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Abstract

We are in the midst of a sixth mass extinction but little is known about the global patterns of biodiversity when
accounting for taxonomic, phylogenetic and functional information. Here, we present the first integrated
analysis of global variation in taxonomic, functional diversity and phylogenetic diversity of more than 17,000
tetrapod species (terrestrial mammals, amphibians, reptiles and birds). We used a new metric (z-Diversity)
able to synthetize taxonomic, functional and phylogenetic information across different sets of species to
provide a comprehensive estimation of biodiversity. Our analyses reveal that hotspots of tetrapod diversity are
clustered in specific regions of the world such as central Africa and the Indian peninsula, and that climate
stability and energy availability have an overarching importance in explaining tetrapod spatial patterns. Future
research might take advantage of these methods to perform an informed prioritization of protected areas.

Introduction

Humans drive patterns of biodiversity in the Anthropocene to the point that the world is facing the sixth mass
extinction!, where nearly 1 million species are estimated to be threatened with extinction with severe
consequences for ecosystem health and human wellbeing?2. Biodiversity is a multidimensional metric* and
species loss does not only entail a reduction in species richness, but potentially affect also the evolutionary
history (phylogenetic diversity — PD®) and the functional structure (functional diversity — FD®) of natural
communities”8. While PD can provide information on how past dispersal events may have shaped current
species assemblages®, FD depicts ecosystem functions and associated services than simple patterns of species
richness and turnover might not completely disclose®®. Particularly, the regional loss of PD or FD may lead
local assemblages towards the loss of evolutionary history or important functions likely jeopardizing crucial
ecosystem processes, and potentially leading to higher homogenization!. In recent years, increased data
availability (e.g. species spatial distribution, functional or genetic data) has improved our understanding of
global diversity patterns across the tree of life®'>4, including the development of conservation targets based
on the assumption that conserving species with unique evolutionary history indirectly preserve also other
diversity facets (e.g. EDGE project®). Nevertheless, recent findings seem to suggest that focusing on PD alone
might not ensure the conservation of all facets of diversity®, but the strength of the relationship between PD
and FD is still debated in literature!’8. Given these premises, the inclusion of different diversity facets beyond
taxonomic diversity is essential for a thorough understanding of the processes shaping life on Earth®?, and
ideally to reevaluate global priority areas for biodiversity conservation?*-24, Despite the pivotal role of FD and
PD on ecosystem functioning and stability'®252¢, little is known about how biodiversity conservation could
benefit from an integration of its different diversity facets??’.
Here, we provide the first integrated analysis of global variation in taxonomic, functional diversity and
phylogenetic diversity of extant tetrapods (terrestrial mammals, amphibians, reptiles and birds) by presenting
a new metric (z-Diversity) integrating species richness, PD and FD in a single measure that can be combined
across different groups of species to provide a comprehensive estimation of biodiversity. We focused on
Tetrapods which represent half of the vertebrate species living on our planet and are among the most described
taxa (in terms of spatial distribution, conservation status and functional traits) on our planet. There are
1
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continuous evidences of ongoing global decline for all these species?®=2, to the point that approximately one
third of them are threatened with extinctions, spanning from 14% of birds to 40% of amphibians®. Tetrapods
have important ecological roles within natural ecosystems3#3%, thus preserving higher tetrapod diversity should
buffer the effects of accelerated global change®*’, promoting ecosystem stability3.

Many studies tried to disentangle tetrapod spatial patterns mainly focusing on mammals and birds?*>3940 byt
see®41), and their taxonomic patterns*?4, whereas little attention have been paid to the spatial patterns of the
other diversity facets (i.e. PD and FD)%3%40, Several hypotheses (reviewed in Fine ) have been postulated to
explain broad-scale patterns of species diversity, usually relying solely on species richness, with a lack of
general consensus so far. These relate diversity to the variation in water-energy dynamics*#’ or link it with
macroevolutionary aspects*, historical factors* and species coexistence®®. Nevertheless, there are no well-
established mechanistic hypotheses about the drivers of broad-scale patterns of PD and FD, and if they might
respond to different factors with respect to the one described for species richness. Given these premises, an
integrated metric such as z-Diversity might help to identify global priority areas whose protection would
maximize tetrapod diversity. In addition, testing the relationship between z-Diversity and some variables
related to past climate change, biogeography history, energy availability and land use legacies might shed light
on their relative influence in shaping global tetrapod spatial patterns. Our analyses reveal that hotspots of
tetrapod diversity are clustered in specific regions of the world such as central Africa and Indian peninsula.
Finally, climate stability and energy availability revealed to be the best predictors in explaining the spatial
variation across all tetrapod groups.

Results
Spatial mismatch between diversity facets
For our analysis, we collated a large database of 17,341 tetrapod species encompassing 3,912 terrestrial
mammals 3,239 amphibians, 3,338 reptiles and 6,852 birds for which accurate range estimates were available
based on International Union of Conservation of Nature (IUCN) data® which were subsequently converted to
hexagonal equal-area grid cells (cell resolution 23,322 km?) on which we compiled the species list in each cell
for each taxonomic group. Later, we selected a set of functional traits characterizing tetrapod species from
public databases®™? along with their phylogenies?®4%5354  Due to the presence of missing values among traits,
for each group we performed a phylogenetically informed trait imputation procedure followed by a sensitivity
analysis to evaluate imputation performance following Carmona et al.8, both using phylogenetic information
that functional traits only. Briefly, for each taxonomic group we first compute the functional space using
principal component analysis (PCA); we then artificially removed trait values in a reduced set of species which
were later imputed with the complete database. The ability in retrieving species position in the functional space
was used as an indicator of the performance of the imputation process. Our simulations showed that the
imputation procedure performed quite well in retrieving the positions of species in the functional space for all
groups, but using phylogenetic information halves the errors on average with respect to the imputation realized
with traits information only (Supplementary Figure 1, see methods for more details).
For each grid cell and for each group, we therefore estimated species richness (SR), Faith’s PD® and FD which
was expressed as functional richness (FRic). Since both PD and FRic depend on species richness®, we
performed null model simulations to obtain standardized effect sizes — SES computed as follows: [SES =
(Metricors—mean(Metricaun))/SDnui.]. SES indicate the degree of deviation of a given metric (expressed in SD
units) with respect to simulated values. The three diversity metrics thus obtained (SR, sesPD, sesFRic) were
later scaled and centered to unit variance (zSR, zPD, zFRic) and averaged into a single indicator of diversity
(z-Diversity). The arithmetic mean among the z-Diversities of the four taxonomic groups provided a new
overall metric able to synthetize the total diversity (taxonomic, functional and phylogenetic aspects) contained
in a set of species.
Overall, we observed congruent spatial pattern in species richness and sesPD for all taxonomic groups. In
contrast, sesFRic showed some striking differences especially between mammals and reptiles (see for instance
central Africa and Indian peninsula in Supplementary Figure 2, where to a higher sesFRic was associated a
lower sesPD). Morevoer, negative correlations between species richness and sesPD were detected across all
taxonomic groups while there was a slight positive correlation between sesPD and sesFRic (Supplementary
Table 1). Tetrapod z-Diversity is strongly correlated with zFRic (Pearsons’s correlation r = 0.76, p < 0.001;
all correlations were spatially corrected) and to a lesser extent to zSR (r = 0.34, p < 0.01) whereas a not
significant correlation was detected with zPD (r = 0.17, p > 0.05). z-Diversity was also strongly correlated
2
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with zFRic across all groups; additionally for mammals and birds we observed also a significant correlation
with zSR and zPD, respectively (Supplementary Table 2). Notably, Afrotropics and Indomalayan realms
showed an overall even dispersion on both sesPD and sesFric with respect the other realms, in contrast
Neotropic realm was mainly driven by both phylogenetic and functional clustering across all groups
(Supplementary Figure 3).

