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Anthropogenic impacts on threatened spe-
cies erode functional diversity in chelonians
and crocodilians

R. C. Rodríguez-Caro 1,2,3 , E. Graciá2,4, S. P. Blomberg5, H. Cayuela6,
M. Grace1, C. P. Carmona 7, H. A. Pérez-Mendoza8, A. Giménez2,4 &
R. Salguero-Gómez1,9

The Anthropocene is tightly associatedwith a drastic loss of species worldwide
and thedisappearanceof their key ecosystem functions. Theorders Testudines
(turtles and tortoises) and Crocodilia (crocodiles, alligators, and gharials)
contain numerous threatened, long-lived species for which the functional
diversity and potential erosion by anthropogenic impacts remains unknown.
Here, we examine 259 (69%) of the existing 375 species of Testudines and
Crocodilia, quantifying their life history strategies (i.e., trade-offs in survival,
development, and reproduction) from open-access data on demography,
ancestry, and threats. We find that the loss of functional diversity in simulated
extinction scenarios of threatened species is greater than expected by chance.
Moreover, the effects of unsustainable local consumption, diseases, and pol-
lution are associated with life history strategies. In contrast, climate change,
habitat disturbance, and global trade affect species independent of their life
history strategy. Importantly, the loss of functional diversity for threatened
species by habitat degradation is twice that for all other threats. Our findings
highlight the importance of conservation programmes focused on preserving
the functional diversity of life history strategies jointly with the phylogenetic
representativity of these highly threatened groups.

Human impacts, such as habitat loss, climate change, pollution,
poaching, and unsustainable trade, impose major threats to the per-
sistence of species worldwide1. Indeed, modern human activities have
drastically accelerated species extinctions by three orders of magni-
tude over pre-human extinctions levels2. As such, effective conserva-
tion measures are urgently needed to bend the curve of
biodiversity loss3.

On-going biodiversity loss is resulting in the erosion of functional
diversity, key to ecological function4–6. A robust way to characterise
functional diversity across a clade is via quantifying life history stra-
tegies, i.e. trade-offs between an individual’s investment in survival,
development, and reproduction driven by limited resources and
physiological constraints7–11. In this context, different species can
possess similar life history trait values, resulting in functional
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redundancy12 (e.g., the Texas tortoises, Gopherus berlandieri, and the
common snapping turtle, Chelydra serpentina, achieve similar
longevities13), or display dissimilar functionality, giving rise to func-
tional dispersion14 (e.g., the loggerhead sea turtle, Caretta caretta,
reproduces later than other Testudines of similar size, such as the
Aldabra giant tortoise, Aldabrachelys gigantea15).

Evaluating the risk of extinction of long-lived species is important
for an accurate understanding and preservation of their functional
diversity. Critically, the extinction of long-lived species can be delayed
due to their long generation times8,11,16,17. Thus, environmental effects
typicallymanifest atmuch longer time scales in long-lived species than
in short-lived ones18,19. Perhaps not surprisingly, two of the most
threatened and long-lived groups are the order Testudines (tortoises,
turtles, and sea turtles) and Crocodilia (crocodiles, alligators, and
gharials)20–22. In fact, Testudines and Crocodilia contain some of the
highest proportions of threatened species across vertebrates (58% and
50%, respectively22,23). Moreover, the actual conservation status of
Testudines and Crocodilia is likely worse than IUCN classifications
because some Data Deficient species could in fact be threatened24.
Indeed, 25% of the Testudines and Crocodilia lack reliable data to
accurately identify their IUCN status20, but a recent study across all
reptiles suggests that 59% of 1032 Data Deficient species could be
threatened by extinction24.

Here, we characterise the life history strategies of 69% of Testu-
dines and Crocodilia species—259 out of ~375 extant species—to
identify how the impacts of different human-led global (climate
change, global wildlife trade, and interactions with invasive species
and diseases) and local threats (habitat degradation, unsustainable
local consumption, and pollution) may alter their functional diversity.
Using demographic and phylogenetic open-access data, we quantify
life history strategies to estimate their functional diversity. We then
simulate different extinction scenarios according to their extinction
risk and themain threats that affect each species.We test the following
hypotheses: (H1) the loss of functional diversity due to the extinction
of threatened species will be lower than expected by chance. The
reason is that the life history strategies across testudines and croco-
dilians are expected to showhigh functional redundancy, sincemost of
them are long-lived species with delayed maturity10. (H2) human
threats (e.g., global trade, unsustainable local consumption, interac-
tions with invasive species and diseases) will differentially erode the
functional diversity of these species25. For instance, some evidence
exists that tortoise and turtle populations may be declining due to
habitat degradation, unsustainable local consumption, and interna-
tional pet trade collection26. In contrast, threats to the functional
diversity of these species due to global climate changemay a priori not
seemmore intense than local threats22. Finally, we find that the current
scenario of species extinction based on the IUCN threatened status
would result in a worst-case scenario for the loss of reptile functional
diversity. This finding highlights how threatened reptile species dis-
play unique life history strategies.

