyses due to missing data, we manually inserted the Galapagos Islands turtle region into this
matrix, based on its high logit endemism and low RLI relative to other turtle regions. Empty cells, colored gray, have no turtle regions (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.).

contiguous regions, a scenario more complex than the concept of a
simple hotspot. This distinction is new and has global implications for
inter-regional conservation.

Our systematic assessment prioritizes two new turtle hotspots with
high a-diversity (i.e., Yangtze-Huang He-Xi Jiang and Kalahari Basin-
Rift Valley). The recognition of two new turtle hotspots highlights the
value of our objective biogeographical framework to delineate clade-
specific regions for conservation. Recently, other clade-specific ap-
proaches have identified new hotspots for other animal groups, in
particular a new bird-derived hotspot was recently identified in China
(Hu et al., 2017) which, notably, overlaps considerably with the
Yangtze-Huang He-Xi Jiang turtle region identified here. The Kalahari
Basin-Rift Valley turtle hotspot encompasses the Eastern Afromontane
biodiversity hotspot (Plumptre et al., 2007; Mittermeier et al., 2011);
however, this turtle-derived hotspot was much larger in area than the
Eastern Afromontane hotspot. The conservation value of this newly
identified African turtle hotspot will likely increase further as new
species descriptions continue to be published from this region (TTWG,
2017).

The remaining nine turtle hotspots (sensu Mittermeier et al., 2015)
are identified here to span multiple turtle regions, indicating the bio-
diversity of these turtle hotspots actually reflects inter-regional f di-
versity. Notably, the adjacent Mesoamerican and North American De-
sert Wilderness Area turtle hotspots described previously include
portions of multiple turtle regions. The broad area encompassing these
turtle regions includes the Nearctic-Neotropical transition zone where

inter-area species turnover is prominent (Buhlmann et al., 2009;
Rodrigues and Diniz-Filho, 2017) and represents a major transition
zone for North American turtles (Ennen et al., 2017).

Our study revealed that turtle hotspots (sensu Mittermeier et al.,
2015) with the highest a-diversity (i.e., Indo-Burma and Southeastern
USA turtle hotspots) consist of overlapping multiple turtle regions as
well. These areas are not prominent transition zones for turtles, but
likely represent unique evolutionary histories (i.e., radiation, extinc-
tion, and dispersal), creating high species turnover among the regions
within the hotspots (Bentley and Knight, 1998). Thus, in multi-regional
turtle hotspots, preservation of collective turtle diversity requires con-
servation efforts in each of multiple contributing regions.

4.2. Regions of concern for global turtle conservation

Another important finding is that turtle regions with high con-
servation value occur worldwide (Fig. 4; Table 3). Conservation op-
portunities of highest global importance identified here exist mostly in
the Indomalayan turtle realm and on islands and archipelagoes therein,
which agrees with other recent conservation assessments of turtles
(Rhodin et al., 2018). Conservation concern for many Indomalayan
turtle regions is notable as well because of the Asian Turtle Crisis,
fueled by unsustainable trade and consumption of turtles (Rhodin et al.,
2018). Unfortunately, turtle biodiversity hotspots, such as turtle regions
in the Indomalayan, have both high human disturbance and economic
value of land (Supplemental Table A), which poses a large hurdle for
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Table 3

Prioritization (i.e., high or intermediate) of turtle region based on the classifi-
cation tree analyses (Fig. 3) including biogeographical turtle realm and turtle
region identification (ID). Turtle region identification (turtle region ID) un-
iquely identifies each turtle-region on Figs. 1 and 2, and these identifiers are
defined in Appendix A and Supplemental Tables A and B. All other turtle re-
gions not listed are considered low conservation priorities.

Priority  Biogeographical realm Turtle region Turtle region
ID
High
Independent Galapagos Islands IN5
Indomalayan Indian Subcontinent ID1
Indomalayan Irrawaddy-Salween-Mekong D2
Indomalayan Lower Mekong-Malayasia- ID4
Indonesia-Philippines
Indomalayan Ruykyu Islands-Disjunct ID5
Hydrobasins
Indomalayan Song Hong ID6
Indomalayan Timor Island ID9
Indomalayan Upper Yangtze ID10
Indomalayan Yangtze-Huang He-Xi Yiang ID11
Nearctic Southern California-Northern NA9
Baja
Afrotropical Arabian Peninsula Coastal Fog AF3
Desert
Intermediate
Independent Cuba IN4
Independent Hispaniola IN6
Indomalayan Japan ID3
Indomalayan Songhua Jiang-Liao He-Amur- ID7
Korea
Indomalayan Sri Lanka ID8
Nearctic Florida Peninsula NA3
Nearctic Northern Nearctic-Great NA6
Plains-Glacial
Nearctic Sinaloa-Mexican Pacific Coast NA7
Neotropical Central American Pacific Slope ME2
Neotropical Lower Rio Catatumbo NE4
Neotropical Mosquitia-Isthmus-Rio Atrato- NES5
Magdalena
Neotropical Northern Mexican Gulf Coast- NE6
Yucatan Peninsula
Neotropical Upper Usumacinta NE10
Neotropical Sicily PA6