Global priority areas

Global tetrapod z-Diversity is highest in Africa and South-East Asia followed by Central and South America,
Japan and the Mediterranean basin (Figure 1A). Looking at the single groups (Figures 1B,C,D,E), mammals
z-Diversity was higher in Africa and Indian peninsula, whereas amphibians showed a higher z-Diversity
especially in the Amazon basin. Reptiles displayed the highest variation in Africa and South-East Asia while
bird assemblages showed higher z-Diversity in southern hemisphere with peaks especially in Africa and
Oceania. Interestingly, hotspots of tetrapod z-Diversity (the richest 5% of grid cells) were largely clustered in
African continent with few spots in Indian peninsula and South America (tropical Andes, northeastern coast,
Figure 2A). These patterns were mirrored by all the considered groups (Figure 2B,C,D,E), except for
amphibians whose higher z-Diversity resulted to be largely clustered in South America.

z-Diversity
-

04

0.0

s 04
H..

z-Diversity
W

0.0

. -1.0

Figure 1. Global patterns of z-Diversity expressed averaging z-scores of single diversity facets in each
taxonomic groups (zSR, zPD, zFRich). These were later mediated across groups to obtain tetrapod diversity.
(A) Tetrapoda, (B) Amphibia, (C) Aves, (D) Mammalia, (E) Reptilia. Silhouettes were retrieved from PhyloPic
(www.phylopic.org).
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Climate stability and energy availability shapes tetrapod diversity

The global patterns of tetrapod z-Diversity were highly predictable by the set of variables that we chose (R?
=0.85+0.04, Root Mean Square Error -RMSE =0.24+0.06; average + SD). Our model showed that the global
pattern of z-Diversity was mainly driven by energy availability and climate variation since Late Quaternary,
rather than by current or past anthropogenic factors (Figure 3, Table 1). Within taxonomic groups
(Supplementary Figures 4-7), results were relatively concordant, only amphibians departed from this general
pattern, probably due to their higher dependency on water. In addition, whereas the diversity of mammals,
birds and reptiles increased along with evapotranspiration, the diversity of amphibians showed a negative
relationship with PET (Figure 3). In contrast, birds were primarily driven by a positive relation with PET,
while all other variables showed a comparable influence in the model. In terms of model performance, RMSE
within individual groups was higher than those of the tetrapod model (= 0.41) coupled with a small reduction
in R (= 0.78).

=
G VP

L &
@5&% :
y “l' '

Priority areas

- Top5%
5%—10%
10%—20%
20%—-80%

80%—100%

£ P = ¥ P

Figure 2. Global hotspots of z-Diversity. Darkest tones denote 10% of the richest grid cells while darker tones
5% and 2.5%, respectively. (A) Tetrapoda, (B) Amphibia, (C) Aves, (D) Mammalia, (E) Reptilia. Silhouettes
were retrieved from PhyloPic (www.phylopic.org).

Discussion

We collated, for the first time at a global scale, the taxonomic, phylogenetic and functional characteristics of
all groups of terrestrial vertebrates and summarized it in a single index. Accounting for all the three diversity
facets across different taxonomic groups revealed conservation priority areas that are usually overlooked in
global conservation schemes that use less comprehensive information*:. These new hotspots of diversity
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include arid and semi-arid environments, especially in the Mediterranean basin, central Asia, southern coast
of Australia or in South America (e.g. Brazilian caatinga). Interestingly, despite the relatively lower number
of tetrapod species with respect to Neotropics, the Afrotropical and Indomalayan realms stand out as hotspots
of a high diversity (Supplementary Figure 3). This result is in agreement with previous studies on individual
taxonomic groups (e.g. amphibians®, mammals®>*, reptiles*'), but here we present the first comprehensive
assessment showing this trend across all terrestrial vertebrates and considering multiple facets of diversity.
Interestingly, the pattern of z-Diversity is primarily driven by functional diversity, as suggested by the high
correlation between z-Diversity and zFRic (r = 0.76), highlighting the importance to consider functional
information to provide reliable evaluation of species diversity patterns. Afrotropics showed the highest values
of sesFRic with respect to random expectations especially for mammals and reptiles (Supplementary Figure
3). This pattern might be explained by the high intrinsic megafaunal diversity reported for this continent®°’,
African continent was probably the first one which experienced some moderate megafaunal loss (e.g.
carnivores and proboscidean) already in Early Pleistocene (~ 1 Ma) likely due to the appearance of Homo
erectus®, which were later somehow dampened thanks to coevolution with Homo sapiens. In contrast, outside
H. sapiens area of origin, subsequent extinction waves occurred coinciding more or less with the expansion of
humans across the globe®. In addition to this, the Great American Biotic Interchange (GABI) —the interchange
between North and South American faunas associated with the formation of the Isthmus of Panama — seemed
to have enhanced the extinction and the consequent reduction of diversity in South American mammals®°.
We detected also dominant phylogenetic clustering suggesting that environmental filtering and inter-clade
competitions have shaped local assemblages®. Indeed, clades with rapid speciation rates such as primates in
Africa and ovenbirds (Furnariidae) in Central-South America or closely related species tended to co-occur
more frequently at smaller scales, as a results of local processes of radiation and dispersal limitations®?.
Nonetheless, multiple processes can interact together in defining local assemblages in space and time, and
more studies linking mechanistically trait evolution and biogeographic history can help in this sense (e.g.
process-based models®®). Moreover, the relatively low correlation between sesPD and sesFRich implies a
spatial mismatch in the global spatial diversity patterns, suggesting also that phylogenetic diversity captures
only a portion of functional diversity in agreement with recent works*6:64,

Energy availability and climate stability confirmed to have an overarching importance to explain tetrapod
diversity. Water—energy dynamics are important in describing species richness patterns for plants® and
animals*®®® but their relationship with the other diversity facets has been poorly investigated at a global scale
(but see®”). Generally, higher energy (i.e., higher PET) is linked to a higher resource availability which in turn
promotes greater species packing (i.e., more species coexist with narrower niches®) and larger population sizes
which may lessen extinction rates*’. When considered individually, only amphibians departed from this general
pattern, due to their higher dependency on water. The high importance of soil humidity in amphibians
(Supplementary Figure 5) is not surprising since it helps in keeping balanced their hydric state®. Also the
negative relation with PET compared to the positive of all other groups could be explained by the property of
this metric, which tends to increase towards dry environments, not reflecting water balance as accurately as
Actual Evapotranspiration (AET)”. Model outputs also indicated that climate stability promotes higher
diversity, probably through the combination of lower extinction rates and high levels of speciation™ "2,
occurring also at a larger spatial scale. There are compelling evidences of higher extinction rates towards the
poles for different taxonomic groups®”:"® further corroborating the idea that climate stability and evolutionary
processes influence species richness latitudinal gradient*? through region-specific accumulation of diversity’,
which is consistent with the CSH. Accordingly, species inhabiting more stable regions tend to display restricted
thermal preferences and higher specialization®® "¢, thanks also to the higher frequency of speciation events’’
driven by the intimate link between temperature and ecological and evolutionary rates’. In contrast, extinctions
might be higher in climatic unstable regions®, being triggered by variations in Earth's orbit causing recurrent
climatic shifts across the globe®. For instance, higher extinction rates occurred during cold periods, especially
for those taxonomic groups with poor dispersal abilities®! (e.g. reptiles). To the best of our knowledge, this is
the first evidence demonstrating how climate stability influences broad-scale patterns of species diversity,
considering all three diversity facets. Lastly, we found no consistent effect of past and recent Land Use Land
Changes similarly to what observed for genetic diversity'?, even though future projections of land-use changes
seem to strongly affect Earth’s biodiversity®23, Another explanation for this lack of signal might rely in the
relatively coarse scale used in this study along with the lack of finer spatio-temporal data able to depict these
patterns. Even though some taxa (e.g. small-ranged species) or regions (e.g. tropics) might have some spatial
biases®, and despite the potential lack of inclusion of important evolutionary or ecological variables (e.g.
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speciation and dispersal rate), our models indicated that the selected variables are able to describe most of the
global variation in tetrapod diversity.