Results
High functional redundancy
Twodominant axes of life history traits describemost of the functional
diversity of Testudines andCrocodilia. Using life history trait data from
236 species of turtles and tortoises (67% of the extant species), and
23 species of crocodilians (85%) frommultiple sources,we characterise
their life history strategies via a phylogenetic principal component
analysis (pPCA; Supplementary Tables 1 and 2) accounting for adult
body mass (Supplementary Table 3). To address gaps in the dataset
(see Supplementary Methods. Missing data), we performed a multiple
phylogenetic-trait imputation for missing values (see “Methods”). The
twodominant axes of life history strategies encompass62%of the total
functional variation (Fig. 1). These axes correspond to (1) the
“fast–slow continuum”7,27–29, which separates species with short

maximum lifespans, like some freshwater turtles (e.g., 4.3 years for the
Alabama red-bellied turtle, Pseudemys alabamensis), to species with
long maximum lifespans such as terrestrial tortoises (e.g. 176 years
for the Aldabra giant tortoise, Aldabrachelys gigantea); and (2) the
“reproductive strategy”8,11,16,30,31, defined by a trade-off between
clutch frequency vs. reproductive output, with species with high
numbers of clutches per year but lower clutch size per clutch at
one end (e.g., 1.2 eggs per clutch and three clutches per year, as in the
Madagascan flat-tailed tortoise, Pyxis planicauda), and extremely
fecund species at the other end, having high clutch sizes but few
clutches per year (e.g., 91.5 eggs per clutch and one clutch per year, as
in the South American River Turtle, Podocnemis expansa).

Examining the functional spectra of the life history traits of tes-
tudines and crocodilians reveals a highdegreeof redundancy.Weuse a
trait probability density (TPD) approach considering the two-
dimensional functional space (Fig. 1) to identify peaks (areas of high
density) and valleys (low density) of species diversity6,32. The examined
reptile species tend to congregate around a single hotspot with med-
ian values of maximum lifespan and high number of clutches per year
with lower clutch sizes. This hotspot of life history strategies includes
50% of the 259 species and represents 13.2% of the total spectrum
(Fig. 1), in agreement with a recent analysis examining 6567 species of
reptiles (12.3% of the spectrum5). Freshwater turtles, such as the east-
ern long-necked turtle, Chelodina longicollis (max. lifespan 37 years,
13.9 eggs/clutch, two clutches/year) and crocodiles, such as the mug-
ger crocodile Crocodylus palustris (max. lifespan 31.5 years, 28.75 eggs/
clutch, two clutches/year), are located in that hotspot of functional
diversity. Sea turtles are represented in a valley of functional diversity
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Fig. 1 | The global functional spectra of the life history strategies of Testudines
and Crocodilia is described by two dominant axes of life history variation:
(PC1) fast–slow continuum and (PC2) reproductive strategies. The probabilistic
species distribution in this space is defined by the two first principal components
axes (PC1 = 39.1% and PC2 = 23.1% of variance explained) of a phylogenetically-
corrected principal component analysis (pPCA), where adult body mass has also
been corrected. The phylogenetic signal is Pagel’s λ =0.674 ± 0.030 (SE). The life
history traits are: adult survival (Sa), juvenile survival (Sj), maximum lifespan (ML),
age at sexual maturity (Lα), mean of number of clutches per year (CN), clutch size
(CS). Arrows indicate the direction and weighting of each trait in the pPCA. The
colour gradient (orange, yellow, and white) depicts the density of species in the
defined space, where orange corresponds tomore densely populated areas). Thick
contour lines indicate the 0.5 and 0.99 quantiles, and thinner ones indicate quan-
tiles0.6, 0.7, 0.8, and0.9. The species silhouettes correspond to (starting at the top
left and moving clockwise): painted turtle (Chrysemys picta), American alligator
(Alligator mississippiensis), desert tortoise (Gopherus agassizii), Hood Island giant
tortoise (Chelonoidis hoodensis), Orinoco crocodile (Crocodylus intermedius), log-
gerhead sea turtle (Caretta caretta), leatherback sea turtle (Dermochelys coriacea),
northern map turtle (Graptemys geographica), and Western Caspian turtle (Maur-
emys rivulata).
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(bottom right of Fig. 1), which is characterised by species with higher
clutch sizes, few clutches per year, and higher maximum lifespan (e.g.
Caretta caretta: max. lifespan 76 years, 115 eggs/clutch, 1.29 clutches/
year). In contrast, terrestrial tortoises are represented at the top right
of Fig. 1, with their typically shorter clutch sizes, high clutches per year,
and longer maximum lifespans (e.g., the Aldabra giant tortoise
Aldabrachelys gigantea: max. lifespan 176 years, 13.5 eggs/clutch, two
clutches/year).

