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Dispersal across biogeographic barriers is a key process determining global
patterns of biodiversity as it allows lineages to colonize and diversify in

new realms. Here we demonstrate that past biogeographic dispersal events
often depended on species’ traits, by analysing 7,009 tetrapod speciesin
56 clades. Biogeographic models incorporating body size or life history
accrued more statistical support than trait-independent models in 91% of
clades. Inthese clades, dispersal rates increased by 28-32% for lineages with
traits favouring successful biogeographic dispersal. Differences between
cladesinthe effect magnitude of life history on dispersal rates are linked

to the strength and type of biogeographic barriers and intra-clade trait
variability. In many cases, large body sizes and fast life histories facilitate
dispersal success. However, species with small bodies and/or slow life
histories, or those with average traits, have an advantage in a minority of
clades. Body size-dispersal relationships were related to a clade’s average
body size and life history strategy. These results provide important new
insight into how traits have shaped the historical biogeography of tetrapod
lineages and may impact present-day and future biogeographic dispersal.

The rare occasions in species’ evolutionary histories when popula-
tions successfully disperse across major geographic barriers, such as
oceans, mountainranges or deserts, can have major consequences for
the distribution of life on Earth. For example, long-distance dispersal
from Africa to South America led to the evolution of over 90 species
of New World monkeys'?, and afew chameleons rafting on vegetation
from Africa to Madagascar is why today half of all living chameleon
speciesare found in Madagascar®*. However, we still know little about
the determinants of these biogeographic dispersal events.

While chance has a large role to play, species’ traits could also
influence outcomes of biogeographic dispersal events®. Species’ traits
are known to mediate active, short-distance dispersal in animals®’;
however, traits are not necessarily related to biogeographic dispersal
inthe same manner as the mode of dispersal differs. Short-distance dis-
persalis primarily determined by species’ active movements, whereas
in biogeographic dispersal (for example, in trans-oceanic dispersal)
passive transportation plays abigger role’. Several traits may be related

to biogeographic dispersal success in animals, and body size and life
history are likely to be crucial: body size determines relative energy
requirements® and hence resistance to stress, such as water and food
shortage. Indeed, recent findings show that large-bodied species have
crossed biogeographicbarriers more oftenthansmallonesinthreerep-
tile clades’™. Life history strategy, defined by the trade-offs between
traitsrelated to growth, reproduction and survival™, caninfluence the
likelihood of populations establishing in new locations. Species with
a fast life history strategy reproduce quickly, which makes founder
populations more resistant to stochastic extinction® ™. Species with a
slowlife history strategy, on the other hand, exhibit less demographic
variability, which makes their populations more resistant to environ-
mental stochasticity'* %, Both effects are documented in chameleons,
for which successful biogeographic dispersal is associated with both
extremely fast and extremely slow life history strategies". However,
we do not know whether these initial findings in three small reptile
groups represent a general pattern of trait-dispersal relationships
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in tetrapods, or whether multiple relationships exist across highly
different clades.

Inthis Article, we use trait-dependent models of historical biogeo-
graphy at aglobal scale to fill this gap. We aim to understand whether
species’ traits (body size and life history strategy, inferred through
phylogenetic factor analysis (PFA)) facilitate or hinder dispersal across
major biogeographicbarriers. We thus focus onlineage dispersal (sensu
Hackel and Sanmartin'®), whichincludes both successful movement or
transporttoanew biogeographicregion and establishment there. We
investigate whether and how trait-dispersal relationships vary across
tetrapods and test how observed patterns relate to potential ecological
drivers to examine mechanisms underlying any differences between
clades. Understanding whether and how traits determine biogeo-
graphic dispersal outcomes, and what explains variation in trait-dis-
persalrelationships between clades, gives insightinto the history of life
on Earth?® and how species might respond to future global changes™.

Results and discussion

Traits inbiogeographic models

First, we investigated the importance of traits in the biogeographic
histories of 56 tetrapod clades for which sufficient data are available
to address our research questions. We compiled phylogenetic data,
extant species’ distributions and trait data for 7,009 species (on aver-
age125species per clade, minimum: 32 species, maximum: 491 species)
spread across 10 amphibian clades, 15 mammal clades, 17 reptile clades
and 14 bird clades (Fig. 1, Supplementary Table 1 and Methods). To
determine the twotraits of interest (body size and life history strategy),
we used a PFA*>? to position species along two main latent factors
of trait variation per clade. The first factor represented body size
and related life history trait covariation, and the second factor, body
size-independentlife history covariation. For most clades, thelife history
factor was consistent with a fast-slow life history continuum,
mainly determined by clutch or litter size (Extended Data Fig.1). We
then determined the relationship between species’ positions on these
two trait factors and their past dispersal rates, developing further the
methodology of Weil et al.". Briefly, we defined informative biogeo-
graphicregions for each clade using a data-driven approach (after Holt
et al.”* and Kreft and Jetz*) and used these biogeographic regions to
estimate ancestral range changes along the phylogeny. We employed
both biogeographic models where dispersal rates were independ-
ent of species’ traits (trait-independent models) and models where
dispersal rates depended on traits (trait-dependent models)*. We
included distance-independent and distance-dependent extensions
of each model, where in the latter, dispersal probabilities decrease
withincreasing distance between biogeographic regions (for details,
see Weil et al."). To assess whether the chosen traits have played arole
in clades’ biogeographic histories, we compared the performance
of trait-dependent and trait-independent models using their model
weights based on the corrected Akaike Information Criterion (AICc).
We studied trait-dispersal relationships across the trait spectrumin
binary trait-dependent models by analysing four binary splits of the
continuous traits (for details, see Methods).

Our results show that the inclusion of traits generally improves
models of historical biogeography, providing the strongest evidence at
thisscale that biological differences between lineages impact biogeo-
graphic movements®.In 91% of clades, the best trait-dependent model
accrued morethan50% of the AICc weight (body size: 40 clades, 71%; life
history: 48 clades, 86%). Even when accounting for multiple binariza-
tion thresholds by averaging trait-dependent AICc weights per clade,
trait-dependent models were better supported than trait-independent
models in 66% of clades (Fig. 2c).

To understand the consequences of including traits in estima-
tions of biogeographic histories of clades, we evaluated three metrics:
(1) ancestral range resolution (measured as the proportion of the most
likely ancestral range at eachnode), (2) the average number of dispersal

eventspercladeand(3) theproportionofnoderangesthatwereestimated
differently between trait-dependent and trait-independent models.
To benchmark this comparison, we included distance-dependent
and distance-independent model extensions in this assessment (for
details, see Methods). There were no significant differences in the
resolution of ancestral range estimations between trait-dependent,
trait-independent, distance-dependent and distance-independent
models (using mixed effect models, x2(3) =7.27, P= 0.064). The number
of estimated dispersal events per clade did not differ significantly
between trait-dependent and trait-independent models (contrasts
among estimated marginal means, £(389) =1.53, P= 0.42), butincluding
distance betweenregionsincreased the number of dispersal events by
ca.2%(t(389) =7.38,P < 0.001). Themost likely ancestral ranges differed
in 6% of phylogeny nodes on average, both between trait-dependent
and trait-independent estimations, and between distance-dependent
and distance-independent models.