Our novel approach allows to consider all components of biodiversity and average them across taxonomic
groups. Future research can take advantage of these methods to perform an informed prioritization of protected
areas?>?*, which could enhance the achievement of Aichi Biodiversity targets, whose progress for some
indicators are still not satisfactory?. More importantly, the cells hosting a higher tetrapod diversity are often
located in regions under high human pressure (e.g. Southeast Asia, Mediterranean coast)'*% enhancing the
need for a transnational cooperation, especially in the countries with lower GDP in order to preserve also the
“option-value” of natural ecosystems.
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Figure 3. Variable importance ranked by the RMSE loss after permutations (left panel) and marginal effects
of the different predictors (right panel) of the random forest model using tetrapod z-Diversity as response
variable. ClimVar and ClimVel represented the average rate of change during the time-series (expressed in
°Clcentury and m/yr, respectively) since Last Glacial Maximum. BiomeShan described the variation in biome
patterns over the last 140 ka expressed using the Shannon index. SoilRH, PET, and TreeCovFract2019
represented soil humidity, Potential Evapotranspiration and forest cover updated to 2019, respectively. LULC
expresses the fraction of grid cell under anthropogenic land use since 8000 BC, while HFP2009 is the 2009
Human Footprint index.
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Table 1. Model output showing the variable importance expressed using Root Mean Square Error (RMSE)
loss (average + SD) for each variable considering all tetrapod pooled and each taxonomic group independently.
ClimVar and ClimVel represented the average rate of change during the time-series (expressed in °C/century
and m/yr, respectively) since Last Glacial Maximum. BiomeShan described the variation in biome patterns
over the last 140 ka expressed using the Shannon index. SoilRH, PET, and TreeCovFract2019 represented soil
humidity, Potential Evapotranspiration and forest cover updated to 2019, respectively. LULC expresses the
fraction of grid cell under anthropogenic land use since 8000 BC, while HFP2009 is the 2009 Human Footprint
index. RMSE and R? were obtained using spatial cross-validation. N represents the number of grid cells used
to train the models. Please note z-Diversity was computed only in the cells where all the three metrics (zSR,

zPD,zFD) were available.

Predictor Tetrapoda Mammalia Amphibia Reptilia Aves

PET 0.112 £ 0.0009 0.056 +0.0011 0.211 +0.0014 0.237 £0.0019 0.349 +0.0026
ClimVar 0.109 £ 0.0007 0.058 £0.0009 0.174 +0.0009 0.186 +0.0010 0.198 +0.0011
ClimVelocity 0.098 £ 0.0007 0.003 £0.0010 0.155+0.0007 0.215+0.0019 0.184 +0.0005
SoilRH 0.094 £ 0.0006 0.051+0.0011 0.182+0.0011 0.162+0.0004 0.188 +0.0007
HFP2009 0.085 £ 0.0003 0.038 £0.0008 0.177 £0.0012 0.158 +0.0003 0.186 = 0.0007
TreeCovFract2019 0.083 + 0.0003 0.046 +0.0012 0.168 +0.0011 0.160+0.0004 0.198 +0.0009
BiomeShan 0.080 £ 0.0003 0.030 £0.0009 0.143 +£0.0005 0.163+0.0005 0.173+0.0003
LULC 0.080 £ 0.0001 0.033 £0.0008 0.146 +0.0006 0.161+0.0005 0.171+0.0003
R? 0.85+0.04 0.77+0.04 0.78+0.05 0.78+0.04 0.77+0.03
RMSE 0.24+0.06 0.44+0.11 0.45+0.06 0.40+0.09 0.37+0.05

N 4274 6408 4581 4584 6439
Methods

Species spatial distribution and environmental data. We obtained expert-verified range maps of 23,848
tetrapod species from the International Union for Conservation of Nature (IUCN) . Even though these maps
might underestimate the complete extent of occurrence of the species, especially in poorly surveyed regions
8 these currently represent the best information available. We then excluded marine mammals and range maps
were converted to hexagonal equal-area grid cells with a cell area of 23,322 km? using the ‘dggridR’®® R
package. We chose this resolution because it is close to the finest resolution justifiable for using global data
without incurring in false presences®’. Species names were standardized using Global Biodiversity Information
Facility (GBIF) Backbone Taxonomy® using the R package ‘taxize’®°.

For each grid cell, we computed several environmental predictors depicting spatiotemporal effects of past
climate change/biogeography history, current ecosystem features, and anthropogenic disturbances.
Specifically, we gathered the following environmental data: climate stability since Last Glacial Maximum (ca.
20 kya) was retrieved using two complementary indices reflecting the median rate of change during the time-
series expressed in °C/century (climate variation®®, ClimVar) and m/yr (climate velocity*}, ClimVel). Biome
variation (BiomeShan)®, expressed using the Shannon index, described the variation in biome patterns over
the last 140 ka. Gridded databases of Soil humidity (SoilRH) and Potential Evapotranspiration (PET) were
obtained from TerraClimate®, while forest cover (TreeCovFract2019) updated to 2019 was retrieved from
Copernicus Global Land Cover products®. Land cover land use (LULC) legacy effects were assessed by means
of the data of Kaplan et al.**, which reported the fraction of grid cell under anthropogenic land use since 8000
BC, while the 2009 Human Footprint index (HFP2009)% was used to depict the spatial distribution of the
current human pressure across the globe. HFP2009 reports for each grid cell a measure of the intensity of eight
metrics of human pressure (i.e., human population density, roads, railways, navigable waterways, built
environments, crop land, pasture land, night-time lights), weighted based on the relative human pressure on
that cell %,

Functional traits. Functional trait data for the different groups were collected using public databases from
different sources. See® for a detailed description of the traits used in this study.
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Mammals, reptiles and birds. Data were retrieved from Amniote database®!, which include traits for 4953
species of mammals, 6567 species of reptiles, and 9802 species of birds. Specifically, this database contains
information of 29 life history traits, of which we selected a subset of traits with information available for at
least 1000 species (see Table S1 in Carmona et al.® for more details about traits and their completeness in each
group). For mammals, eight traits were chosen: longevity (long, years), number of litters per year (ly), adult
body mass (bm, g), litter size (Is, number of offspring), weaning length (wea, days), gestation length (gest,
days), time to reach female maturity (fmat, days), and snout—vent length (svl, cm). For birds, we selected the
following traits: number of clutches per year, adult body mass (bm, g), incubation time (gest, days), clutch size
(Is, number of eggs), longevity (long, years), egg mass (em, g), shout-vent length (svl, cm), and fledging age
(fa, days). Regarding reptiles, six traits were selected: number of clutches per year, longevity (long, years),
adult body mass (bm, g), clutch size (Is, number of eggs), incubation time (inc, days), and snout-vent length
(svl, cm).