Unique strategies may become extinct
The extinction of threatened species of testudines and crocodilians
would result in the loss of a quarter of the global functional diversity of
these taxa. To estimate the effect of the potential extinctions of
threatened species on the existing amount of functional diversity in
these groups, we use the IUCN Red List categories of our species and
simulate an accumulative loss of threatened species (i.e., in the first
scenario “-CR”, we remove the Critically Endangered species only; in
the “-EN” scenario, we remove Endangered and Critically Endangered
species, and so on; see “Methods”). If all threatened species dis-
appeared (Critically Endangered, Endangered, and Vulnerable species;
“-VU” scenario, Fig. 2A), the functional diversity would decrease
by 26.8%.

The lossof functional diversity due to the extinctionof threatened
species is greater than expected by chance. We compare the potential
loss of functional diversity, considering the number of threatened
species in each extinction scenario, with a simulated loss of functional
diversity where the identity of the threatened species is randomised
within the pool of species. The resulting loss of functional diversity due
to the extinction of threatened species is greater than 95% of rando-
misations formost scenarios (Fig. 2A). In the “-CR” scenario, the loss of
functional diversity (−12.67%) is four times greater than in randomi-
sations (−3.82% [−0.4%, −9.69%] 5% and 95% CI). This finding suggests
that most of the Critically Endangered species of testudines and cro-
codilians show unique life history strategies, such as the pancake tor-
toise (Malacochersus tornierimax. lifespan 25.9 years, one egg/clutch,
one clutch/year).

Unique or less redundant species strategies of testudines and
crocodilians are more vulnerable to vanish following the extinction of
threatened species. To identify differences in extinction risk between
the life history strategies, wemap extinction risk in the life history trait
spectra via generalized additive models (GAMs), using the IUCN Red
List category of each species5. The position of each species along the
trait spectrum is significantly correlated with its extinction risk when
considering high-risk species as Critically Endangered and Endangered
(p = 0.039; Fig. 2B). Using this grouping, high-risk species showdistinct
positions in the life history functional space, with species with lower
functional redundancy located around the periphery and likely being
more threatened. Only species located at the centre of the functional
space and those with short maximum lifespan and smaller clutch sizes
but with greater number of clutches per year show a lower probability
of being threatened (Fig. 2B).

Habitat degradation as the main threat
The life history strategies of Testudines and Crocodilia can predict
vulnerability to extinctiondue to threeof the six analysed threats: local
consumption, interaction with invasive species and disease, and pol-
lution (Fig. 3). To explore the differential effects of global and local
threats on the functional spectra of testudines and crocodilians, we
analyse the probability of being affected by each threat separately
usingGAMs (more results in Supplementary Fig. 1). Local consumption
(Fig. 3A) is associated with increased extinction risk in species with
higher clutch size such as sea turtles (e.g., Caretta caretta), and higher
maximum lifespans, such as the radiated tortoise (Astrochelys radiata)
or the Orinoco crocodile (Crocodylus intermedius). In contrast, inter-
action with invasive species and diseases are associated with
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Fig. 2 | The life history strategies of Testudines and Crocodilia predict their
vulnerability to extinction due to human threats. A Loss of functional diver-
sity under extinction scenarios of threatened species. CR critically endan-
gered, EN endangered, VU vulnerable, NT near threatened. The loss of
functional diversity is expressed as a percentage of the current functional
diversity in the life history strategies of species of the order Testudines and
Crocodilia (Fig. 1). We simulate the loss of functional diversity by removing
all species from the IUCN category in a progressive manner, by degree of
“endangerment”, removing first the species with a higher risk of extinction
(i.e. -CR), then continuing progressively to remove species from the cate-
gories with lower threatened risks (-EN scenario: removing CR and EN spe-
cies; -VU scenario: removing CR, EN and VU; -NT scenario: removing CR, EN,
VU and NT). This loss of diversity is represented by a dark red line. For each
scenario, we compare the loss of functional diversity with 999 iterations of a
null model where threatened species are randomly selected among the
259 species in the analyses. The 999 randomisations are represented by a
orange shadow defined by the 5th and 95th percentiles of functional diversity
loss, with the orange line representing the 50th percentile; B Risk of
extinction in the functional space of Testudines and Crocodilia species.
Probability of species being classified as high-risk of extinction (i.e., CR and
EN IUCN status) according to GAMs (with binomial distribution) using the
position of each species in the two-dimensional functional space as pre-
dictors. Blue tones indicate lower risk of extinction, whereas red tones
indicate higher risk of extinction. p value of the GAM model is 0.04 and χ2 is
28.59. The red contour lines indicate the average threat probability (pro-
portion of species classified as threatened in the group). Here, we consider
only the 214 out of the 259 available species of testudines and crocodilians
for which the threat status is known.
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threatened species with slow life histories (Fig. 3B), such as the desert
tortoise (Gopherus agassizii). Finally, pollution primarily is associated
with species with higher reproductive output (i.e., higher clutch sizes),
such as freshwater turtles like Chelydra serpentina or crocodilians like
the saltwater crocodile, Crocodylus porosus, (Fig. 3C).

