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Abstract

Background: The origin of turtles and crocodiles and their easily recognized body forms dates to the Triassic and
Jurassic. Despite their long-term success, extant species diversity is low, and endangerment is extremely high
compared to other terrestrial vertebrate groups, with ~65% of ~ 25 crocodilian and ~ 360 turtle species now
threatened by exploitation and habitat loss. Here, we combine available molecular and morphological evidence
with statistical and machine learning algorithms to present a phylogenetically informed, comprehensive assessment
of diversification, threat status, and evolutionary distinctiveness of all extant species.

Results: In contrast to other terrestrial vertebrates and their own diversity in the fossil record, the recent extant
lineages of turtles and crocodilians have not experienced any global mass extinctions or lineage-wide shifts in
diversification rate or body-size evolution over time. We predict threat statuses for 114 as-yet unassessed or data-
deficient species and identify a concentration of threatened turtles and crocodilians in South and Southeast Asia,
western Africa, and the eastern Amazon. We find that unlike other terrestrial vertebrate groups, extinction risk
increases with evolutionary distinctiveness: a disproportionate amount of phylogenetic diversity is concentrated in
evolutionarily isolated, at-risk taxa, particularly those with small geographic ranges. Our findings highlight the
important role of geographic determinants of extinction risk, particularly those resulting from anthropogenic
habitat-disturbance, which affect species across body sizes and ecologies.
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Conclusions: Extant turtles and crocodilians maintain unique, conserved morphologies which make them globally
recognizable. Many species are threatened due to exploitation and global change. We use taxonomically complete,
dated molecular phylogenies and various approaches to produce a comprehensive assessment of threat status and
evolutionary distinctiveness of both groups. Neither group exhibits significant overall shifts in diversification rate or
body-size evolution, or any signature of global mass extinctions in recent, extant lineages. However, the most
evolutionarily distinct species tend to be the most threatened, and species richness and extinction risk are centered
in areas of high anthropogenic disturbance, particularly South and Southeast Asia. Range size is the strongest
predictor of threat, and a disproportionate amount of evolutionary diversity is at risk of imminent extinction.
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Background

Turtles and crocodilians (extant non-avian Archosauro-
morpha) are among the most charismatic and widely
recognized of all living things [1]. The stem lineages of
both groups date to the Triassic, and exhibit highly de-
rived, yet highly conserved body forms among extant
species. Crocodilians are famous for their extraordinary
size (up to 6 m and 1000 kg), long snouts and tails, and
bony armor under the skin; and turtles for their bony or
cartilaginous shell, and the size of some marine and ter-
restrial species (1.4 m and 400 kg on land, 2 m and 1000
kg in the sea). Both groups are well-represented in the
fossil record and previously attained even more massive
sizes and incredible diversities in shape that are not
reflected in present-day species [2]. Crocodyliforms such
as Sarcosuchus [3] grew up to 12m and 8000 kg, while
the extinct turtle Archelon [4] reached 5m and 2200 kg.
In comparison to their terrestrial vertebrate relatives
(birds, mammals, reptiles, and amphibians), both groups
have very few living species (~ 360 turtles and ~ 25 croc-
odilians), and a large proportion of extant species are
both highly evolutionarily distinct [5] and highly endan-
gered [6, 7], with the Madagascan Big-Headed Turtle
(Erymnochelys) having the highest EDGE score of any
terrestrial vertebrate [5].

Turtles and crocodilians present several interesting hy-
potheses regarding historical diversification. First, the
group exhibits relative global constancy in the fossil rec-
ord during the Cretaceous-Paleogene extinction [8—13].
In contrast, there are significant fossil data indicating
local extinctions in numerous turtle groups through
time [14, 15]. Therefore, we test if there is any signature
of a K-Pg global mass-extinction event or shift in
lineage-wide diversification rates either prior or subse-
quent to the K-Pg boundary. Such a pattern may be rele-
vant if extinction risk is concentrated in older or
younger taxa, or in particular lineages crossing the
boundary.

Second, stem-group turtles and crocodyliforms date to
the Triassic, where morphological disparity is much
higher, with a greater diversity of body forms in fossil

species than observed today [16, 17]. Thus, we test if sig-
nificant shifts in body-size evolution are detectable among
extant lineages of turtles and crocodilians as found in
some previous studies [18, 19], in comparison to the dras-
tic variation seen in their fossil relatives [16, 17]. If ob-
served, we hypothesize that such shifts may offer partial
explanations for the present-day apportionment of ED
and thus extinction risk among species, particularly if
body size is related to threat status as in amphibians [20],
birds [21], mammals [22, 23], and squamates [24].