Amphibians. Functional trait data of amphibians were retrieved from AmphiBIO database®. We selected four
traits that mirror similar information as the one collected for the other three groups (i.e. traits related to body
size, pace of life and reproductive strategies): age at maturity (am, years), body size (bs; measured in Anura as
snout-vent length — SVL — and in Gymnophiona and Caudata as total length in mm); maximum litter size (ls,
number of individuals); and offspring size (os, mm).

Phylogenies. Phylogenies for each group were downloaded from published papers?®4%%3% Species absent
from the phylogeny were manually added to the root of their genus using the R package ‘phytools’®. Since for
mammals and birds multiple phylogenetic trees were available, for these groups we computed a maximum
clade credibility tree (MCC) using the ‘phangorn’®” R package. To assess the reliability of the information
contained in the MCC, we performed a simulation where we correlated PD obtained from this MCC with
those obtained with 100 phylogenies randomly selected from the original posterior distribution. This test
proved that using the MCC tree is unlikely to affect the computation of PD (Supplementary Figure 8).

Trait imputation and sensitivity analysis. Since there were gaps in the functional trait data, we imputed
missing traits for each group using ‘missForest’®® R package. This procedure relied on random forest algorithm
to impute trait data taking advantages also of the phylogenetic relationships among species following the
procedure described in Penone et al.*°. To further validate this procedure, we performed a sensitive analysis
similarly to the one performed in ref. 8 but repeating the imputation process using both phylogenetic
information and without it... Our simulations showed that the imputation procedure performed quite well in
retrieving the positions of species in the functional space for all groups, but using phylogenetic information
halves the errors on average with respect to the imputation realized with traits information only (Supplementary
Figure 1)

Calculation of diversity metrics. Extinct species and species totally lacking evolutionary, functional trait or
spatial data were removed from the database, thus leaving 17,341 species for subsequent analysis (N = 3,912
for mammals, N = 3,239 for amphibians, N = 3,338 for reptiles and N = 6,852 for birds; see Supplementary
Table 3). To map global patterns of tetrapod diversity, we first computed diversity metrics for each taxonomic
group independently. Species richness was estimated as the number of species in each cell; PD represented the
sum of branch length between the root node and tips for the subtree comprising all species in the grid cell, and
was computed using the ‘caper’'® R package. FD was estimated as described in ref®, we first have built a two-
dimensional functional space based on a Principal Component Analysis on the log-transformed and scaled trait
values, then by means of TPD framework!® and ‘TPD’ and ‘ks’ R packages'%>1% we estimated cell-based
functional richness (FRic, i.e. the amount of the functional space occupied by an assemblage °%). Since both
PD and FRic are strongly dependent on species richness, we performed null model simulations to break this
relationship * and to compute standardized effect sizes (SES) as SES = (Metricops—mean(Metricau))/SDnui. TO
obtain the null distribution, we randomized 1000 times the community composition of each cell preserving
marginal totals by using the quasiswap algorithm in the R package ‘vegan’!%. After having computed the SES,
we centered and scaled to unit variance the three diversity indices (i.e., species richness, sesPD, sesFrich) for
each group in order to obtain comparable range of variation and then we averaged them to calculate within-
group z-Diversity only for the cells where all the three metrics were available. Finally, tetrapod z-Diversity
was obtained as the arithmetic mean of within-group z-Diversity for each cell where all within-group z-
Diversity values were available. We further computed the Pearson's correlation (r) among all diversity facets
by taking into account their spatial structure since all these metrics were measured on the same cells.
Specifically, we used a modified t-test of spatial association'® implemented in the SpatialPack % R package
to test the spatial association between z-Diversity and the three diversity metrics underlying it (zSR, zPD,
zFRic) as well as the correlation among their original values (species richness, sesPD, sesFRic).
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Drivers of diversity. Random forest (RF) is a machine learning algorithm consisting of an ensemble of
classification or regression trees'®”. RF are well suited for modeling large-scale patterns, since they can deal
with large amounts of data, prevent overfitting and multicollinearity, and perform well in presence of complex
interactions or non-linear relationships®®. RF are effectively used in different research fields such as climate
modelling®®, species conservation!® and landscape genetics'!, among others. We build 5 models using z-
Diversity as a function of environmental variables (one for tetrapod plus one for each individual taxonomic
group) using the framework provided in the ‘ml3°!*? and ‘mlr3spatiotempcv’'® R packages. We started
building trees using the following parametrization: ntree = 500, mtry= 1, min.node.size = 1, sample.fraction =
0.6, which were later tuned using the ‘paradox’}* R package. Variable importance was determined by
measuring the mean change in a loss function (i.e., Root Mean Square Error - RMSE) after variable
permutations (N = 500) using ‘DALEX’ R package!®®. This method assumes that if a variable is relevant for a
given model, we expect a worsening in model’s performance after randomly permuting its values (see!® for
more technical details). In other words, this method asses variable importance as the loss in explanatory ability
of the model when that variable is randomized. We also displayed marginal effects of different predictors by
using partial dependence plots computed with the ‘imI’'’ R package.

Spatial cross validation. Failing to account for spatial autocorrelation processes in ecology might lead to
biased conclusions®!9 or to an overoptimistic evaluation of model predictive power!?12!, For this reason,
we performed an internal spatial cross-validation (spCV) splitting the data into training (70%) and validation
set (30%). We created five spatially disjointed subsets (i.e., partitions) where we introduced a spatial distance
between training and validation set so that these sets are more distant than they would be using random
partitioning®?2. To perform the spCV, we used a nested resampling approach as described in ref.}%, where outer
resampling evaluated model performance while inner resampling performed tuning of model hyperparameters
for each outer training set. Because nested resampling is computationally expensive, we selected 5 folds with
5 repetitions each to reduce the variance introduced by partitioning in outer resampling and 5 folds in inner
resampling coupled with 50 evaluations of model settings.

References

1. Ceballos, G. et al. Accelerated modern human-induced species losses: Entering the sixth mass
extinction. Sci. Adv. 1, 1400253 (2015).

2. Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, IPBES.
Summary for policymakers of the global assessment report on biodiversity and ecosystem
services. https://zenodo.org/record/3553579 (2019) doi:10.5281/ZENODO.3553579.

3. Diaz, S. et al. Pervasive human-driven decline of life on Earth points to the need for
transformative change. Science 366, eaax3100 (2019).

4. Pereira, H. M., Navarro, L. M. & Martins, I. S. Global Biodiversity Change: The Bad, the
Good, and the Unknown. Annu. Rev. Environ. Resour. 37, 25-50 (2012).

5. Faith, D. P. Conservation evaluation and phylogenetic diversity. Biological Conservation 61,

1-10 (1992).


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

10.

11.

12.

13.

14.

15.

16.

17.

made available under aCC-BY-NC-ND 4.0 International license.

Petchey, O. L. & Gaston, K. J. Functional diversity: back to basics and looking forward. Ecol
Letters 9, 741758 (2006).

Brodie, J. F., Williams, S. & Garner, B. The decline of mammal functional and evolutionary
diversity worldwide. Proc Natl Acad Sci USA 118, 1921849118 (2021).

Carmona, C. P. et al. Erosion of global functional diversity across the tree of life. Sci. Adv. 7,
eabf2675 (2021).

Fritz, S. A. & Rahbek, C. Global patterns of amphibian phylogenetic diversity: Amphibian
phylogenetic diversity. Journal of Biogeography 39, 1373-1382 (2012).

Flynn, D. F. B., Mirotchnick, N., Jain, M., Palmer, M. I. & Naeem, S. Functional and
phylogenetic diversity as predictors of biodiversity—ecosystem-function relationships. Ecology
92, 1573-1581 (2011).

Thuiller, W. et al. The European functional tree of bird life in the face of global change. Nat
Commun 5, 3118 (2014).