Among examined threats, the extinction of species affected by
habitat degradation results in the greatest loss of functional diversity,
especially in the northern hemisphere (Fig. 4A). To estimate the effect
of specific threats on the loss of functional diversity, we simulate the
extinction of species affected by each threat to calculate the percen-
tage of loss of functional diversity (Fig. 4B). We compare the potential
loss of functional diversity by each threat, with a simulated scenario
where the identity of the species affected by each threat is randomised
within the pool of species. Most of the effects of loss of functional
diversity due to the six threats considered are greater than expected
by random extinctions, especially for climate change, whose effect is
beyond the 95% percentile for random simulations (Fig. 4B). Only
habitat degradation and interaction with invasive species and diseases
show similar or lower values of loss of functional diversity than
expected by random simulations (Fig. 4B).

Discussion
Here, we demonstrate that threatened species of turtles and crocodi-
lians showgreat deal of functional disparity. Toussaint et al.6, exploring
5686 species of reptiles, found a loss of functional diversity linked to
the extinction of the threatened species corresponding to less than
10% of the total functional spectra. Here, focussing on Testudines and
Crocodilia, for whichmuch information has beenmissing to date33, we
find twice the loss of functional diversity. By linking this information to
their conservation status, we demonstrate that global and local threats
are exposing the functional diversity of these already highly threa-
tened taxonomic groups to great peril. Using the largest collection of
trait data to date for turtles and crocodilians, we find that the threa-
tened species show unique life history strategies. Losing these species
due to extinction will result in a greater reduction of functional
diversity and potentially severe ecological consequences34 due to the
ecosystem services they provide, such as the high values of biomass
contribution of turtles (e.g., red-eared slider turtle, Trachemys
scripta35), mineral cycling and bioaccumulation (e.g., Chelydra
serpentine36), or seed dispersal (e.g., Galapagos tortoises, Chelonoidis
niger complex37). Moreover, our results could be conservative because
the 131 threatened species in our study show a borderline significant
trend towards havingmoremissing traits than non-threatened species

(Kruskal–Wallis test: p = 0.04, χ2 = 19.96, df = 2; Supplementary Meth-
ods. Missing Data), and imputation methods are known to impute
more similar traits with the existing data (Supplementary Methods.
Imputation validation).

Local disturbances such as habitat degradation and unsustainable
local consumption are the main threats for the functional diversity of
the studied species. Habitat degradation affect most species of turtles
and crocodilians, especially in North America and Europe (Fig. 4A),
independent of their life history strategies. Therefore, habitat pro-
tection for these species is key to preserve the functional diversity38. In
fact, Mittermeier et al.39. highlighted that the protection of only 16
hotspots of turtle biodiversity would successfully encompass 83% of
these species. On the other hand, we find that the second local threat
for the functional diversity of Testudines and Crocodilia is unsustain-
able local consumption. Our results predict the extinction of species
with higher clutch sizes (e.g., such as sea turtles, whose eggs are
consumed in high quantities40) and long-lived species (linked with
larger size, which typically provides more meat41). Unsustainable local
consumption of turtles is one of the most important threats in Asia,
South America, and Africa (Fig. 4A). For example, in China, onemillion
turtle farms are the primary purchasers of turtles caught in the wild,
including several threatened species42.