In summary, including traits in biogeographic models changes
neither theresolution of ancestral range estimations, nor does it change
the number of dispersal events estimated on the phylogeny. However,
in asmall number of nodes (6% on average), the identity of ancestral
ranges differs between trait-dependent and trait-independent estima-
tions. These differences could be due to achangein the dispersal path
and/or the timing of dispersal events. If the timing of dispersal events
changes dueto theinclusion of traits, then this may impact estimations
of speciation modes (for example, dispersal of the ancestor followed
by sympatric speciation, or two separate dispersal events followed by
founder-event speciation), with implications for our understanding
of different speciation processes.

The effect of traits on dispersal rates
Incorporating body size and life history traits resulted in better bio-
geographic modelsin 91% of tetrapod clades studied (that is, the best
trait-dependent model accrued more than 50% of the AICc weight).
However, macro-evolutionary models with more free parameters have
been shown to be more likely to be selected by model comparison,
purely due to their complexity and insufficient models of compari-
son, and to lead to misleading parameter estimates®. A solution for
this problem consists in combining parameter estimates of several
models, weighting them by their likelihoods penalized by the number
of parameters of each model (for example, using AICc)*®. For each
clade, we thus combined the dispersal parameters of all models via
AlCc-weightedaveragestounderstandtheroleofbodysizeandlifehistory
in dispersal. This way, we next investigated the magnitude of body
size and life history effects within each clade, that is, the difference in
dispersal rates between most-dispersive and least-dispersive lineages.
On average across all 56 clades, including body size led to differ-
encesindispersal rates of 28% (standard deviation (s.d.) 19%) between
most-dispersive and least-dispersive lineages, and including life history
led to differences of32% (s.d. 24%) in the 47/56 clades where life history
was consistent with a fast-slow continuum (Extended DataFig. 1). This
corresponds to a median increase in dispersal rates of lineages with
disperser traits of ca. 0.02 dispersal events per million years (s.d. body
size 0.06, life history 0.13), compared with dispersal rates of lineages
with non-disperser traits. The magnitude of body size effects within
clades differed significantly between tetrapod classes (F(3,52) =3.03,
P=0.04; Fig. 2a). The largest effects were detected in mammals and
reptiles, and the smallest ones inamphibians and birds (contrastamong
estimated marginal means: #(52) = 3.00, P= 0.004). Stevens etal.” found
high phylogenetic signal in dispersal distances of aerial dispersers,
which might explain the small body size effects in bird clades: high
phylogeneticsignalindicates little intra-clade variability, which might
lead to small trait effectsin our intra-clade analyses. On the other hand,
there were no significant differences between tetrapod classes in the
magnitude of life history effects on dispersal (F(3,52) =0.31, P=0.82;
Fig.2a).
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Fig.1|Phylogenetic and geographic extent of the analysis for 10 amphibian, 15 mammal, 14 bird and 17 reptile clades. a,b, The phylogenetic relationships
between clades (a) and their occurrences in major biogeographic realms (b) (as determined by Holt et al.**). The number of species included per clade is given in

parentheses after clade names.

To better understand the variation in magnitude of trait effects
between clades, we investigated the influence of eight ecological and
methodological variables and their associated hypotheses (Table 1):
(1) the number of dispersal events per lineage as a proxy of barrier

strength, (2) the proportion of estimated dispersal events that are
oceanic, (3) the variability of traits within clades, (4) the number
of species within a clade, (5) trait data coverage, (6) average node
resolution across the phylogeny, (7) clades’ crown age and (8) the
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biogeographic base model (Dispersal-Extinction-Cladogenesis model
(DEC), BAYAREA or DIVA models; Methods). We used a stepwise selec-
tion process on multivariate regressions to identify the variables that
could best explain the maximal difference in dispersal rates between
trait states across clades. Due to the limited sample size, we did not
include all variables at once in a single model. Rather, we first tested
the methodological variables (variables 4-8) and retained only those
which were selected in the step-selection process for inclusion in a
model with the three ecological variables (variables1-3).

For body size-dispersal relationships, none of the tested vari-
ables could explain significant variation in dispersal rate differences
between trait states across clades (Table1and Extended Data Table1).
However, for life history-dispersal relationships, we found that the
difference in dispersal rates between trait states increases in clades
with (1) an intermediate number of dispersal events, (2) smaller and
greater proportions of oceanic dispersal events (that is, clades with
mostly oceanic dispersal or mostly continental dispersal; Extended
DataFig.2) and (3) lower life history variability (Fig. 3a). These results
suggest that life history traits played alarger role in the past dispersal
of clades that had to cross more stringent barriers, thatis, clades where
fewer dispersal events were estimated on the phylogeny, and that
weak barriers may dilute the signal in trait-dispersal relationships.
However, effects of life history were also smaller in clades that had to
cross extremely strong barriers, which may be related to low statistical
power due to the low number of dispersal events estimated on the
phylogeny. Further, our results suggest that oceanic and continental
barriers filter species differently, as differences in dispersal rates
between trait states were more marked in clades with mostly oceanic
dispersal or mostly continental dispersal than for clades with mixed
oceanic and continental dispersal events. Different life history traits
may therefore berelated to successful dispersalin both processes, and
mixingboth continental and oceanic barriers can obscurelife history-
dispersalrelationships. Biogeographic dispersal may hence be context
dependent (depending onthe type of barrier and possibly their charac-
teristics, that is, environmental harshness and degree of landscape
fragmentation, as has been shown for active, short-distance dispersal
previously**°). Future work should therefore aim to consider differ-
ent types of barriers separately (which is not possible in the present
study due to computational constraints; Methods and Supplementary
Information Section 2). That both the number of dispersal eventsina
clade’s biogeographic history and the proportion of oceanic dispersal
events were selected in the best model also underlines the impor-
tance of choosing meaningful barriers for biogeographic models,
which are specific to each clade, using, for example, data-driven
bioregionalization approaches?'. Furthermore, we found a negative
effect of trait variability on the differences in maximal dispersal rates
between clades, whichis surprising and may indicate that other traits
additionally influence dispersal success in clades with high life history
variability (for example, habitat, diet or climatic tolerance’). Variables
accounting for potential methodological biases were not significant,
suggesting that they had a negligible impact on the outcome of our

analyses. Our results remained qualitatively similar when we restricted
the analysis to those clades that showed the strongest fast-slow life
history continuum (Extended Data Table 1).

In summary, we found strong variation in the magnitude of trait
effects on dispersal rates between clades. The variation in the magni-
tude of body size effects could not be explained by any of the variables
wetested. The variation in the magnitude of life history effects, on the
other hand, was related to intra-clade trait variability, as well as the
strengthand type of biogeographicbarriers, indicating that different
barriersfilter species differently according to their life history strategy.

The traits of successful dispersers

To identify the traits of successful dispersers, we further determined
the shape of the relationships between traits (body size and life his-
tory) and dispersal ratesin all clades where the difference in estimated
dispersal rates between trait states was notable, that is, greater than
10% (79% of all body size-dispersal relationships, and 83% of the 47 life
history-dispersal relationships in which fast-slow consistent trade-offs
structured life history). We distinguished between the following rela-
tionships: (1) positive (large/fast-lived species were better dispersers
than small/slow-lived species), (2) negative (small/slow-lived species
were the better dispersers), (3) U shaped (species with extreme traits
were better dispersers than intermediate ones) and (4) bell shaped
(species with intermediate traits were the better dispersers).