Theodoridis, S. et al. Evolutionary history and past climate change shape the distribution of
genetic diversity in terrestrial mammals. Nature Communications 11, (2020).

Jenkins, C. N., Pimm, S. L. & Joppa, L. N. Global patterns of terrestrial vertebrate diversity
and conservation. Proceedings of the National Academy of Sciences 110, E2602-E2610
(2013).

Pimiento, C. et al. Functional diversity of marine megafauna in the Anthropocene. Sci. Adv. 6,
eaay7650 (2020).

ZSL. EDGE of Existence. (2019).

Mazel, F. et al. Prioritizing phylogenetic diversity captures functional diversity unreliably.
Nature Communications 9, (2018).

Tucker, C. M., Davies, T. J., Cadotte, M. W. & Pearse, W. D. On the relationship between

phylogenetic diversity and trait diversity. Ecology 99, 1473-1479 (2018).

.10


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

18.

19.

20.

21.

22,

23.

24,

25.

26.

27,

28.

29.

made available under aCC-BY-NC-ND 4.0 International license.

Owen, N. R., Gumbs, R., Gray, C. L. & Faith, D. P. Global conservation of phylogenetic
diversity captures more than just functional diversity. Nat Commun 10, 859 (2019).

Gumbs, R. et al. Global priorities for conservation of reptilian phylogenetic diversity in the
face of human impacts. Nat Commun 11, 2616 (2020).

Jetz, W. & Pyron, R. A. The interplay of past diversification and evolutionary isolation with
present imperilment across the amphibian tree of life. Nat Ecol Evol 2, 850-858 (2018).
Pollock, L. J., Thuiller, W. & Jetz, W. Large conservation gains possible for global
biodiversity facets. Nature 546, 141-144 (2017).

Tucker, C. M. et al. Assessing the utility of conserving evolutionary history. Biol Rev 94,
1740-1760 (2019).

Rosauer, D. F., Pollock, L. J., Linke, S. & Jetz, W. Phylogenetically informed spatial planning
is required to conserve the mammalian tree of life. Proc. R. Soc. B. 284, 20170627 (2017).
Brum, F. T. et al. Global priorities for conservation across multiple dimensions of mammalian
diversity. Proc Natl Acad Sci USA 114, 7641-7646 (2017).

van der Plas, F. Biodiversity and ecosystem functioning in naturally assembled communities.
Biol Rev brv.12499 (2019) doi:10.1111/brv.12499.

Cadotte, M. W., Dinnage, R. & Tilman, D. Phylogenetic diversity promotes ecosystem
stability. Ecology 93, S223-S233 (2012).

Veron, S., Davies, T. J., Cadotte, M. W., Clergeau, P. & Pavoine, S. Predicting loss of
evolutionary history: Where are we?: Predicting loss of evolutionary history. Biol Rev 92,
271-291 (2017).

Wake, D. B. & Vredenburg, V. T. Are we in the midst of the sixth mass extinction? A view
from the world of amphibians. Proceedings of the National Academy of Sciences 105, 11466—
11473 (2008).

Tingley, R., Meiri, S. & Chapple, D. G. Addressing knowledge gaps in reptile conservation.

Biological Conservation 204, 1-5 (2016).
A1


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

408 30. Saha, A. et al. Tracking Global Population Trends: Population Time-Series Data and a Living
409 Planet Index for Reptiles. Journal of Herpetology 52, 259 (2018).

410 31. Ripple, W. J. et al. Extinction risk is most acute for the world’s largest and smallest

411 vertebrates. Proc Natl Acad Sci USA 114, 10678-10683 (2017).

412  32. Rosenberg, K. V. et al. Decline of the North American avifauna. Science 366, 120-124

413 (2019).

414  33. IUCN. 2021. The IUCN Red List of Threatened Species. Version 2021-1. Downloaded on
415 31/03/2021. (2021).

416  34. Sekercioglu, C. Increasing awareness of avian ecological function. Trends in Ecology &

417 Evolution 21, 464-471 (2006).

418 35. Cooke, R. S. C., Eigenbrod, F. & Bates, A. E. Projected losses of global mammal and bird
419 ecological strategies. Nat Commun 10, 2279 (2019).

420 36. Pecl, G. T. et al. Biodiversity redistribution under climate change: Impacts on ecosystems and
421 human well-being. Science 355, eaai9214 (2017).

422  37. Arneth, A. et al. Post-2020 biodiversity targets need to embrace climate change. Proc Natl
423 Acad Sci USA 117, 30882-30891 (2020).

424  38. Garcia-Palacios, P., Gross, N., Gaitan, J. & Maestre, F. T. Climate mediates the biodiversity—
425 ecosystem stability relationship globally. Proc Natl Acad Sci USA 115, 8400-8405 (2018).
426  39. Safi, K. et al. Understanding global patterns of mammalian functional and phylogenetic

427 diversity. Phil. Trans. R. Soc. B 366, 25362544 (2011).

428  40. Jetz, W., Thomas, G. H., Joy, J. B., Hartmann, K. & Mooers, A. O. The global diversity of
429 birds in space and time. Nature 491, 444-448 (2012).

430 41. Roll, U. et al. The global distribution of tetrapods reveals a need for targeted reptile

431 conservation. Nat Ecol Evol 1, 1677-1682 (2017).

432  42. Marin, J. et al. Evolutionary time drives global tetrapod diversity. Proc. R. Soc. B. 285,

433 20172378 (2018).
12


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

made available under aCC-BY-NC-ND 4.0 International license.

Sandel, B. et al. The Influence of Late Quaternary Climate-Change Velocity on Species
Endemism. Science 334, 660-664 (2011).

Jetz, W. & Fine, P. V. A. Global Gradients in Vertebrate Diversity Predicted by Historical
Area-Productivity Dynamics and Contemporary Environment. PLoS Biol 10, e1001292
(2012).

Fine, P. V. A. Ecological and Evolutionary Drivers of Geographic Variation in Species
Diversity. Annu. Rev. Ecol. Evol. Syst. 46, 369-392 (2015).

Hawkins, B. A. & Porter, E. E. Relative influences of current and historical factors on
mammal and bird diversity patterns in deglaciated North America: Climate, ice and diversity.
Global Ecology and Biogeography 12, 475-481 (2003).

Evans, K. L., Warren, P. H. & Gaston, K. J. Species—energy relationships at the
macroecological scale: a review of the mechanisms. Biol. Rev. 80, 1-25 (2005).

Mittelbach, G. G. et al. Evolution and the latitudinal diversity gradient: speciation, extinction
and biogeography. Ecol Letters 10, 315-331 (2007).

Rabosky, D. L. Ecological limits and diversification rate: alternative paradigms to explain the
variation in species richness among clades and regions. Ecology Letters 12, 735-743 (2009).
IUCN, The IUCN Red List of Threatened Species. Version 2019-2. Downloaded on 1
September 2019 (2019); www.iucnredlist.org.

Myhrvold, N. P. et al. An amniote life-history database to perform comparative analyses with
birds, mammals, and reptiles: Ecological Archives E096-269. Ecology 96, 3109-000 (2015).
Oliveira, B. F., Sdo-Pedro, V. A., Santos-Barrera, G., Penone, C. & Costa, G. C. AmphiBIO, a
global database for amphibian ecological traits. Sci Data 4, 170123 (2017).

Faurby, S. et al. PHYLACINE 1.2: The Phylogenetic Atlas of Mammal Macroecology.

Ecology 99, 2626-2626 (2018).

13


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

54,

55.

56.

57,

58.

59.

60.

61.

62.

63.

made available under aCC-BY-NC-ND 4.0 International license.