Despite their visibility as wildlife and study organisms,
to date there have been no taxonomically complete, dated
phylogenies produced for turtles and crocodilians. Such
trees are invaluable for quantifying the evolutionary dis-
tinctiveness of extant species [25, 26], testing hypotheses
about historical rates of diversification and body-size evo-
lution [27, 28], predicting threat status for data-deficient
(DD) and unassessed (UA) species [20, 29], and quantify-
ing the spatial and phylogenetic distribution of extinction
risk [30, 31]. The latter two aims are particularly crucial
given the higher proportion (65% of all species) of threat-
ened turtles and crocodilians [32] compared to groups
such as amphibians with ~ 33-50% threatened [20], mam-
mals ~25%, birds ~12%, and squamate reptiles ~12%
based on the most recent assessments [33]. A recent study
estimated and imputed ED and EDGE scores based on
available phylogenetic datasets [5], but the scanty taxo-
nomic coverage of the trees and the imputation methods
employed by those authors leaves a wide margin for error.

Here, we use taxonomically complete, dated phylogen-
etic estimates to calculate ED from “fair proportion,” a
measure of the evolutionary isolation of each species
and correlate of net diversification rates [25]. Species
with high ED represent relict lineages on long branches,
whereas groups of low-ED species represent more re-
cent, rapid radiations; ED is thus correlated with and re-
flects historical diversification patterns, in the branch
lengths of extant species [34]. These data are invaluable
for identifying conservation priorities [35], given the ne-
cessity of triage when allocating limited resources for
management and further research [36]. Indeed, at least
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nine species of turtles are thought to have gone extinct
in modern times [37], a higher percentage (2.5%) than
birds (1.9%), mammals (1.7%), amphibians (0.4%), or
squamate reptiles (0.2%) among terrestrial vertebrates
which have been assessed [33], while dozens more tur-
tles and crocodilians are critically endangered through-
out the world [38].

Second, we gather spatial and trait data for all species
to identify the key factors related to extinction risk and
build predictive models to estimate threat status for DD
and UA species [29, 39]. While 23/27 crocodilians have
been assessed (85%) of which 11 are threatened (48%),
only 258/357 turtles (72%) have been assessed, of which
182 are threatened (71%). Thus, half to two-thirds of all
assessed crocodilian and turtle species are threatened,
but a quarter of all species are without robust assess-
ment or prediction [38]. Many crocodilians and turtles
have traits making them particularly susceptible to an-
thropogenic threats such as small geographic ranges
[40], long generation times [41], exploitation for food
and commerce [42], reliance on fragile habitats such as
coastlines [43], and occurrence near human-population
centers such as South and Southeast Asia, the eastern
Nearctic, and coastal Australia [38]. We use a variety of
statistical and machine-learning methods to identify the
strongest correlates of known extinction risk and predict
threat statuses for the remaining DD and UA species
[20, 44].

These data allow us to answer several pressing ques-
tions regarding extinction risk at the global scale. Is evo-
lutionary distinctiveness related to threat status? No
such pattern exists for birds [26], mammals [45], am-
phibians [31], or squamate reptiles [46], albeit with lim-
ited data for some of these groups. However, many
lineages of turtles such as the Fly River or Pig-Nosed
Turtle (Carettochelys) and the Big-Headed Amazon
River Turtle (Peltocephalus) are known to be threatened
and occupy isolated phylogenetic positions [38, 47]. In
contrast, the most ancient crocodilian species [48] are
the alligators (Alligator), for which the American Alliga-
tor is Least Concern, while the Chinese Alligator is Crit-
ically Endangered [33]. Which are the most distinct and
endangered species when combining ED and threat sta-
tus [5]? In terms of spatial distribution, are there geo-
graphic hotspots of concentrated threat [40], or
geographic “arks” with high diversity of non-threatened
species and improving human footprint [49]?

In contrast to the massive variation seen across the
fossil record of turtles and crocodyliforms, the phylogeny
of extant species shows little evidence for mass extinc-
tions, changes in diversification rate, or shifts in body-
size evolution; although the lack of detectable shifts in
body-size evolution is likely limited by sampling extant
species. Unlike all other terrestrial vertebrates, we find
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that extinction risk is concentrated non-randomly
among the most distinct and unique species, a worrying
pattern that suggests current trends will erase a dispro-
portionate amount of evolutionary history. These risks
are concentrated both in specific lineages and particular
geographic areas, while other clades and regions repre-
sent relative havens for diversity. Together, these data
paint a picture of urgency for the conservation of select
species of high distinctiveness and high extinction risk.