conservation initiatives. Highest conservation concern for many island
and insular turtle regions is further emphasized by the fact that 9 of 10
modern turtle species listed as extinct (excluded from this study) were
endemic to islands (TEWG, 2015; Butler et al., 2016; Rhodin et al.,
2018). An 11" species became functionally extinct in April of 2019
with the death of the last known female Yangtze River giant soft-shelled
turtle (Rafetus swinhoei).

A goal of no future turtle extinctions implies that conservation ef-
forts in all turtle-regions are needed (Buhlmann et al, 2009;
Mittermeier et al., 2015). Continental turtle regions include several
main centers of turtle biodiversity. Although many of these have rela-
tively moderate or low imperilment, many are impacted by high human
footprint, which increases their conservation concern and suggest im-
perilment may soon emerge (Supplemental Table A). Examples of this
are turtle regions in the Central American transition zone between the
Nearctic and Neotropical Realms. Collectively, these turtle regions are
inhabited by numerous species, including endemic species, many of
which are data deficient (Macip-Rios et al., 2015). In general, endemic
reptiles (i.e., restricted-range habitat specialists) inhabiting areas in
close proximity to humans are more threatened with extinction (Bohm
et al.,, 2016). In these areas, conservation opportunities may be geo-
graphically widespread and many different habitats may need con-
servation attention. Furthermore, the spatial scale and geographic
complexity of conservation may increase for turtles with greater ten-
dencies for dispersal (Fachin-Teran et al., 2006) or higher sensitivity to
habitat fragmentation (Rizkalla and Swihart, 2006). This is especially

Biological Conservation 241 (2020) 108323

true for sea turtles (not included in our analyses) because of their global
migration (Mazaris et al., 2017). Adjacent areas, especially turtle re-
gions to the north, could become important for turtle diversity as the
climate responds to anthropogenic forcing (Ihlow et al., 2012; Rodder
et al., 2013; Agha et al., 2018).

Finally, levels of conservation concern may differ between global,
regional, and local spatial scales (Macip-Rios et al., 2015), indicating a
need for concerted and coordinated multi-scale assessments. That is, a
designation of lowest conservation value for a given turtle region in the
global analysis presented here does not preclude the presence of im-
portant conservation concerns within each region for two reasons. First,
turtles exhibit strong regionalization at the global scale (Rodrigues and
Diniz-Filho, 2017), meaning that distinct species-poor turtle regions
have unique evolutionary and ecological properties that should be
worth conserving (De Klerk et al., 2002). At smaller spatial scales, for
instance, widespread species commonly exhibit phylogeographical
structure that can only be conserved with population-level conservation
(e.g., Spinks and Shaffer, 2005; Rodder et al., 2013; Sethuraman et al.,
2014; Stuckas et al., 2014). Peripheral populations also may rely on
refugial habitats that are themselves significant to regional biodiversity
(Sommer et al., 2009, 2011; Jensen et al., 2014).

5. Conclusions

In this assessment of turtle biogeography, we identified a set of
turtle-regions that reflected high to moderate conservation concern as
they harbored faunas characterized by high endemism and range re-
striction coupled with either high imperilment among species (pro-
posed highest priority) or with high human footprint (proposed inter-
mediate priority). Overall, our clade-specific approach spatially
delineated global regions unique to turtles. Our results revealed that
prevailing, somewhat subjective, systems used to identify priority
turtle-regions areas can result in conservation gaps, as we not only
identified known hotspots but also documented two additional hotspots
using a more objective method. Moreover, by developing a regional
framework that scales down the global fauna of non-marine turtles and
compliments traditional conservation prioritization methods, we hope
these findings and our preliminary prioritization provide a spatially
informed template for conservationists worldwide. Specifically, we
propose the findings can point conservation planners with tax-
onomically limited but geographically flexible conservation funding to
regions most in need of help. Further, we hope the findings are useful
for conservationists living and/or working within high or intermediate
priority regions, for helping demonstrate the global significance of their
turtle faunas. Finally, while our systematic conservation prioritization
approach provides novel insights that are intended to directly benefit
turtles, this framework is flexible and can also be used as an objective
approach for identifying global and regional conservation gaps for
other imperiled taxonomic groups.
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