Tonini, J. F. R., Beard, K. H., Ferreira, R. B., Jetz, W. & Pyron, R. A. Fully-sampled
phylogenies of squamates reveal evolutionary patterns in threat status. Biological
Conservation 204, 23-31 (2016).

Swenson, N. G. Phylogenetic imputation of plant functional trait databases. Ecography 37,
105-110 (2014).

Faurby, S. & Svenning, J.-C. Historic and prehistoric human-driven extinctions have reshaped
global mammal diversity patterns. Diversity Distrib. 21, 1155-1166 (2015).

Vidan, E. et al. The global biogeography of lizard functional groups. J Biogeogr 46, 2147—
2158 (2019).

Lewis, M. E. & Werdelin, L. Patterns of change in the Plio-Pleistocene carnivorans of eastern
Africa. in Hominin Environments in the East African Pliocene: An Assessment of the Faunal
Evidence (eds. Bobe, R., Alemseged, Z. & Behrensmeyer, A. K.) 77-105 (Springer
Netherlands, 2007). doi:10.1007/978-1-4020-3098-7_4.

Malhi, Y. et al. Megafauna and ecosystem function from the Pleistocene to the Anthropocene.
Proc Natl Acad Sci USA 113, 838-846 (2016).

Carrillo, J. D. et al. Disproportionate extinction of South American mammals drove the
asymmetry of the Great American Biotic Interchange. Proc Natl Acad Sci USA 117, 26281
26287 (2020).

Mayfield, M. M. & Levine, J. M. Opposing effects of competitive exclusion on the
phylogenetic structure of communities: Phylogeny and coexistence. Ecology Letters 13, 1085—
1093 (2010).

Kraft, N. J. B., Cornwell, W. K., Webb, C. O. & Ackerly, D. D. Trait Evolution, Community
Assembly, and the Phylogenetic Structure of Ecological Communities. The American
Naturalist 170, 271-283 (2007).

Quintero, I. & Landis, M. J. Interdependent Phenotypic and Biogeographic Evolution Driven

by Biotic Interactions. Systematic Biology 69, 739-755 (2020).
14


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74,

made available under aCC-BY-NC-ND 4.0 International license.

Jarzyna, M. A., Quintero, I. & Jetz, W. Global functional and phylogenetic structure of avian
assemblages across elevation and latitude. Ecol. Lett. 24, 196-207 (2021).

Kreft, H. & Jetz, W. Global patterns and determinants of vascular plant diversity. Proceedings
of the National Academy of Sciences 104, 5925-5930 (2007).

Field, R. et al. Spatial species-richness gradients across scales: a meta-analysis. Journal of
Biogeography 36, 132-147 (2009).

Pyron, R. A. & Wiens, J. J. Large-scale phylogenetic analyses reveal the causes of high
tropical amphibian diversity. Proc. R. Soc. B. 280, 20131622 (2013).

Brown, J. S., Kotler, B. P. & Porter, W. P. How foraging allometries and resource dynamics
could explain Bergmann’s rule and the body-size diet relationship in mammals. Oikos 126,
(2017).

Shoemaker, V. H. et al. Exchange of water, ions and respiratory gases in terrestrial
amphibians. in Environmental Physiology of the Amphibians (eds. Feder, M. & Burggren, W.)
125-150 (The University of Chicago Press, 1992).

Fisher, J. B., Whittaker, R. J. & Malhi, Y. ET come home: potential evapotranspiration in
geographical ecology: ET come home. Global Ecology and Biogeography 20, 1-18 (2011).
Brown, S. C., Wigley, T. M. L., Otto-Bliesner, B. L., Rahbek, C. & Fordham, D. A. Persistent
Quaternary climate refugia are hospices for biodiversity in the Anthropocene. Nat. Clim.
Chang. 10, 244248 (2020).

Saupe, E. E. et al. Spatio-temporal climate change contributes to latitudinal diversity
gradients. Nat Ecol Evol 3, 1419-1429 (2019).

Rolland, J., Condamine, F. L., Jiguet, F. & Morlon, H. Faster Speciation and Reduced
Extinction in the Tropics Contribute to the Mammalian Latitudinal Diversity Gradient. PLoS
Biol 12, e1001775 (2014).

Belmaker, J. & Jetz, W. Relative roles of ecological and energetic constraints, diversification

rates and region history on global species richness gradients. Ecol Lett 18, 563-571 (2015).
15


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

75.

76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

made available under aCC-BY-NC-ND 4.0 International license.

Deutsch, C. A. et al. Impacts of climate warming on terrestrial ectotherms across latitude.
Proceedings of the National Academy of Sciences 105, 6668-6672 (2008).

Stevens, G. C. The Latitudinal Gradient in Geographical Range: How so Many Species
Coexist in the Tropics. The American Naturalist 133, 240-256 (1989).

Moritz, C., Patton, J. L., Schneider, C. J. & Smith, T. B. Diversification of Rainforest Faunas:
An Integrated Molecular Approach. Annu. Rev. Ecol. Syst. 31, 533-563 (2000).

Brown, J. H. Why are there so many species in the tropics? J. Biogeogr. 41, 8-22 (2014).
Rosenblum, E. B. et al. Goldilocks Meets Santa Rosalia: An Ephemeral Speciation Model
Explains Patterns of Diversification Across Time Scales. Evol Biol 39, 255-261 (2012).
Jansson, R. & Dynesius, M. The Fate of Clades in a World of Recurrent Climatic Change:
Milankovitch Oscillations and Evolution. Annu. Rev. Ecol. Syst. 33, 741-777 (2002).
Graham, C. H., Moritz, C. & Williams, S. E. Habitat history improves prediction of
biodiversity in rainforest fauna. Proceedings of the National Academy of Sciences 103, 632—
636 (2006).

Newbold, T. et al. Global effects of land use on local terrestrial biodiversity. Nature 520, 45—
50 (2015).

Theodoridis, S., Rahbek, C. & Nogues-Bravo, D. Exposure of mammal genetic diversity to
mid-21st century global change. Ecography ecog.05588 (2021) doi:10.1111/ecog.05588.
Herkt, K. M. B., Skidmore, A. K. & Fahr, J. Macroecological conclusions based on [IUCN
expert maps: A call for caution: HERKT et al. Global Ecol Biogeogr 26, 930-941 (2017).
Loiseau, N. et al. Global distribution and conservation status of ecologically rare mammal and
bird species. Nature Communications 11, 5071 (2020).

Barnes, R. & Sahr, K. dggridR: Discrete Global Grids. (2020). R package version 2.0.8.

Jetz, W., Sekercioglu, C. H. & Watson, J. E. M. Ecological Correlates and Conservation
Implications of Overestimating Species Geographic Ranges: Overestimation of Species

Ranges. Conservation Biology 22, 110-119 (2008).
16


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

made available under aCC-BY-NC-ND 4.0 International license.

GBIF Secretariat, GBIF Backbone Taxonomy. Checklist dataset (2019); GBIF.org.
Chamberlain, S. et al. taxize: Taxonomic information from around the web. (2020). R Package
version 0.9.98.

Brown, S. C., Wigley, T. M. L., Otto-Bliesner, B. L. & Fordham, D. A. StableClim,
continuous projections of climate stability from 21000 BP to 2100 CE at multiple spatial
scales. Sci Data 7, 335 (2020).

Allen, J. R. M. et al. Global vegetation patterns of the past 140,000 years. J Biogeogr 47,
2073-2090 (2020).

Abatzoglou, J. T., Dobrowski, S. Z., Parks, S. A. & Hegewisch, K. C. TerraClimate, a high-
resolution global dataset of monthly climate and climatic water balance from 1958-2015. Sci
Data 5, 170191 (2018).