Results

Phylogeny and diversification

All data and results, including the tree topology with
support values (Appendix S1), are available in the SI text
and DataDryad (https://datadryad.org/review?doi=doi:1
0.5061/dryad.h19t7b2). Our phylogeny is robust overall,
with monophyly of all families, subfamilies, and genera
strongly supported. Of particular note is the continued
weak support for relationships in the tortoise family Tes-
tudinidae (but see [50]), as well as broader uncertainty
in higher-level relationships among and placement of
Cheloniidae, Chelydridae, Emydidae, and Platysternidae
[47, 51-53].

We recover a unique topology from these previous
four analyses, with successive divergences of Chelydri-
dae+Dermatemydidae+Kinosternidae, Cheloniidae+Der-
mochelyidae, Platysternidae, Emydidae, and
Testudinidae+Geoemydidae [54]. This is based on the
same or similar underlying datasets and may reflect is-
sues such as mito-nuclear discordance and phylogenetic
signal in the available loci. However, our increase in
both taxon and characters sampling may indicate con-
vergence on a more robust topology. Future analyses
sampling more loci may be able to resolve these rela-
tionships with greater support.

Several turtle clades have been identified by previous
authors [18, 19, 51] as representing extraordinary in-
stances of evolutionary diversification, including Galapa-
gos tortoises (Chelonoidis), and New World emydids
(Deirochelyinae). Similar results were recovered in our
preliminary analyses. However, we believe strongly that
these are artifactual, and represent an inconsistent appli-
cation of species concepts and delimitation in turtles. At
the current juncture, we are constrained by existing
taxonomic frameworks, and these issues must thus be
left to future studies. However, interpretation of our
downstream results (see below) should be colored by
knowledge of these issues. We attempt, when possible,
to use analyses and interpret models in a way that is re-
silient to the possibility of low-level taxonomic biases.

Results for turtles and crocodilians showed roughly
constant rates of speciation and extinction, with no sup-
port for any shifts therein, or any global mass-extinction
events (Fig. 1a). Turtles exhibit speciation rates of ~ 0.07


https://datadryad.org/review?doi=doi:10.5061/dryad.h19t7b2
https://datadryad.org/review?doi=doi:10.5061/dryad.h19t7b2

Colston et al. BMC Evolutionary Biology (2020) 20:81

lineages per million years and extinction rates of ~ 0.03—
0.04, for net diversification of ~0.03-0.04 and turnover
probabilities of ~43-57% from the Jurassic to the
present. For crocodilians, rates are ~0.05 and ~ 0.02 re-
spectively, for net diversification of ~0.03 and turnover
of ~40% from the Cretaceous to the present.

For body size, few strongly supported jumps are esti-
mated by the model for branches subtending extant taxa
(Fig. 1b). Thus, most variation can be attributed to
steady drift over time for living species, in contrast to
ecomorphologically diverse fossil relatives [16, 17]. One
jump occurs along the stem branch leading to crocodil-
ians, reflecting the difference in body size between the
two groups, crocodilians being longer and heavier on
average. A second occurs in the relict species Caretto-
chelys insculpta, a large freshwater species, which is the
sister lineage of the radiation of softshell turtles (Cycla-
norbinae and Trionychinae) that contains both large and
medium sized species. Three terminal species are also
estimated as jumps, each of which is significantly smaller
than its congeners. These are Pelodiscus parviformis,
Pseudemys gorzugi, and Trachemys adiutrix. As noted
above, these radiations have questionable species bound-
aries [55—57], and we refrain from interpreting these re-
sults further.

ED and threat status

We find a bi-modal distribution of ED values for extant
turtles (Fig. 2). The primary mode is 17 Ma, older than
amphibians at 16.5 Ma [31], squamate reptiles at 11 Ma
[46], birds at 6.2 Ma [26, 28], or mammals at 4.8 Ma
[58]. A secondary mode at 5 Ma is dominated by the re-
cent “radiations” in Deirochelyinae and Testudininae
(see Discussion), for which multi-locus nuclear datasets
generally do not support the higher number of morpho-
logically delimited lineages. Thus, we refrain from exam-
ining among-lineage rate variation for speciation or
extinction.