Within clades, large-bodied species were generally better dis-
persers than small species (55% of all notable body size-dispersal
relationships were positive), especially in reptile (73%) and mammal
(54%) clades (Fig. 2b). This result is in accordance with previous find-
ings of alarge body size dispersal advantage in dispersal in general®?,
andin historic biogeographic dispersal in particular®". Nevertheless,
intermediate-sized species were better dispersersin18% of clades, and
smallbody size or extreme body sizes provided adispersal advantage
in14% of clades. There were significant differences in the distribution
of body size-dispersal relationships between ectotherms and endo-
therms (Fisher’s exact test, P= 0.02); notably, there were noamphibian
orreptile cladesin which only small species had adispersal advantage.
Our results contrast with the findings of Stevens et al.”, who found a
positive body size-dispersal relationship in rodents (in our study:
one-third of rodent clades) and a U-shaped one in passerines (in our
study: three of nine passerine clades). This indicates that body size-
dispersalrelationships depend on the type and stage of dispersal con-
sidered (Stevens etal.” studied active, natal dispersal at the movement
stage, while we studied successful biogeographic dispersal).

Life history-dispersal relationships were more varied in their
shapethanbody size-dispersal relationships (Fig. 3b). Within clades,
fast species were generally better dispersers than slow species (44%
of the 39 clades with fast-slow consistent life history and notable
dispersal relationships). However, species with an extreme life
history strategy (that s, either fast or slow) were better dispersers than
those with anintermediate strategy in 23% of clades, slow species were
better dispersers than fast species in 18% of clades and intermediate

Fig.2| Therole of traits in biogeographic dispersal. a, Distributions of maximal
differences of dispersal rates between most-dispersive and least-dispersive
states per tetrapod class, in blue for body size-dispersal relationships, in yellow
for life history-dispersal relationships. Centre line, median; box limits, first

and third quartile; maximum extent of whiskers, box limits +1.5 x interquartile
range (thatis, the distance between the first and third quartile). b, Proportions of
different trait-dispersal relationships per tetrapod class, including only clades
where maximal differences in dispersal rates between trait states were greater
than10%. ‘Extreme body size/life history’ refers to clades where a U-shaped
relationship was inferred between traits and dispersal rates, that is, where
species with extremely small or large body sizes, or fast or slow life histories

had a dispersal advantage. ¢, Relative AICc weight of trait-dependent models
compared with the entire set of candidate models, and across the entire range

ofbinary trait thresholds (that is, the sum of AICc weights of trait-dependent
models (+m2 and +m2x versions, Methods) compared with trait-independent
models (base model and +x version), averaged across four binary thresholds).
Centreline, median; box limits, minimum and maximum; n =4 binary thresholds.
Theidentified biological characteristics of better disperser lineages are
indicated by symbols at the tip of the phylogeny, the size of which indicates the
maximal difference in dispersal rates between trait states. Clades with life history
trade-offs consistent with a fast-slow life history continuum are indicated by * at
the end of the life history bars. d, Relationship between disperser characteristics
inbody size and life history analyses. The colours indicate the number of clades
inwhich a given combination of body size-dispersal and life history-dispersal
relationships were found. The symbols are the same as in ¢, indicating the shape
of therelationships between traits (body size and life history) and dispersal rates.
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species were better dispersers in 15% of clades. There were no differ-
encesinlife history-dispersal shapes amongtetrapod classes (Fisher’s
exacttest, P=0.84). Theseresultsremained qualitatively similar when
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Table 1| Ecological and methodological variables tested to understand the magnitude of trait effects on historical dispersal

rates across clades

Explanatory variables
historical dispersal rates

Hypotheses relating variables to the magnitude of trait effects in

Influence on the magnitude
of life history effects

Influence on the magnitude
of body size effects

Ecological variables

Variability of body size
within clade

Variability of life history ~ Potential between species'*"

within clade

Traits with low variability rarely generate large differences in dispersal

coef -0.09 (P=0.01)

Number of dispersal Proxy for strength of biogeographic barrier.

events per lineage

(Number of dispersal
events per lineage)?

effect (if only one of them is confirmed)

coef-0.03 (P=0.17) coef-0.14 (P<0.001)

Too few dispersal events decrease statistical power (a problem of small
sample size?), too many dispersal events indicate weak barriers
thus reduced potential for traits to influence dispersal. This could either
lead to a quadratic effect (if both hypotheses are supported) or a linear

13

and

coef -0.04 (P=0.08) coef -0.05 (P=0.07)

Proportion of past
oceanic dispersal

Continental dispersal might be less selective than oceanic dispersal

coef -0.11 (P=0.05)

(Proportion of past
oceanic dispersal)?

Oceanic and continental barriers might filter species differently
could confound the results when both types of dispersal are combined

6,114

, which coef 0.07 (P=0.08)

Methodological variables

Number of species

within clade "12)

size

Too few species may limit statistical power (a problem of small sample

Trait data coverage

Little available trait data makes it difficult to correctly identify species’ life
histories, and may obscure trait-dispersal relationships

Average node

resolution histories

Phylogenetic uncertainty might affect estimations of biogeographic

Crown age

Phylogenetic scale can affect biogeographic estimations; particularly

estimations of deep nodes may be biased which might lead to decreased

trait effects with increasing clade age"""®

Biogeographic base

model variation in dispersal events inferred

Differences in types of vicariance allowed at a node may introduce

Full model-adjusted R?

5% 27%

The hypothesis underlying each variable is described. Effect size (standardized coefficient (coef)) and P values are reported if selected in the final models (stepwise variable selection
procedure on multivariate regressions, no adjustments for multiple comparisons were made). Trait data coverage was not tested for body size-dispersal relationships since body size was
available for all species. Variability of body size within clade was not tested for the effect magnitude of life history, and inversely, variability of life history within clade was not tested for the
effect magnitude of body size since we do not assume a causal link between these variables and effects. Variables with a superscript 2 were included to test for quadratic effects. Variables

with a P value equal or lower than 0.05 are highlighted in bold.

(Extended Data Fig. 3 and Extended Data Table 2). When considering
phylogenetic uncertainty, the identification of successful disperser
characteristics was robust for some clades, but not for all (for example,
Natricinae; Extended Data Fig. 4, Extended Data Table 3, Methods
and Supplementary Information Section 1). Future studies should
take phylogenetic uncertainty explicitly into account, but such an
endeavour is clearly out of the scope of the present study, which is
already computationally demanding.