Global threats such as unsustainable or illegal international trade
and climate change can also have important effects in reducing the
functional diversity of Testudines and Crocodilia. The global trade of
these species is the third most important threat for their functional
diversity, affecting tortoises and turtles mainly for their use as pets43

and crocodilians for their skin44,45. On the other hand, although climate
change affects fewer species than other threats, turtles and crocodi-
lians with unique life history strategies could disappear according to
our projections46. Indeed, the consequences of climate change for
these species are found worldwide, including extreme droughts by
compromising the fitness of the populations47,48, flood nesting sites by
rising sea levels49, coral bleaching due to increasing in temperatures,
affecting feeding areas of sea turtles50 and the imbalance of sex-ratios
in populations of species with temperature-dependent sex
determination51, such as the threatened leatherback turtle (Dermo-
chelys coriacea)52.

Our study does not capture all human activities that can impact
species’ life history strategies. Importantly, biases exist regarding the
assessment of threats53; for instance, some threats, like climate change,
lack information for many species because it is a relatively recent
problem53. As such, we deem our findings to be conservative, and we

Fig. 3 | The life history strategies of Testudines and Crocodilia predict the
vulnerability to extinctiondue to local consumption, interactionwith invasive
species and diseases, and pollution. Other risks, such as climate change, global
trade, or habitat degradation, do not show a significant relation with the examined
species’ life history strategies (Supplementary Fig. 1). Probability of species being
affected by: A local consumption, B interaction with invasive species and diseases,
and C pollution, according to GAMs (with binomial distribution) using the position

of species in the two-dimensional functional space (Fig. 1) as predictors. Light tones
indicate lower risk of extinction due to each threat, whereas dark tones indicate
higher risk. p values associated with each GAM are shown at the bottom-right
corner of eachpanel, and χ2 is 27.36 formodelA; 25.92 forB and 19.22 forC. The red
contour lines indicate the average threat probability. Here, we consider only spe-
cies whose threats are known (n = 251 species).
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argue that, when more threat information becomes available, we will
likely—and unfortunately—see stronger effects in the loss of functional
diversity of our examined species. For instance, although we have
summarised the breadth of testudines and crocodilians’ threats to
extinction, threat interactions, which remain largely unknown in these
taxonomic groups, have been reported to have synergistic effects on
the loss of species, as was described for mammals54 and birds55.
Moreover, examining the ecological functions of each species in
higher resolution, by examining their diets or habitat breadth (i.e.,
generalists vs. specialists), could improve the available information of
ecological function56.

Protecting threatened species with unique life history strategies is
key to conserving their functional diversity34 and ecosystem services
they provide35. Our findings support previous studies that suggest that
conservation policies should consider together the taxonomic and
functional dimensions of biodiversity5 to implement targeted and

more effective conservation actions in the context of a global biodi-
versity crisis6. The IUCN Red List of Threatened Species may include
information about population trends, distribution area, threats, and
abundance. The inclusion of functional diversity could greatly aid
international, national, and local efforts to preserve functionally
unique species, and recently, new indexes have been developed to
include some aspects of functional diversity. The IUCNGreen Status of
Species57,58, a new part of the Red List assessment, quantifies species
recovery and explicitly includes ecological function59. Although we
have used a set of traits based on demography, other traits based on
species ecology could offer complementary results for the conserva-
tion species and the ecosystem services of this taxonomic group.
Incorporating the functional diversity of life history strategies in con-
servation assessments constitutes a promising approach to help
prioritise conservation efforts to maintain high levels of functional
diversity against current and future threats.
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Endangered [CR], Endangered [EN] and Vulnerable [VU] as per the IUCN Red List)
and in dark blue removing all the species affected (threatened or not). For each
scenario, we compare the loss of functional diversity with 999 iterations of a null
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251 species. The 999 randomisations are represented for each threat as a grey dot for
the 50th percentile, with grey whiskers representing the 5th and 95th percentiles.
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Methods
Life history traits
To describe the life cycle of species in the orders Testudines and
Crocodilia, we used life history trait data. Life history traits quantify
how the life cycle of a species and its underlying vital rates: survival,
development, and reproduction have been shapedbynatural selection
to optimise its performance60. We obtained such traits from published
literature, open access databases, and via direct researcher
contributions61. In some cases, life history trait information was
derived from the demographic information of different databases and
datasets. These data were obtained from the COMADRE Animal Matrix
Database62, DATLife Database63, Amniote Life History Database64, and
published reviews65–67 (more information about data selection in Sup-
plementary Methods and Supplementary Data 1).