Across the three methods for threat-status imputation,
the final predictions for the 114 species are fairly similar
(Appendix S5), with all models identifying area as the
single-most important variable by far (Figs. S7-13), as in
amphibians [20], birds [59], mammals [60], and squa-
mate reptiles [24]. Each method picked out slightly dif-
ferent contributions from secondary predictors. The
second-ranked variable for the PGLM model was occur-
rence in the Oriental ecoregion; for the RF model there
is a tie between AET (ecology) and HEI (anthropogenic
disturbance); and for the ANN model it was spatial dis-
similarity, indicating the geographic clustering of threat
status (see below). Body size (length or mass) were not
particularly important, unlike for amphibians [20], birds
[21], mammals [22, 23], and some squamates [24, 61].
Training accuracy for the three models was higher
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(PGLM =38%, RF=49%, ANN =48%) than random
(17%) and confusion matrices showed high sensitivity
and specificity (up to 86%), with errors usually involving
only a single step in either direction.

Overall, 21 species were predicted identically by all
three approaches, and 69 agreed for two out of the three,
for ~79% concordance overall. On a pairwise basis for
342 comparisons (114 species times three models), 141
were identical (41%) and an additional 144 (42%) were
adjacent (one category different), for a total of 83% iden-
tical or adjacent predictions. Given the high level of
agreement and lack of apparent bias towards higher or
lower categories for any model, we simply used the
mean of the three predictions for our final estimate of
threat status.

Our final estimate included 17 species classified as LC,
27 NT, 47 VU, 15 EN, and 8 CR. Imputed statuses
showed a similar distribution of ED to known species
(Fig. S14). Qualitatively, the imputed species were heav-
ily concentrated in tropical pleurodiran lineages, particu-
larly those with many recently described or resurrected
species such as Pelusios [62] and Pelomedusa [63].
Nearly all of the primarily sub-Saharan African pelome-
dusines, and ~ 2/3 of the primarily Australasian chelodi-
nines were imputed. No other subfamily with more than
2 species had fewer than 50% assessments. The final
breakdown of assessed + imputed threat statuses used
for subsequent analyses was 71 LC, 61 NT, 119 VU, 63
EN, 61 CR, and 9 EX. Thus, 66% of modern turtle and
crocodilian species are threatened or extinct.

Comparing ED across threat statuses (Fig. 3), non-
threatened species (LC, NT) have significantly lower me-
dian ED (18 Ma vs. 21 Ma) than threatened species (VU,
EN, CR), using a two-sample t-test (t=-2.2, P= 0.03).
This is driven primarily by the higher median ED of VU
and CR taxa, while EN covers a broad range of high-
and low-ED species (Fig. 2). Thus, imminent extinction
of threatened species would represent a disproportionate
loss of total evolutionary history across crocodilians and
turtles, preferentially removing unique and derived line-
ages from the Tree of Life, indicating their more-
precarious stature in the conservation landscape com-
pared to other terrestrial vertebrates such as amphibians.

Combining the ED and threat statuses to calculate
EDGE scores indicating the intersection of distinctive-
ness and risk, we highlight the top-10 at-risk turtles and
crocodilians (Fig. 4; Table S1). These data also indicate
that the highest-ranked turtles exceed crocodilians in
their combination of ED and threat. We find that our es-
timated ED scores are similar to those from [4] when es-
timated directly from their phylogenetic dataset, but that
a large cluster of their imputed values appear to be in-
flated (Fig. S15). Estimated EDGE scores are more simi-
lar between the two datasets, but variation in ED led
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Fig. 1 Results from (a) TESS/CoMET analysis showing estimated speciation and extinction rates for turtles and crocodilians across time; and (b)
location of significant jumps (red) inferred under a Lévy process in crocodilians, Carettochelysnd three other species
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[47]. The highest diversity of threatened species occurs
in South and Southeast Asia in the Red, Mekong, Ira-
waddy, and Ganges-Brahmaputra River deltas and Pen-
insular Malaysia (Fig. 5a). Secondary hotspots occur in
tropical western Africa, and the eastern Amazon River
basin. In contrast, "arks" of non-threatened species are
Geography of threat observed in the eastern Nearctic, Australia-New Guinea,

eastern Africa, and the western Amazon River basin

Geographically, threatened taxa are concentrated in a
few major sub-areas [38] of the 11 global ecoregions (Fig. 5b). We note that the prominence of the eastern

previous authors to overemphasize some taxa (such as sea
turtles; Cheloninae) and underemphasize others (such as
flapshell turtles; Cyclanorbinae). Our dataset thus provides
a more robust and presumably more accurate picture of
ED and EDGE in the group (see Table S1).
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