Overall, when analysing the trait-dispersal relationships of
the two traits together, large-bodied species were generally more
likely to disperse, as well as species with a fast life history strategy,
but a dispersal advantage of the two strategies did not necessarily
occur simultaneously in the same clades (Fig. 2d). For instance, in
some clades, large species with an extreme life history strategy were
better dispersers (for example, Chamaeleonidae and Corvidae), and
in other clades species with fast life history strategies but small body
sizes were better dispersers (for example, Cricetidae and Dasyuridae).
Multiple traits may therefore interact in their influence on biogeo-
graphicdispersal®’, and this influence may be mediated by the environ-
ment and/or biotic interactions®*°,

Finally, we investigated the potential mechanisms that can
explain why the characteristics of the best dispersers vary between
clades. We specifically explored the influence of the following eco-
logical and methodological variables and their associated hypotheses:

(1) aclade’s average trait value (absolute trait values are more important
thanrelative trait values within clades, for example, the advantage of
large size may only be apparent in large-bodied clades), (2) the vari-
ability of traits within clades (more complex relationships, for example
U-and bell-shaped ones, may only appear in clades with sufficient trait
variability), (3) the proportion of observed dispersal events that are
oceanic (different traits are linked to different biogeographicbarriers),
(4) thenumber of species within a clade (more complex relationships,
forexample, U-and bell-shaped ones, may only appear inspecies-rich
clades) and (5) trait data coverage (little available trait data makes it
difficult to correctly identify species’ life histories, and may obscure
trait-dispersal relationships). We used a stepwise selection process
onmultivariate, multinomial regressions to identify the variables that
could best explain the different categories of trait-dispersal relation-
ships (positive, negative, bell or U shaped).

Differencesinthe shape of the body size-dispersal relationships
between clades were partly explained by both the average body size
and life history of the clades (predictive accuracy, ca. 64%; McFadden
R?=0.19; Fig.3band Extended Data Table 4). This means that a clade’s
life history strategy may explainwhichbody sizes are advantageousin
dispersal, and that both traitsinteract to influence dispersal outcomes.
A first noteworthy result is that, while large body size was a dispersal
advantage inmost clades, small size generally was a dispersal advantage
in clades with small average body sizes and fast life histories. There
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Why do clades differ in the magnitude
of trait effects on biogeographic dispersal?

Why do clades differ in the shape of
trait effects on biogeographic dispersal?

Life history
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Fig.3 | Factors explaining the differences between clades in magnitude and
shapes of trait effects. a, Coefficients (and 95% confidence intervals) of amodel
regressing the differencesin estimated dispersal rates between life history

traits across clades against anumber of explanatory variables (explained in

the textand Table 1). n = 47 clades (those where fast-slow consistent trade-offs
structured life history). Only variables selected by the model selection procedure
are shown (stepwise variable selection procedure on multivariate regressions, no
adjustments for multiple comparisons were made), significance is indicated by
*P<0.05,**P<0.001; for exact Pvalues, see Table 1. b, Probabilities of different
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dispersal shapes depending on a clade’s body size and life history relative to
other clades of the same tetrapod class. Each point corresponds to one clade
where disperser characteristics were as indicated in the title of each panel. The
background represents predicted probabilities of specific characteristics being
linked to successful dispersal within a clade, where lighter colours correspond

to higher probabilities. No variables were significantly related to differences
between cladesin the magnitude of body size effects on biogeographic dispersal,
and no variables were significantly related to differences between clades in
shapes of life history-dispersal relationships.

are indeed instances where very small animals have been reported
to disperse over long distances (for example, land snails** and inver-
tebrates®), but this has not been shown for tetrapods before. Small
body size could be advantageousin oceanic dispersal because it might
increase the probability of several individuals dispersing at once,
increasing propagule pressure, whichis a strong predictor of coloniza-
tion success in present-day biological invasions™. In clades with rela-
tively fast life histories, small body size might not only be an advantage
but rather a constraint: fast-lived species have short lifespans, and if
not enough individuals arrive at a far-away location at the same time
to reproduce, these individuals might die before a new chance event
leads to more individuals arriving. Interestingly, small body size was
mainly related to successful dispersalin birdand mammal clades. Only
two clades of herpetofauna (10% of notable relationships) showed a
U-shaped relationship between body size and dispersal success, and
none showed a negative relationship. One possible explanation for
these differences between tetrapod classesis that small body sizes lead
to higher cooling rates in ectotherms and less thermal stability”. This is
disadvantageous both for active movement and when passing through
cold environments, which one might expect during long-distance dis-
persal events. Small ectotherms may hence only have adispersal advan-
tage in specific circumstances, for example, when passing through hot
environments where a high cooling rate is desirable.

A second important result is that intermediate sizes were of
advantage in clades with overall large body sizes and slow life histo-
ries. This indicates that large absolute body sizes do not confer an
advantage in biogeographic dispersal if a clade’s average life history
isvery slow. This might be related to lower propagule pressure, since
chances might be low of several large individuals dispersing passively
atonce.Inaddition, species with slow life histories have generally slow
population growth rates, which may lead potential founder popula-
tions to fail due to stochastic extinction'>. When exploring variability
in life history-dispersal relationships, none of the tested variables
could significantly explain differences between clades (Extended
DataTable 4).

Insummary, there is substantial variation in trait-dispersal rela-
tionships between clades, and in body size-dispersal relationships
also between tetrapod classes. Small species, for instance, only had a
dispersal advantage in two clades of ectotherms, butinamuchlarger
proportion of mammal and bird clades. We tested several variables that
might explain the variation in trait-dispersal relationships, but none
of them could explain the variation in life history-dispersal relation-
ships. The shapes of body size-dispersal relationships, on the other
hand, were related to the average body size and life history of the
entire clade, indicating that both traits may interactin their influence
on biogeographic dispersal.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-023-02150-5

The future of traits in biogeography

To conclude, we show here for the first time that body size and life
history traits arerelated to, and interact in their influence on, biogeo-
graphicdispersalinalarge number of tetrapod clades. These traits have
thus played akey rolein shaping the global biogeography of tetrapods.
Traits are part of what determines which lineages have opportunities to
colonize and radiate in new biogeographic realms, and whichbecome
geographically constrained, making them paramount to understand-
ing historical biogeography and in projecting to the future. The ability
of species to overcome large barriers is critical for both climate niche
tracking and species’ invasions of new biogeographical regions. Both
climate change and biological invasions are key challenges of our time
because they are key drivers of ecosystem declines and biodiversity
shifts***°, Therefore, we urgently need to better understand how
species differin their potential to disperse across biogeographicbarri-
ers. Wefind that traits of successful dispersers vary across clades and we
took first steps to find sources of this variation. The magnitude of life
history effects on dispersal rates depends onintra-clade trait variability,
aswell as strength and type (oceanic or continental) of biogeographic
barriers. The shape of body size-dispersal relationships, on the other
hand, depends on a clade’s average body size and life history. These
findings are contingent on the methodology we used, which is not
without limitations. For instance, it isa known problem that failing to
account for geographic distributions of extinction lineages can com-
promise estimations of biogeographic histories*. While there are now
methods to model extinct branches*", these models were impractical
here as they remain trait independent and have a very long computa-
tion time (computing time of ca. 100 h for asingle six-area scenario*).

Dispersal capacities are an important determinant of species’
vulnerability to global changes; however, additional factors, such
as intrinsic sensitivity, need to be considered as well. Adapting our
methodology to link species’ traits to risk of range contraction could
provide important insights in this regard (that is, letting a multiplier
modulate local extinction rates, parameter e in BioGeoBEARS
models, depending on a lineage’s trait state). Considering trait
dispersal and trait-range contraction relationships in concert would
be a better approximation of species’ vulnerability to global changes
than assessing dispersal capacities alone.

