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Aim: Wetest whether geographic variation in length of rodpeties’ appendages follows
predictions of Allen’s rule—a posttive relationship between appendage length and temperatu
at a broad taxenomic scale (order Rodentia). We also testapfseability of this rule varies
based on the unit of analysis (species or assemblage)neaappendage (tail, hind foot, ear),
body size, oecupied habitat, geographic range size, life modesahiation abilty.

Location: Worldwide.

Time period: Current.

M ajor taxasstudied: Rodents (order Rodentia).

M ethods: Weassembled data on morphology, ecology, and phylogeny for up to 2,212 rodent
species—representing ~86% of all the described rodent species and ~958cdddbribed
genera. We tested thpeedicted Allen’s rule associations among size-corrected appendage
lengths and both latitude and climatic variables (tenheraand precipitation). We appliex
cross-species approach based on phylogenetic regressionscrasg-assemblage approach

based on spatial regressions in equalarea 1.5-degreeslyid c
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Results: Support for Allen’s rule was greatest for the tail and was stronger across llages:
than across species. We detected a negative relationshipebeta length and (absolute)
latitude, which was accounted for by a positive associatidweka tail length and temperature
of the coldest month. This association was greatest intdgmeies. In additon, we observed a
negative relationship between ear length and precipitation

M ain conclusions:_In rodents, Allefs rule is confrmed only for tails, and this associatioanse
to be drivenby"adaptation to the cold, rather than warm tetopes. Habitat type seems to
influence conformity to this rule. &@formity to Allen’s rule is likely the result of complex

evolutionary trade-offs between temperature regulatioho#imer essentiadpecies’ traits.

KEYWORDS
Allen’s rule, body size, ear length, habitat, hind foot length, geagraphge, macroecology,
rodent, tail length, temperature

1| INTRODUCTION

Alen's (1877) rule posits that the appendages (e.g., imbs, ta#rsnout) of endotherms tend to
be longer and thinnein warmer environments. This rule is among the most studied
biogeographiewpatterns, perhaps second only to Bergmann’s (1847) rule, which also makes a
prediction”about the adaptive response of endothermic aninalsnate. These rules are
related, and both are commonly interpreted as reoccurring agenigrpatterns in morphology
shaped by.adaptation to climate. More specifically, the modtificadf surface-areés-volume
ratio aids thermoregulatienits decrease in cold environments reduces heat loss aratesi
in warm environments facilitates heat dissipation (Mag56).

Allen’s rule has been examined in various endotherms, including birds (e.g., Nudds &
Oswald, 2007; Symonds & Tattersall, 2010; McColin et al,, 2015) and manfeals
lagomorphs:=Griffiing, 1974; Stevenson, 1986; primates: Fooden & Albrégtg; Tikens et al.,
2007 and rodents: Lindsay, 1987; Bidau et al., 2011; Alhajeri, 2016); ialkasbeen examined
in ectotherms (e.g., Ray, 1960). So far, most mammal studiaéfieiof rule were conducted at
the intraspecifie, level, whie cross-species analysesoten restricted to a few species (often
within a taxonomically restricted group). However, receaimmal studies have explored the
applicability of this ruleto broader taxonomic levels (e.g., Gohli & Voje, 2016; Alroy, 2019),
following up on earlier large-scale cross-species bird stu@iagy., Nudds & Oswald, 2007;
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Symonds & Tattersall, 2010). Furthermore, cross-assemblageaigatess of Allen’s rule are
rare, if they exist at al, even though this approaacoimmonly used to study other
biogeographic trends (e.g., Blackburn & Hawkins, 2004; Olalla-@arrat al., 2010; Maestri et
al., 2016; Alhajeri et al., 2019). The role of ecological and geogrdphbtors in conformity to
this rule is also an understudied topic. Recently, usingmple of 360 New World small
mammal species_(marsupials, lipotyphlans, rodents), Alroy (2018 feudence for longer
tails in tropical”habitats (e.g., rainforests).

Here"we"assemble an extensive datasefst the predictions of Allen’s rule globally in
Rodentia. 'Rodents are an outstanding system to study morphologspadnses to climate at the
interspecifics level, especially since they comprsz000 extant recognized species (Mammal
Diversity Database, 2019) (leading to increased statigtiosler), have near-global geographic
distributions (IUCN, 2017) (encountering diverse climates), \ang greatly in body size
(Nowak, 1999) (facilitating the study of morphological covariatwith climate). We aimed to
test whether_roderiteppendage lengths (tail, hind foot, ear) vary consistemtgr geography
and climate,sand'whether Allen’s rule can be similarly applied across rodent species as tal spati
assemblages “of those species. We prediciptRabtypes coherent with Allen’s rule should be
more commonin species with smaller geographic ranges because thesulaject to a narrower
range of emvironmental conditons in which to adapt (segedih& Fourcade, 201 Serrat et
al., 2008). We also predict a stronger appendage lengtmperature association in smaller-
sized speciesthis is because in mammals, the relative effectzef siodification on
thermoregulation (through changes in the surface-aremalime ratio) is greater in smaller
species, whiewin larger species, pelage modification dgsger role in temperature control
(see Ashton et al., 2000; Alhajeri & Steppan, 2016; and referéheersn). Furthermore, based
on the results of Alhajeri (2016) ardroy (2019), we expect Allen’s rule to manifest most
strongly in rodent tais (compared the hind foot and the ear), at tropical latitudes, and
specifically..in.deserts. The novelty of the present siidyns from the near comprehensive (and
global) sampling of rodent species, the tests of influencecabgical factors on conformity to
this rule, and the comparison of cross-species vs. crosskdsge analyses. The broad
taxonomic scale employed ensures that most of the cavaribetween appendage size and
temperature is a consequence of evolutionary adaptatiogengtic selectior(the mechanism

implied by most studies ofllen’s and Bergmann’s rules), rather than phenotypic plasticity.
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2|METHODS
2.1| Morphometric data collection