To quantify species’ life history strategies, we selected six life his-
tory traits that encompass detailed information regarding the timing,
intensity, frequency, and duration of demographic processes across the
life cycle of any species7. The life history traits chosenwere adult survival
(Sa), juvenile survival (Sj),maximum lifespan (ML), age at sexualmaturity
(Lα), mean number of clutches per year (CN), and clutch size (CS). These
traits are well-establishedmetrics in comparative demographic analyses,
and their emerging syndromes typically explain high variance (~75%) in
life history strategies of multicellular organisms5,7,8,16,29,31. The data
obtained from the aforementioned sources encompass 259 species (we
considered the species in ref. 21) with at least one of these six traits (more
information about data collection/estimation in Supplementary Meth-
ods). To avoid collinearities in the models, we also evaluated the cor-
relation between each life history trait, but we did not find strong
correlations (Supplementary Tables 3 and 4).

Phylogeny and data imputation
To identify and quantify the potential role of evolution in shaping our
species’ life history strategies, we performed phylogenetic compara-
tive analyses. We used a species‐level phylogenetic tree recently pub-
lished for Testudines and Crocodilia21 to both impute the missing data
and account for the effect of evolutionary constraints in the observed
life history strategies (we used the number of species described in
ref. 21). Briefly, to build the phylogenetic tree, 14mitochondrial loci and
six nuclear loci were sampled for 357 species of extant or recently
extinct turtle and tortoises, and the 27 species described crocodilian
species68. Colston et al.21 computed Maximum Likelihood trees with
RaxML69 and used phylogenetic multiple imputation to fill the gaps of
17 out of 384 (<5%) species in the tree. Further details on the methods
for tree construction are available in ref. 21. We selected the demo-
graphic information of species when information about the phylogeny
is available, toperformphylogenetic comparative analyses70,71, thefinal
dataset included 259 species of Crocodilia (23) and Testudines (236)
with this resource.

Demographic data of reptiles are scarce and contain missing
values33 (Supplementary Fig. 2). As principal component analyses
require full data (i.e. non-gappy data)72,73, we carried out phylogenetic
imputation to fill in the gaps in the life history traits for the studied
species (see Supplementary Methods. Missing data). To impute the
missing life history traits in our dataset, we used the R packagemice74,
which uses multiple imputation and the addon-phylomice to include
phylogenetic information. Multiple imputation has been shown
recently to correctly impute missing data in similar datasets better
than other available approaches75. Briefly, this approach uses Fully
Conditional Specification (FCS) of the imputation model, which spe-
cifies themultivariate imputationmodel on a variable-by-variable basis
by a set of conditional densities, one for each incomplete variable74. As
suggested by previous studies76, we included three more traits in the
imputation analyses in order to have more robust estimations of the
imputed data (we included body weight and body size, which is
available for all the species, and incubation time available for 16%of the

species from Amniote Database). To quantify uncertainty in the impu-
tation method, we then created 40 imputed datasets and ran analyses
on each separately. We run 40 datasets because the percentage of gaps
in the data were 38% for all the traits added in the imputation. Here, we
used the predictive mean matching (pmm) method, which imputes
missing values by means of the nearest-neighbour with distance based
on the expected values of the missing variables conditional on the
observed covariates. Moreover, we chose m= 1 for the number of mul-
tiple imputation (m) andmaxit= 15 for the number of iterations to reach
an adequate convergence in the Markov chains and the computation
time. Our approach used the pmmwith phylogenetic information. Thus,
we evaluated the phylogenetic signal of each life history trait. We first
estimated the phylogenetic signal for each trait separately using Pagel’s
λ, which describes the strength of phylogenetic relationships on trait
evolution under a Brownianmotionmodel77, we estimated phylogenetic
signal for raw data and imputed data (see Supplementary Methods.
Phylogenetic Signal). Pagel’s λ ranges between 0, when the patterns in
the traits cannot be explained by the employed phylogeny, and 1 when
the observed patterns in traits are tightly correlated with the placement
of species in the phylogeny. Most of the selected traits showed a strong
phylogenetic signal (>0.8; see Supplementary Methods. Phylogenetic
signal), so we used the imputed values for traits in further analyses. We
evaluated the similarity between imputed and non-imputed data using
density plots for each trait. Moreover, we analysed the position in the
functional spectra using Procrustres analyses between imputed data and
a subset where a maximum of two traits were imputed (see Supple-
mentary Methods. Imputation validation).