Despite methodological limitations, our analysis offers exciting
perspectives and ideas for future work relating to species’ dispersal
and colonization. For instance, species’ past biogeographic disper-
sal capacities have been linked to present-day invasion success in
plants*>**, and species’ past dispersal capacities might be indicative of
species’ capacities to track suitable habitat as climate changes. The new
knowledge presented here on how traitsinfluence dispersal outcomes
couldbeusedto predict and manage biological invasions, improve spe-
ciesdistribution modelling predictions and in conservation planning
for arapidly changing world where successful dispersal across major
biogeographic barriersis key for species’ survival*’,

Methods

Taxon selection

Weincludedonly clades for whichsufficient datawasavailable: for clades
that are estimated to contain between 50 and 99 species (according
to Banki et al.*) we required more than 60% of data coverage (that is,
at least 60% of all species had to have phylogenetic and species
distribution data, and trait data for at least one trait; for details,
see ‘Trait data’ section); for clades estimated to contain more than
99 species, we required a coverage of at least 50%.

Phylogenies

To analyse therole of traits in biogeographic dispersal, we used dated
species-level phylogenies of 56 monophyletic clades of amphibians
(10 clades), reptiles (17 clades), birds (14 clades) and mammals
(15 clades; Supplementary Table 1). We extracted clades where

long-distance dispersalis assumed to have occurred and clades where
sufficient data were available from bigger trees (amphibians*®, squa-
mates* and mammals*®). For birds we grafted subclades of the Hackett
MCC* onto nodes of the backbone of Prum et al.*°, following Cooney
etal.”. Weexcluded non-sedentary birds using data from Dufour et al.”,
Where available, we used clade-specific trees (Supplementary Table 1).
In all cases, we excluded taxonomically imputed species from the
phylogenies.

For phylogenetic factor analyses at the tetrapod class level (to
determine clade positionsin the higher-level trait space and intra-clade
trait variability, see also ‘Explaining the magnitude of trait effects
and the shape of trait-dispersal relationships’), we used tetrapod
class-level phylogenies: for amphibians the consensus tree*, and for
mammals a node-dated maximum clade credibility tree*. To analyse
allnon-avian reptiles together, we combined the squamate tree*” with
acrocodile®andaturtle phylogeny**. For birds we used the combined
tree as explained above.

Species distributions

We extracted species distribution data from the International Union
for Conservation of Nature (IUCN)* for amphibians, mammals and
reptiles, and from Birdlife*® for birds. We only kept records of species
where presence was defined as extant, possibly extinct or extinct;
origin as native or reintroduced and seasonality as resident or breed-
ing season. For species without a direct match between phylogeny and
occurrence data, we used the R package taxize to look up synonymsin
the Integrated Taxonomic Information System (ITIS; functions get_tsn
itisitis_getrecord, package taxize v0.9.99 (refs. 57,58)).In addition, we
used the function synonymMatch (package rangeBuilder v1.5 (ref.59)),
whichlooks up synonymsin AmphibiaWeb®’, the reptile database®, the
BirdLife Taxonomic Checklist (v8.0 (ref. 62)) and Wilson and Reeder®.
Where we could not find distribution data for a given species in the
IUCN database, we downloaded point occurrence datafrom the Global
Biodiversity Information Facility (https://www.gbif.org/), using the
Rpackage rgbif (v.2.2.0 (ref. 64)). We cleaned this data using the pack-
age CoordinateCleaner®. We then merged the IUCN shapefiles with
gbif rasters per clade and reprojected the resulting shapefile into a
Behrmann cylindrical equal area projection (for a better comparison
between cells close to the poles and cells close to the equator in terms
ofarea). Finally, for each species, we plotted the range map to visually
assess it and look for outliers that we removed if present.

Traitdata

For detailed descriptions of data collation, see Supplementary
Information Section 3. For amphibians, we combined different trait
databases®**’ and extracted snout-ventlength (SVL), egg size, clutch
size, clutches per year, age at sexual maturity (SM) and longevity (LG).
For non-avian reptiles, we combined data®®*’°"* and extracted SVL,
hatchling body mass, clutch size, clutches per year, SM and LG. For
mammals, we combined trait databases’>”** and extracted body mass
(BM), neonate body mass, litter size, litters per year, LG, SM, gestation
time and weaning age. Finally, for birds we combined data®>7>778081:85-103
and extracted BM, egg mass, litter size, litters per year, LG, SM, gesta-
tion time and weaning age.

Matching phylogenetic and trait data

The phylogenies and combined trait databases did not follow the
same taxonomies. We therefore looked up synonyms for all species
without a direct match in the trait databases. To do so, we again used
the ITIS (functions get_tsn and itis_getrecord, package taxize v0.9.99
(refs. 57,58)) and the package rangeBuilder (v1.5 (ref. 59); function
synonymMatch), which looks up synonyms in AmphibiaWeb®, the
reptile database®, the BirdLife Taxonomic Checklist (v8.0 (ref. 62))
and Wilson and Reeder®. In addition, we looked up by hand species
without a match after this process. Where several matches in the
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trait databases for a species with phylogenetic data were found, we
averaged the trait values.

Bioregionalization and paleoreconstruction

We used biogeographic models implemented in BioGeoBEARS (DEC,
DIVALIKE and BAYAREALIKE®) to estimate clades’ biogeographic his-
tories. These modelsinfer past range evolution, thatis, dispersal, vicari-
anceand range contractions, over discrete areas that need to be defined
a priori. For every clade, we thus identified relevant biogeographic
barriers by calculating phylogenetic beta-diversity®’® between raster
cells (using anequal area projection, Behrmann projection with standard
parallels at 30° to make raster cells between higher and lower latitudes
comparable). Todo this, we used the R package betapart v1.5.6 (ref. 97).
We weighted the phylogenetic beta-diversity matrix with ageographical
distance matrix (great-circle distances on latitude/longitude coordi-
nates) and applied an unweighted pair group method with arithmetic
mean following the methodology in Weil et al."". We reconstructed move-
ment of biogeographic regions using Gplates® and a global plate and
rotation model®’. On the basis of those reconstructions, weimplemented
a time-stratified analysis if necessary to reflect plate tectonic move-
ments and island uplifts in the biogeographic estimations. In addition,
weimplemented root constraints where strongindications for the root
distribution were available (Supplementary Table 1). All biogeographic
modelsimplemented in BioGeoBEARS estimate rates of range contrac-
tion (extinction parameter e) and range expansion (dispersal parameter
d). Invery basic models, the dispersal rate d is the same for all lineages
andbetweenall regions. However, thisis unrealistic, as barriers separat-
ingregions may influence dispersal rates. Therefore, d can be modified
through manual dispersal multiplier matrices (MDMMs), which are
matrices applying multipliers to dispersal rates between pairs of regions
(onematrix per timesliceintime-stratified analyses). As dispersal across
oceanic barriers may be less likely than dispersal across continental
barriers, we implemented three different MDMMs, adapted from Weil
et al.”. We defined these MDMMs on the basis of the assumption that
continental dispersal is more likely than trans-oceanic dispersal. Using
biogeographic models implemented in BioGeoBEARS, we used model
comparison based on AICc weight to identify the best MDMM for each
clade (choosing between (1) anequal weight MDMM with no difference
between continental and oceanic dispersal probabilities, (2) a0.5 version
where continental dispersal was set to 0.5and oceanic dispersal to 0.125
and (3) a0.1version where the probability of oceanic dispersal was set to
0.05, that is ten times less likely than continental dispersal) (for which
modeland MDMM was chosen for each clade, see Supplementary Table
1). Dispersal rates may differ not only between regions butalso between
lineages, for example, depending ontheir traits. Thisis alsoimplemented
in BioGeoBEARS (for details, see ‘Trait-dispersal relationships’).