Buchhorn, M. et al. Copernicus Global Land Service: Land Cover 100m: collection 3: epoch
2019: Globe. (2020) d0i:10.5281/ZENODO.3939050.

Kaplan, J. O. et al. Holocene carbon emissions as a result of anthropogenic land cover change.
The Holocene 21, 775-791 (2011).

Venter, O. et al. Sixteen years of change in the global terrestrial human footprint and
implications for biodiversity conservation. Nat Commun 7, 12558 (2016).

Revell, L. J. phytools: an R package for phylogenetic comparative biology (and other things):
phytools: R package. Methods in Ecology and Evolution 3, 217-223 (2012).

Schliep, K. P. phangorn: phylogenetic analysis in R. Bioinformatics 27, 592-593 (2011).
Stekhoven, D. J. & Buhlmann, P. MissForest--non-parametric missing value imputation for
mixed-type data. Bioinformatics 28, 112-118 (2012).

Penone, C. et al. Imputation of missing data in life-history trait datasets: which approach
performs the best? Methods in Ecology and Evolution 5, 961-970 (2014).

Orme, D. et al. caper: Comparative Analyses of Phylogenetics and Evolution in R. (2018). R

package version 1.0.1.
A7


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

made available under aCC-BY-NC-ND 4.0 International license.

Carmona, C. P., de Bello, F., Mason, N. W. H. & Leps, J. Traits Without Borders: Integrating
Functional Diversity Across Scales. Trends in Ecology & Evolution 31, 382-394 (2016).
Carmona, C. P. TPD: Methods for Measuring Functional Diversity Based on Trait Probability
Density. (2019). R package version 1.1.0.

Duong, T. ks: Kernel Smoothing. R package version 1.13.1. (2021).

Oksanen, J. et al. vegan: Community Ecology Package. R package version 2.5-7. (2020).
Clifford, P., Richardson, S. & Hemon, D. Assessing the Significance of the Correlation
between Two Spatial Processes. Biometrics 45, 123 (1989).

Vallejos, R., Osorio, F. & Bevilacqua, M. Spatial Relationships Between Two Georeferenced
Variables: with Applications in R. (Springer, 2020).

Breiman, L. Random Forests. Machine Learning 45, 5-32 (2001).

Cutler, D. R. et al. RANDOM FORESTS FOR CLASSIFICATION IN ECOLOGY. Ecology
88, 2783-2792 (2007).

Mansfield, L. A. et al. Predicting global patterns of long-term climate change from short-term
simulations using machine learning. npj Climate and Atmospheric Science 3, 1-9 (2020).
Pelletier, T. A., Carstens, B. C., Tank, D. C., Sullivan, J. & Espindola, A. Predicting plant
conservation priorities on a global scale. Proc Natl Acad Sci USA 115, 13027-13032 (2018).
Pless, E., Saarman, N. P., Powell, J. R., Caccone, A. & Amatulli, G. A machine-learning
approach to map landscape connectivity in Aedes aegypti with genetic and environmental
data. PNAS 118, (2021).

Lang, M. et al. mIr3: A modern object-oriented machine learning framework in R. Journal of
Open Source Software (2019).

Schratz, P. & Becker, M. mlr3spatiotempcv: Spatiotemporal Resampling Methods for ‘mir3’.
(2021). R package version 0.4.1.

Lang, M., Bischl, B., Richter, J., Sun, X. & Binder, M. paradox: Define and Work with

Parameter Spaces for Complex Algorithms. (2021). R package version 0.7.1.
18


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608
609
610

611
612

613
614
615

616

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

115.

116.

117.

118.

119.

120.

121.

122.

123.

made available under aCC-BY-NC-ND 4.0 International license.

Biecek, P. DALEX: Explainers for Complex Predictive Models in R. Journal of Machine
Learning Research 19, 1-5 (2018).

Fisher, A., Rudin, C. & Dominici, F. All Models are Wrong, but Many are Useful: Learning a
Variable’s Importance by Studying an Entire Class of Prediction Models Simultaneously.
Journal of Machine Learning Research 20, 1-81 (2019).

Molnar, C., Bischl, B. & Casalicchio, G. iml: An R package for Interpretable Machine
Learning. JOSS 3, 786 (2018).

F. Dormann, C. et al. Methods to account for spatial autocorrelation in the analysis of species
distributional data: a review. Ecography 30, 609-628 (2007).

Bacaro, G. et al. Incorporating spatial autocorrelation in rarefaction methods: Implications for
ecologists and conservation biologists. Ecological Indicators 69, 233-238 (2016).

Ploton, P. et al. Spatial validation reveals poor predictive performance of large-scale
ecological mapping models. Nat Commun 11, 4540 (2020).

Schratz, P., Muenchow, J., lturritxa, E., Richter, J. & Brenning, A. Hyperparameter tuning and
performance assessment of statistical and machine-learning algorithms using spatial data.
Ecological Modelling 406, 109-120 (2019).

Lovelace, R., Nowosad, J. & Muenchow, J. Geocomputation with R. (CRC Press, 2019).

Becker, M. et al. mIr3 book. (2021).

Acknowledgments

ET.,

C.P.C., AT. and M.P. were supported by the Estonian Ministry of Education and Research (PSG293,

IUT20-29, PRG609, and PSG505) and the European Regional Development Fund (Centre of Excellence
EcolChange).

Author contributions

E.T. and C.P.C. co-led and designed the study. E.T., A.T. and C.P.C. extracted and prepared the data, E.T.
performed the statistical analyses. M.P. and D.N.B. contributed to the interpretation of results. E.T. led the
writing of the manuscript with inputs from all the co-authors. All authors approved the submitted version.

19


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

617

618
619

620
621

622
623

624
625
626

627
628

629
630

631
632
633

634
635
636

637
638

639
640

641
642
643
644
645
646
647
648

649
650

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Supplementary Information

Combining taxonomic, phylogenetic and functional diversity reveals new global
priority areas for tetrapod conservation

Enrico Tordoni®", Auréle Toussaint?, Meelis Partel*, David Nogues-Bravo?, Carlos Pérez Carmona!
YInstitute of Ecology and Earth Science, University of Tartu, Lai 40, Tartu 51005, Estonia

2Center for Macroecology, Evolution, and Climate, GLOBE Institute, University of Copenhagen, 2100,
Copenhagen @, Denmark

Correspondence to: enrico.tordoni@ut.ee
Contents:
Supplementary Figure 1: Sensitivity analysis on trait imputation procedure.

Supplementary Figure 2: Global patterns of species richness, sesPD and sesFRic across taxonomic
groups.

Supplementary Figure 3: Boxplots showing the distribution of species richness, sesPD and sesFRic
in each realm

Supplementary Figures 4-7: Variable importance derived from random forest models using
zDiversity of single taxonomic groups (Mammals, Amphibians, Reptiles and Birds) as response
variable.

Supplementary Figure 8: Comparison of phylogenetic diversity (values calculated with a maximum
clade credibility (PDmcc) tree and PD calculated with 100 trees randomly selected from the posterior
distribution of mammal and bird phylogeny (PDsim).

Supplementary Table 1. Pearson’s correlation between raw diversity metrics (species richness, sesPD
and sesFRic) in each taxonomic groups.

Supplementary Table 2. Pearson’s correlation between zDiversity in each taxonomic group and the
related standardized diversities.

Supplementary Table 3: Median diversity metric scores for each taxonomic group and for all tetrapod.