Exploring the relation between the axes of life history strategies
To identify potential differences between the patterns of association
among life history traits for Testudines and Crocodilia species while
simultaneously assessing non-independence of lineages, we used a
phylogenetically informed PCA (pPCA)78. pPCA is a multivariate ana-
lysis that reduces the number of variables of interest due to their
plausible correlation. The pPCA considers the correlation matrix of
species’ traits while accounting for phylogenetic relationships and
estimate Pagel’s λ. The pPCA was estimated using the R package
phytools71, assuming a Brownian motion model of evolution70. Life
history trait data were log‐transformed to fulfil normality assumptions
of PCA and z‐transformed tomean =0, and SD= 179.Weused theKaiser
criterion80 after optimisation through varimax rotation to determine
the number of axes necessary to explain a substantial amount of var-
iation. Namely, the axes we retained had an associated eigenvalue >1.
We run 40 pPCA according to the 40 imputed datasets, we pooled the
results for scores and loadings (uncertainty in the estimates are in
Supplementary Tables 1 and 2 and Supplementary Data 2).

As bodymass is strongly correlated with life history traits11,16,29, we
accounted for this potential effect in ourmultivariate analyses too.Out
of the multiple possible ways to account for body mass in life history
analyses, we used the residuals of phylogenetic regression between
body size and each trait78. We collected most of adult body mass (g)
data from the studies by Myhrvold et al.64 and Colston et al.21, more-
over, we collected the remained data from previous literature for all
our 259 species (see Supplementary Methods. Body mass data and
Supplementary Data 3).

Estimating the functional spectra
To describe the probabilistic distribution of the species within the
functional spaces, we used themain axes of life history strategy variation
by pPCA corrected by size (i.e., residuals of regressions). We performed
multivariate kernel density using the “TPD” (Trait probability density)
and “ks” R packages81–84 to estimate the functional spectra. The kernel
was a multivariate normal distribution for each species centred in the
location of the species in pPCA and bandwidth chosen using uncon-
strained bandwidth selectors from the “Hpi” function in the “ks”
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package85. The grouped kernels for all species drive into the continuous
TPD function32,84. According to Carmona et al.5 and Toussaint et al.6, we
divided the continuous functional space into a two-dimensional grid
composed of 200 equal sized cells per dimension. We estimated the
value of the TPD function for the 40,000 cells. The value of the TPD
function represent the density of species in that particular region of the
functional space (i.e., specieswith similar life history strategy). Results of
TPD were represented graphically with the contours containing 50, 60,
70, 80, 90, and 99% of the total density of species.

Threats to the studied species
To identify causes of recent declines in Testudines and Crocodilia
species we reviewed published information. The main threats descri-
bed for these species were (1) habitat loss, fragmentation, and
degradation86, (2) over-collection of individuals and their eggs for food
consumption87, (3) unsustainable or illegal international trade, as well
as over-collection for the trade inmedicines88, (4) climate change89; (5)
interaction with invasive species and diseases90,91. We collected the
information on the threats to each species from Stanford et al.26, Bonin
et al.92 and the IUCN Red List23. We did dichotomous variables when
one of these threats werementioned. Wewere not able to quantify the
effect of the threat, because effect size is only available for the Criti-
cally Endangered species26. To convert the threat descriptions of the
Red List into our broader categories, we used the following process:
for habitat degradation we considered the Red List threat classifica-
tions “residential & commercial development”, “agriculture & aqua-
culture” and “natural system modifications”; for climate change the
classification “climate change and extreme weather”; and for disease
the classification “invasive and other problematic species, genes &
diseases”. We were able to categorise the threats in 251 species (Sup-
plementary Data 4).