PFA

Todetectlatent variables that structure life histories across taxonomic
groups, we used a PFA* that allows for missing data (for more details,
see Hassler etal.’®° and Weil et al."). This PFAisimplemented in the Julia
package PhylogeneticFactorAnalysis.jl v0.1.4 (ref. 23), which relies on
a development version of BEAST' to be released with BEAST v1.10.5.
Body size caninfluencelife history traits through allometric constraints
while evolving under different selection pressures. We therefore struc-
tured the PFA so that body size (as captured by SVL for amphibians and
non-avian reptiles, and BM for birds and mammals) loaded only onto
the first factor while all other traits loaded onto all factors, following
Weil etal.”. Hence, life history trait variation associated with body size
was forced ontothefirst factor and the second factor we extracted cap-
turedsize-independent patterns of life history covariation. We analysed
all clades separately, as trade-offs structuring species’ life histories
can vary between clades and biogeographic models were conducted
at the clade level. We then repeated the PFA analyses separately for
all amphibians, mammals, birds and reptiles together to determine

position and variation of individual clades in the higher-level trait space
(data coverage per clade; Supplementary Table 2).

Trait-dispersal relationships

As in Weil et al.", we first determined the best base model (DEC,
DIVALIKE or BAYAREALIKE) and manual dispersal multiplier matrix
(MDMM null, MDMM 0.5 or MDMM 0.1) for each clade. We then ran
trait-dependent and trait-and-distance-dependent models only on
the best base model applying the most supported MDMM (for which
combination was chosen for which clade, see Supplementary Table1).
Intrait-dependent models, the dispersal probability of alineage is mul-
tiplied by a parameter m, depending on which trait state the lineage is
in. Due to computational constraints, most studies of trait-dependent
biogeography currently only include binary traits. In practice, the mul-
tiplier of trait state1, parameter m, is fixed toland the multiplier of trait
state 2, parameter m,, is estimated by the model. If m, is greater than
1, this indicates that trait state 2 is positively related to dispersal, and
inversely, if m,issmaller than1, itindicates that trait state1is positively
related to dispersal. Since the inclusion of binary traits can only offer
limited information, we tested four different binarizations: for each
trait, we tested the first 50% of species against the rest (that is, using
amedian split on the factors of the PFA), the first 25% against the rest,
the last 25% against the rest and the extreme 50% (first and last 25%,
taken together against the rest). We then calculated weighted averages
of the dispersal multipliers for the different intervals on the two
factors of the PFA to obtain an estimate of the relationship
between trait (that is, factor) and dispersal probability for each clade.

To quantify the magnitude of the effect of traits on dispersal rates,
we calculated the maximal difference in dispersal rates between trait
states per clade. We then determined the exact shape of the relation-
ship for those clades in which the maximal difference in dispersal rates
between trait states exceeded 10%, separately for body size and life
history strategy. We distinguished between positive (large/fast-lived
species were better dispersers than small/slow-lived species), negative
(small/slow-lived species were better dispersers than large/fast-lived
species), bell-shaped (species with intermediate traits were better
dispersers than species with extreme traits) and U-shaped relation-
ships (species with extreme traits were better dispersers than species
withintermediate traits).

To assess the effect of phylogenetic uncertainty on the classifica-
tion of trait-dispersal relationships, we selected ten trees for onerep-
tile, one amphibian and one mammal clade and repeated phylogenetic
factor analyses, as well as trait-independent and trait-dependent bio-
geographic models (Extended DataFig. 4 and Table 4) for allindividual
trees, using the best base model and MDMM, as identified in the main
analysis. For one bird clade, we repeated all analyses on a tree where
we used the backbone of Prum et al.” that included the fossil vegavis.

The computation time of all biogeographic analyses com-
bined amounted to ca. 262,800 h x cores of calculations on a
high-performance computing cluster (GRICAD infrastructure, https://
gricad.univ-grenoble-alpes.fr), corresponding to emissions of ca.1.2 t
of CO,eq.

The effect of traits in biogeographic estimations

To assess how the inclusion of traits impacted biogeographic estima-
tions, we analysed the following three metrics: (1) the average resolu-
tion of ancestral range estimates, (2) the average number of dispersal
events in a clade’s biogeographic history and (3) the proportion of
nodes that were estimated differently between trait-dependent and
trait-independent models (and between distance-dependent and
distance-independent models, as acomparison).

(i) Theaverage resolution of ancestral range estimates for
each clade was calculated in two steps. First, we calculated
AlCc-weighted averages for ancestral range estimations at
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each node of the phylogeny, separately for trait-dependent

and trait-independent models (+m2 and +m2x models versus
base model and +x model). We repeated this for each trait (both
body size and life history) and binarization split (four splits:
median split, first 25%, last 25% and extreme 25%). To have a
point of comparison, we also calculated AlCc-weighted aver-
ages for distance-dependent and distance-independent models
(+x and +m2x versus base model and +m2 models). Second, we
calculated mean resolutions of ancestral range estimations,
thatis, the proportion of most likely range per node divided

by the number of nodes in the phylogeny, excluding tips. The
results were averaged across binarization splits per trait, which
led to eight values per clade in total: two traits (body size and
life history) x four model groups (trait dependent, trait inde-
pendent, distance dependent and distance independent).

(ii) To calculate the total number of dispersal events in the bio-
geographic history of a clade, we created 100 biogeographic
stochastic maps'® for all models (base model, base model+x,
base_model+m2 and base_model+m2x) and all binarization
splits (median split, first 25%, last 25% and extreme 25%, for
both body size and life history). We counted the total number of
dispersal events for each of the 100 maps we created per model,
trait and binarization split (1,800 maps in total), and divided
it by the number of species in the clade to be able to compare
values between clades. We then calculated AICc-weighted
averages for trait-dependent and trait-independent, and
distance-dependent and distance-independent models, and
averaged across binarization splits per trait (which again led to
eight values per clade, as above).

(i) Finally, we calculated the proportion of nodes that were esti-
mated differently between the different groups of models
(trait-dependent versus trait-independent and distance-
dependent versus distance-independent models). To do so, we
first determined the most likely ancestral range for each node in
each model group for each binarization split. We then calculated
differences between trait-dependent and trait-independent
models, as well as distance-dependent and distance-independent
models, and averaged across binarization splits per trait. This led
to four values per clade (two traits (body size and life history) x
two comparisons (trait dependent versus trait independent and
distance dependent versus distance independent)).