.20


https://doi.org/10.1101/2021.07.01.450689
http://creativecommons.org/licenses/by-nc-nd/4.0/

651
652

653
654
655
656
657
658
659
660
661
662
663
664

665
666
667
668
669
670
671
672
673
674
675
676
677

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450689; this version posted July 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Mammalia Reptilia
0.4
0.31
I{,u) % 0.3
= 027 =
o ¥ 0.24
= =
OO i T | OO -
PC1_Traits PC1_Traits+Phyl PC2_Traits PC2_Traits+Phyl PC1_Traits PC1_Traits+Phyl PC2_Traits PC2_Traits+Phyl
Amphibia Aves
04 04
w 931 w 0.3
[} )]
= =
o 024 e 0.2
= =
0.1 ‘ \_’4 01+
0.04 004 T T
PC1_Traits PC1_Traits+Phyl PC2_Traits PC2_Traits+Phyl PC1_Traits PCA1_Traits+Phyl PC2_Traits PC2_Traits+Phyl

Supplementary Figure 1. Sensitivity analysis on trait imputation procedure for each taxonomic
group. We simulated missing traits (100 repetitions) starting for a subset of species with complete
trait data. We then randomly selected 10% of species assigning them the structure of missing values
of a random species from the subset of species with missing trait values. Then we combined the three
datasets (90% species with complete traits, 10% with simulated NA and the remaining species with
non-complete trait information). Here we performed two imputation processes: one based solely on
the variance-covariance structure of functional traits and another based on the phylogenetic
information as described in the methods in the main text. For each dataset obtained, we then computed
a functional space using a PCA on which we predicted the position of all species. For only the species
with artificial NA, we evaluated the normalized root mean square error (NRMSE) between the
original position in the functional space and the position calculated after trait imputation, expressed
as the relative range of trait values in the corresponding PC axis.
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679  Supplementary Figure 2. Global Patterns of species richness (upper panels), sesPD (central panels)
680  and sesFRic (lower panels). A-E-1) Amphibians, B-F-J) Birds, C-G-K) Mammals, D-H-L) Reptiles.
681  Please note that species richness is expressed on logarithmic scale and the color scale is centered on
682  the median value.
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Supplementary Figure 3. Boxplots showing the distributions of species richness, sesPD and sesFRic
for each realm. Please note that sesPD and sesFRic represents standardized effect sizes of the original

metric.
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Supplementary Figure 4. Variable importance ranked by the RMSE loss after permutations (left
panel) and marginal effects of the different predictors (right panel) of the random forest model using
mammal zDiversity as response variable. ClimVar and ClimVel represented the average rate of
change during the time-series (expressed in °C/century and m/yr, respectively) since Last Glacial
Maximum. BiomeShan described the variation in biome patterns over the last 140 ka expressed using
the Shannon index. SoilRH, PET, and TreeCovFract2019 represented soil humidity, Potential
Evapotranspiration and forest cover updated to 2019, respectively. LULC expresses the fraction of
grid cell under anthropogenic land use since 8000 BC, while HFP2009 is the 2009 Human Footprint

index.
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Supplementary Figure 5. Variable importance ranked by the RMSE loss after permutations (left
panel) and marginal effects of the different predictors (right panel) of the random forest model using
amphibians zDiversity as response variable. ClimVar and ClimVel represented the average rate of
change during the time-series (expressed in °C/century and m/yr, respectively) since Last Glacial
Maximum. BiomeShan described the variation in biome patterns over the last 140 ka expressed using
the Shannon index. SoilRH, PET, and TreeCovFract2019 represented soil humidity, Potential
Evapotranspiration and forest cover updated to 2019, respectively. LULC expresses the fraction of
grid cell under anthropogenic land use since 8000 BC, while HFP2009 is the 2009 Human Footprint

index.
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730  Supplementary Figure 6. Variable importance ranked by the RMSE loss after permutations (left
731 panel) and marginal effects of the different predictors (right panel) of the random forest model using
732 reptilian zDiversity as response variable. ClimVar and ClimVel represented the average rate of change
733 during the time-series (expressed in °C/century and m/yr, respectively) since Last Glacial Maximum.
734  BiomeShan described the variation in biome patterns over the last 140 ka expressed using the Shannon
735 index. SoilRH, PET, and TreeCovFract2019 represented soil humidity, Potential Evapotranspiration
736  and forest cover updated to 2019, respectively. LULC expresses the fraction of grid cell under
737  anthropogenic land use since 8000 BC, while HFP2009 is the 2009 Human Footprint index.
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Supplementary Figure 7. Variable importance ranked by the RMSE loss after permutations (left
panel) and marginal effects of the different predictors (right panel) of the random forest model using
avian zDiversity as response variable. ClimVar and ClimVel represented the average rate of change
during the time-series (expressed in °C/century and m/yr, respectively) since Last Glacial Maximum.
BiomeShan described the variation in biome patterns over the last 140 ka expressed using the Shannon
index. SoilRH, PET, and TreeCovFract2019 represented soil humidity, Potential Evapotranspiration
and forest cover updated to 2019, respectively. LULC express the fraction of grid cell under

anthropogenic land use since 8000 BC, while HFP2009 is the 2009 Human Footprint index.
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761  Supplementary Figure 8. Comparison of phylogenetic diversity values calculated with a maximum
762  clade credibility (PDmcc) tree and PD calculated averaging the values from 100 trees selected from
763  the posterior distribution of mammals and birds phylogenies (PDsim), red line represents the perfect
764  fit. In both groups, PD values across assemblages were very similar regardless of the method used
765  (Spearman’s p > 0.99). We conclude that using a MCC tree should not affect our results.
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781  Supplementary Table 1. Pearson’s correlations between diversity metrics in each taxonomic groups.

782  All the correlations were spatially corrected.

783

Taxon SR sesPD sesFRic
- SR
Mammalia -0.70*** - sesPD
0.10 0.18 - sesFRic
- SR
Amphibia -0.78*+* - sesPD
0.11 0.09 - sesFRic
- SR
Reptilia -0.87** - sesPD
-0.15 0.32 - sesFRic
- SR
Aves -0.34 - sesPD
-0.53*** 0.31* - sesFRic

** =P <0.001; * =P <0.01;*= P <0.05

784  Supplementary Table 2. Pearson’s correlation between zDiversity of each taxonomic group and for
785 all tetrapod and the related diversity metrics obtained after centering and scaling to unit variance
786  species richness (zSR), sesPD (zPD) and sesFRic (zFRic). Please note that overall zDiversity was

787  calculated as the arithmetic mean among zSR, zPD and zFRic. All the correlations were spatially

788  corrected.

789

Taxon ZSR zPD zZFRic

Mammalia 0.55**  -0.03 0.85***
Amphibia 0.28 0.19 0.89***
Reptilia 0.00 0.34 0.92%**
Aves 0.09 0.71%*  (0.58***
Tetrapoda 0.34**  0.17 0.76***

*+ = P < 0.001; * =P <0.01
790 Supplementary Table 3. Median diversity metric scores for each taxonomic group and for all
791  tetrapod and the relative coverage in terms of number of species. SR, PD and FRic represent the
792  median value of species richness, phylogenetic diversity and functional diversity (expressed as
793  functional richness), respectively. of the cells. Please note that for mammals and birds PD was derived
794  using a Maximum Credibility Tree.

Species with functional,

Total species

Clade hvlogenetic and ranae data . (% totgl sp.ecies SR PD FRic
phylog 9 included in this study)
Mammalia 3,912 ~5,692 (69%) 46 1,623 54
Amphibia 3,239 7,776 (42%) 9 1,109 22
Reptilia 3,338 10,845 (31%) 13 1,134 42
Aves 6,852 10,970 (62%) 133 3,989 72
Tetrapoda 17,341 35,283 (49%) 50 1,964 48
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