Effects of extinctions of threatened species on global functional
diversity
To identify the loss of functional diversity by threatened species
extinctions, we simulated the disappearance of species according to
their Red List category (IUCN, 2020). We analysed 214 out of the 259
available species of chelonians and crocodilians for which the threat
status is known. The species classified among the threatened species
categories (i.e. Critically Endangered (CR, N = 46), Endangered (EN,
N = 36) and Vulnerable (VU, N = 49) have a higher risk of extinction
than the rest of species: Near Threatened (NT, N = 25), Least Concern
(LC, N = 51); the extinction risk of Data Deficient (DD = 7) species is
unknown. In our analysis, we removed threatened species and esti-
mated the resulting shifts in functional diversity according previous
approaches6. We used this method to evaluate the effect of the loss of
species according to the conservation status, independently of the
extinction probability. Firstly, we removed the species with a higher
risk of extinction (-CR), then we removed successively the species with
lower risks (-EN includes the extinctionof species classified as aCR and
EN, -VU includes CR, EN and VU, and -NT includes CR, EN, VU and NT).
These extinction scenarios represented a gradient of extinction risk
from the persistence of all species to a more dramatic scenario where
all threatened species (including the NT species) went extinct. We
compared the TPD function considering all the species assessed by
IUCN (current spectra of functional diversity), and the TPD function
after removing the species in the different scenarios. We can compare
TPD functions because they are probability density functions, which
means that they integrate to 1 across the whole functional space,
regardless of the number of species considered32. To reduce the
potential effect of outliers in the functional space, we applied a
quantile threshold of 99%. We quantify how much of the functional
spectra is lost after the extinction scenarios by estimating which
functional space cells become empty after extinctions. In other words,
the difference between the occupied functions space for all the species

and the functional space after the simulated extinctions. The differ-
ence in the amount of space occupied before and after extinctions
(TPD function of the current spectra −TPD function after removing the
threatened species) represented the loss of functional diversity for
Testudines and Crocodilia. We calculated this loss in the functional
space for all the extinction scenarios (-CR, -EN, -VU, and -NT).

To assess if the impacts of each extinction scenario were different
from what would be expected if extinction risk is not related to life
history traits, we also compared the observed changes in functional
diversity to a null model where the extinct species were randomly
selectedwithin thepool of species. For each scenario of extinction risk,
we compared the functional diversity to 999 losses of functional
diversitywhere the samenumber of threatened specieswere randomly
selected among the pool of species. This strategy allowed us to
understand whether the extinction in the different scenarios reduces
the functional diversity more or less than expected. For each scenario,
we created 999 TPD functions simulating cases in which the same
number of species were lost at random from the total set of IUCN-
assessed species. We compared the 5% and 95% percentile of the ran-
dom simulation with the value of loss of functional diversity per each
extinction scenario to estimate if the values were significantly differ-
ent. In this case, higher than expected reductions in functional diver-
sity would mean that the species that are going extinct in the
considered scenario are unique in terms of their life history strategies,
whereas lower than expected reductions would imply that the species
going extinct are mostly functionally redundant.

After examining the loss of functional diversity, we plotted the
extinction risk of species within the functional spaces, using the spe-
cies assessed by IUCN. Using binomial smoother-based GAM93 with the
Rpackagemgcv94, we analysed the relationshipbetween extinction risk
(1: high-risk and 0: non-threatened or low-risk) and the position in the
functional space (PC axes).We then represented the predictions of the
models (including the 95% confidence intervals of the means) to
visually examine how life history strategies affect the probability of
species being threatened5.

Effects of anthropic threats on global functional diversity
To identify the effect of the different threats in the functional spectra,
we simulated scenarios where extinctions were based upon species
reported as affected by specific threats. We did two comparisons: (1)
the TPD function considering all the species (current spectra of func-
tional diversity) and TPD function after removing the species affected
by specific threat (habitat degradation, trade, local consumption, cli-
mate change or interaction with invasive species and diseases), and (2)
the TPD function considering all the IUCN-assessed species, and the
TPD function after removing the threatened species (CR, EN, or VU)
affected by each specific threat. Using a comparison between TPD
functions similar to the one explained above, we estimated the
potential loss of functional diversity attributable to each threat and
evaluated the differences between them. We also compared the
observed changes in functional diversity using a nullmodel to assess if
the impacts of each extinction scenario were different from what
would be expected by chance. For each threat, we compared the loss
of functional diversity with the 999 losses of functional diversity where
the same number of species were randomly selected among the pool
the species.Wedid these comparisons both considering the extinction
of all the species affected by each threat and considering only the
extinction of threatened species.

To visualise the relationship between life history strategies and
threats, we mapped the probability of a species being affected by a
specific threat within the functional spaces. We used binomial
smoother-based GAM93 with the R package mgcv94 to identify the
relationship between being affected by each threat (1: affected and 0:
nonaffected) and the position in the functional space (PCA axes). We
represented the predictions of the models (including the 95%
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confidence intervals of the means) when the relation between threat
and life history strategy was significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in this study are provided in the Supplementary
Information and Supplementary Software.

Code availability
All code generated in this study are provided in the Supplementary
Software.
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