We used mixed-effects models (R packages Ime4 v1.1.30 (ref.103)
and car v3.1.0 (ref. 104)) to assess how resolution and number of
dispersal events in a clade’s biogeographic history varied between
the different model groups (trait-dependent, trait-independent,
distance-dependent and distance-independent estimations),
using clade identity as a random effect. Where these models were
significant, we followed with contrasts among estimated marginal
means (contrasting trait-dependent and trait-independent models,
distance-dependent and distance-independent models, distance-
dependent and trait-dependent models, and distance-independent
and trait-independent models, using a Sidak correction for multiple
comparisons, in R package emmeans v1.8.2 (ref. 105)). We checked
the normality of residuals visually with histograms, and homoscedas-
ticity by plotting residuals against fitted values.

Explaining differences between clades

Wefirstused linear regressions to test whether the differences between
cladesinthe maximal differencein dispersal rates between trait states
couldbe explained by (1) the total average number of dispersal events
within a clade’ biogeographic history, (2) the percentage of oceanic
dispersal eventsinaclade’sbiogeographic history, (3) the intra-clade
variability in body size or life history, (4) a clade’s species richness,
(5) data coverage, (6) average node resolution across the phylogeny,

(7) clades’ crown age and (8) the biogeographic base model (DEC,
BAYAREA or DIVA). To understand why trait-dispersal relationships
vary across clades, we performed multinomial logistic regressions to
testifthe different categories of relationships (positive, negative, bell
shaped and Ushaped) could be explained by (1) aclade’s average body
size or life history strategy, (2) intra-clade variability in body size or
life history, (3) the percentage of oceanic dispersal events in a clade’s
biogeographic history, (4) aclade’s species richness and (5) data cover-
age (hypothesesrelating the individual variables to the magnitude of
trait effects or trait-dispersal relationships can be found in the main
text and in Table 1). For multinomial regressions, we used the R pack-
agesnnetv7.3.17 (ref.106) and mlogit v1.1.1(ref.107). Inboth cases, we
used astepwise selection process (inboth directions, R package MASS
v7.3.55 (ref. 106)) to identify those variables that were significantly
related to the variables of interest. In the first case, where we tested
for differences between clades in the maximal difference in dispersal
rates between trait states, we used a two-step approach as there were
too many predictor variables for the low number of observations (56
clades). We first tested the methodological variables (variables 4-8)
and retained only those which were selected in the step-selection
process for the following model, where we included the ecological vari-
ables (variables1-3). There was no phylogenetic signal in the residuals
of any of the models (function ‘phylosig’, R package phytools v1.2-0
(ref. 108)); therefore, there was no need to account for phylogenetic
relationships between clades. To determine the average position of all
clades in the higher-level trait space and intra-clade trait variability,
we conducted tetrapod class-level phylogenetic factor analyses for
amphibians, mammals, reptiles and birds. We scaled clades’ median
positionsin those higher tetrapod class trait spacesbetween-1and1,
with 0 coinciding with the median position of the entire tetrapod class.
We expressed intra-clade trait variability as a percentage of variability
inthe entire tetrapod class. To calculate the total number of dispersal
eventsinthebiogeographichistory ofaclade, as well asthe percentage
of oceanic dispersal, we created 100 biogeographic stochastic maps'®
for all models (base model, base model+x, base_model+m2 and base_
model+m2x) and all binarization splits (median split, first 25%, last 25%
and extreme 25%). We counted the number of oceanic dispersal events
and the total number of dispersal events for each of the 100 maps we
created per model and binarization split, averaged them across the 100
maps and then calculated an AICc-weighted average per binarization
split. Finally, we averaged the number of oceanic dispersal events and
the total number of dispersal events across binarization splits, and
expressed the number of oceanic dispersal events as a percentage of
the total number of dispersal events.

Since the distributions of the variables total average number of
dispersal events, the percentage of oceanic dispersal events and clades’
species richness were skewed, we log-transformed these variables
before conducting the regressions. All variables were scaled before
theregressions to compare theirinfluenceinasingle model. Predictor
variables that were included in a single model were generally weakly
correlated (-0.35 < Pearson correlation < 0.35), with some exceptions:
crown age was moderately correlated with intra-clade trait variabil-
ity (Pearson correlation 0.44 and 0.54 for life history and body size,
respectively); the average number of dispersal events was moderately
correlated with the percentage of oceanic dispersal (Pearson correla-
tion-0.41), as was average node resolution (Pearson correlation 0.46).
The average number of dispersal events was strongly correlated with
average node resolution (Pearson correlation >0.9), indicating that a
lot of movement in biogeographic histories leads to more uncertain
estimations. The R package ‘ggtree’ v3.6.2 (ref.109) was used to prepare
Figs.1and 2.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Data availability

Data for analyses of historical biogeography (trait dependent and
otherwise), as well as data related to the analysis of differences in the
magnitude of trait effects and differencesin trait-dispersal patterns are
archived onFigshare athttps://doi.org/10.6084/m9.figshare.21897003.
Further data, for preliminary and intermediate analyses, willbe made
available by the authors uponreasonable request.

Code availability

Rscripts for analyses of historical biogeography (trait dependent and
otherwise), as well as code related to the analysis of differences in the
magnitude of trait effects and differencesin trait-dispersal patterns are
archived onFigshare at https://doi.org/10.6084/m9.figshare.21897003.
Further code for preliminary and intermediate analyses will be made
available by the authors uponreasonable request.
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Extended Data Fig. 1| Summary of variable loadings on the second factor of other fast-slow consistent trade-offs structured life history (20 clades=36%).
phylogenetic factor analyses, grouped by interpretation of main life history e) Cladesin which only one trait loaded onto the second factor (9 clades=16%).
trade-offs. One thin line corresponds to one clade; the thick red line is the f) Clades in which trait covariation did not suggest any trade-off between
average of all clades in a panel. a) Clades in which we found a clear fast-slow life survival and reproduction consistent with the fast-slow life history spectrum
history spectrum (where fast species reproduced quickly and were short-lived (9 clades=16%).

and slow species had opposing traits; 18/56 clades=32%).b), c), d) Clades in which
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corresponds to a clade; the line was fitted based on the selected model explaining differences between clades in dispersal rate differences between most-dispersive
and least-dispersive lineages. Dotted lines correspond to confidence intervals.
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Extended Data Fig. 3 | Distribution of trait-dispersal relationships by clades for body size-dispersal relationships; 5amphibian clades, 6 bird clades,
tetrapod class. Only clades where the maximal difference in dispersal rates 10 mammal clades, 11 reptile clades for life history-dispersal relationships (only
between most-dispersive and least-dispersive trait states was greater than 20% including clades where a fast-slow life history spectrum was identified)).
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Extended DataFig. 4 | Effect of phylogenetic uncertainty on trait-dispersal
relationships. In black: the trait-dispersal relationship we identified with the
maximum consensus tree; in different colours: the trait-dispersal relationships
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when different phylogenetic trees from the posterior were used (methodology to
choose those trees as in Weil et al."). a) and b) Pycnonotidae, c) and d) Natricinae,
e) and f) Hynobiidae, g) and h) Sciuridae.
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Extended Data Table 1| Model selection results for the magnitude of trait effects

Body size Life history 1 Life history 2
Variables
(56 clades) (47 clades) (38 clades)
Variability of body size within clade n.t n.t.
Variability of life history within clade n.t. coef =-0.09 (pval = 0.01) coef =-0.11 (pval = 0.009)

Number of dispersal events per lineage
Number of dispersal events per lineage?

Proportion of past oceanic dispersal

Ecological variables

Proportion of past oceanic dispersal®

coef =-0.03 (pval =0.17)
coef = -0.04 (pval = 0.08)

coef =-0.14 (pval <0.001)
coef =-0.05 (pval = 0.07)
coef =-0.11 (pval = 0.05)
coef = 0.07 (pval = 0.08)

coef = -0.12 (pval = 0.002)
coef =-0.04 (pval = 0.18)

Number of species

E Trait data coverage n.t
28
g % Average node resolution [coef = 0.07 (pval = 0.04)] [coef = 0.08 (pval = 0.05)]
o=
£ €  Crownage
= Biogeographic base model

Adjusted R? 5% 27% 26%

(pval 0.11) (pval 0.003) (pval 0.004)

We conducted multiple linear regressions to explain the effect of several variables (in rows) on the differences between clades in the maximal differences in dispersal rates between trait
states (in columns). Due to the large number of variables compared to observations, we took a two-step approach: first, we included only methodological variables in the regressions, then we
included ecological variables and those methodological variables that were selected in the first step (no adjustments for multiple comparisons were made). For variables that were selected
in the stepwise model selection process we give coefficients and p-values of variables. Variables in square brackets were selected in the regression with only methodological variables, but
not in the final regression. Variables that were not tested for a given dataset because we did not hypothesize them to causally influence the magnitude of trait effects are indicated by n.t.

Life history 1is the dataset presented in the main manuscript, including 47 clades in which we identified a fast-slow life history continuum (Extended Data Fig. 2); in Life history 2 we excluded
clades where only one variable loaded onto the second factor of the phylogenetic factor analysis.
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Extended Data Table 2 | Sensitivity of trait-dispersal relationships to different inclusion thresholds and life history datasets

Identified relationships Number of
Dataset
NONE POS NEG BELL U clades
Body size 10% 12 (21%) 24 (43%) 6 (11%) 8 (14%) 6 (11%) 56
Life history 1 10% 8 (17%) 17 (36%) 7 (15%) 6 (13%) 9 (19%) 47
Life history 2 10% 7 (18%) 16 (42%) 5 (13%) 4 (11%) 6 (16%) 38
Body size 20% 24 (43%) 21 (38%) 6 (11%) 4 (7%) 1(2%) 56
Life history 1 20% 22 (47%) 10 (21%) 5 (11%) 6 (13%) 4 (9%) 47
Life history 2 20% 18 (47%) 10 (26%) 4 (11%) 4 (11%) 2 (5%) 38

10% (20%) indicates the threshold of maximum difference in dispersal rates between trait states below which we decided not to identify the shape of a relationship. Life history 1is the dataset
presented in the main manuscript, including 47 clades in which we identified a fast-slow life history continuum (Extended Data Fig. 2); in Life history 2 we excluded clades where only one
variable loaded onto the second factor of the phylogenetic factor analysis.
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Extended Data Table 3 | Assessing phylogenetic uncertainty in trait-dispersal relationships

- . Identified relationships Qorrgctly

NONE POS NEG BELL U Kantised
Hynobiidae Body 0 0 0 10 0 100%
Hynobiidae LH 0 10 0 0 0 100%
Sciuridae Body 0 10 0 0 0 100%
Sciuridae LH 2 8 0 0 0 80%
Pycnonotidae Body 1 0 0 0 0 100%
Pycnonotidae LH 0 1 0 0 0 100%
Natricinae Body 2 5 0 3 0 50%
Natricinae LH 0 5 0 4 1 40%

None indicates that the differences in dispersal rates between most-dispersive and least-dispersive lineages was less than 10%. POS: large/fast-lived species were better dispersers than
small/slow-lived species; NEG: small/slow-lived species were better dispersers than large/fast-lived species; BELL: species with intermediate traits were better dispersers than species with
extreme traits; U: species with extreme traits were better dispersers than species with intermediate traits.
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Extended Data Table 4 | Model selection results for the shape of trait-dispersal relationships

Body size Life history 1 Life history 2
10% (44 clades) 20% (32 clades) 10% (39 clades) 20% (25 clades) 10% (31 clades) 20% (20 clades)

Variables

Average body size of clade
Average life history of clade

Variability of body size
within clade

n.t. nt. n.t n.t.

Variability of life history
within clade

Proportion of past oceanic
dispersal

Number of species

Trait data coverage n.t. n.t.

Predictive accuracy 64% 91% 51% 52% 55% 75%
McFadden R? 0.19 0.62 0.08 0.12 0.09 043

We used multinomial regressions to assess the effect of several variables (in rows) on the trait-dispersal relationships in different datasets (in columns). Variables that were selected are
highlighted in blue; variables that were not tested for a given dataset because we did not hypothesize them to causally influence the magnitude of trait effects are indicated by n.t. Life history
1is the dataset presented in the main manuscript, including 47 clades in which we identified a fast-slow life history continuum (Extended Data Fig. 2); in Life history 2 we excluded clades

where only one variable loaded onto the second factor of the phylogenetic factor analysis. 10% (20%) indicates the threshold of maximum difference in dispersal rates between trait states
below which we decided not to identify the shape of a relationship.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  No software was used to collect data. R v3.6.3 (<www.r-project.org>) was used to compile different databases

Data analysis Rv3.6.2 (<www.r-project.org>) was used for biogeographic analyses on the high-performance computation cluster, R v3.6.3 (<www.r-
project.org>) was used for all further analyses. Data and code to support our results are deposited on Figshare. A doi is included in the data
and code availability statements in the main manuscript file.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data for analyses of historical biogeography (trait-dependent and otherwise), as well as data related to the analysis of differences in the magnitude of trait effects




and differences in trait dispersal patterns are archived on Figshare at https://doi.org/10.6084/m39.figshare.21897003. Further data and for preliminary and
intermediate analyses will be made available by the authors upon reasonable request.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We compiled phylogenetic, trait and species distribution data for 56 clades of tetrapods (spread across 10 amphibian clades, 15
mammal clades, 17 reptile clades, and 14 bird clades). We used trait-dependent and trait-independent biogeographic models to
investigate the effect of traits in clades' biogeographic histories. We further analysed differences in the magnitude of trait effects and
trait-dispersal patterns between clades.

Research sample We compiled species-level trait data, species distribution data and phylogenetic data for 56 clades of tetrapods (7009 species spread
across 10 amphibian clades, 15 mammal clades, 17 reptile clades, and 14 bird clades). These clades were chosen based on data
availability. Trait data contained body size and life history traits. Species distribution data contained polygons of ranges and point
data. Phylogenetic data was compiled in form of dated phylogenetic trees. Data sources are listed in the methods section of the main
manuscript and in the extended data files.

Sampling strategy N/A

Data collection Data were collected from publicly available sources by the first author with help from the third author.

Timing and spatial scale  Data were compiled from publicly available sources between 04/2020 and 04/2021.

Data exclusions No data were excluded.

Reproducibility We have provided data and code to repeat our analyses.
Randomization Randomization was not applicable since our study is not experimental.
Blinding Blinding was not applicable since our study is not experimental.

Did the study involve field work? [] ves X No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Methods
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