We first compied a list of all rodent species with ranggsravaiable in the International Union
for Consernvation, of Nature (IUCN, 2017). Using this list, wéectdd external measurement
data for al"species available in museum databases avtbthture. These data consisted of
head and body length (total length minus the tail), eéagth, hind foot length, and ear lergth

all in milimeters, (mm). We also colected body gi#tidata in grams (g). The following sources
contributedwmost to this databagectos, the Collaborative Collection Management Solution
(Arctos, 201847,511 observations), VertNet, a Database of Vertebrate SpecireamdR
(VertNet, 2019; 15,644 observations), the colections database Diikien of Mammals,
Smithsonian_National Museum of Natural History (NMNH, 201848, 0bservations), iDigBio,
Integrated (Digitized Biocollections (iDigBio, 2019; 6,667 observajiorand the database of the
zoological rcollection of the Museum of Comparative Zoology,vatar University (MCZbase,
2018; 1,113 observations). In total, data was collected from 285 diffezfemence sources,

which are listed in Table S1 in the Supporting Informatidhe museum databases included data

from 58 natural, history collections (see Table S1).

Qur.final-.database consists of measurement data for 81,880 ¢ibesyvavith the
number of observations per species ranging from 6,647 (Mus mustuies)eral species with a
single observation (Table S1). In total, data was collecte@,®%2 species (head and body
length: n =2,212; tail length: n =2,188; hind foot lengths 2,160; ear length: n =1,911; body
weight: n =1,191), belonging to 490 genera (Table S2). Accordifge thlammal Diversity
Database (Burgin et al., 2018), the number of rodent speciestlyurdescribed is 2,552,
belonging.10.513 genera, indicating that we sampled ~86% of the smlres and ~95% of
thar genera. Further details about the process of data colegi@cessing, cleanup, and quality
control can"befound in Appendix S1. We used our database totealthdaspecies means
(Table S2)'and standard deviations for each measureiBestuse the length of species’
appendagess correlated to their body size, we need to size-correct reaaburement. One
option is to calculate the relative length of each appentiggividing it by body length (e.g.
Coetzee, 1970; Fooden & Albrecht, 1999; Bidau et al., 2011; Alhajeri, 2016). dgaeekengths
could alternatively be size corrected by computing the rdsicdifaegressions of each species
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mean appendage value (tai length, hind foot length, edin)elagainst the species mean value
of head and body length (used as an estimate of body size)Al@y, 2019). Here, however,

we accounted for the relationship between appendage lergthody size by including head

and body length_as an additional predictor in all statistoadlels (see section 2.3 and 2.4 below)
(see Freckleton, 2002).

2.2 | Environmental data collection

We extracted distributional data for all 2,212 rodent speaes RJCN (2017).These data
consist ofpolygens depicting each species’ known global range based on a combination of
empirical records, knowledge of elevational and habitat esgents, and expert assessment.
Although these range maps may not accurately reprdsemixact locations where species are
present, they are currently the best global assessment of species’ distributions at a large

taxonomic gscale’ (Schipper et al., 2008). We downloaded IUCN range sdpwi@nmental
Systems Research Institute (Esri) shapefiles from wemredlist.org/resources/spatial-data-
download. We kept all polygon subsets, including invasive ramgethey represent evidence of
the adaptation of species to local climates, whether thayr aaturally or not. The IUCN
shapefiles (polygons) were loaded intad RRDevelopment Core Team, 2019) and manipulated
therein using.the following libraries: SF (Pebesma, 2018), RGBVand et al., 2018),
RGEOS (Bivand & Rundel, 2018), and EXACTEXTRACTR (Baston 202®.uééd the R
library LETSR=(Viela & Vilalobos, 2015) to extract the rangize of each species (in
kilometers fsquared) based on the IUCN polygons.

In addition, we used the RREDLIST R library (Chamberlain, 2@d®ptain a list of
habitats used by each species using the highest hieedrdevel of habitat classification in
IUCN. We'considered all categories of polygons (extant, extntcbduced) as they represent
environmental conditions in which species are able toveurand reproduce, and hence are all
representative” of their climatic niche. Out of 2,212 spetig§7 had more than one habitat type
in the IUEN classification. In order to reduce habitat to type only foreachspecies, we
downloaded a‘global map of terrestrial habitats that usesathe IUCN classification (Jung et
al, 2020), anaexracted the area of all habitat typeshin each species’ range, and then
classified these 1,257 species according to the most comabdathFor the remaining 955
species, we kept the habitat type provided by the IUCN redilg S2). Several habitat types
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are represented by a few species and their inclusioreccandtivariate models to crash;
therefore, these analyses only included the six mainahdigpes represented by most species
(forest, savanna, shrubland, grassland, rocky aread)dese

Species were divided into one of four life modes which roughlgrespondo
microhabitat_use (arboreal [n=307], scansorial [n=173], subtamafre=125], terrestrial
[n=1565]) (Table_S2)-these data were downloaded from www.vertlife.org/data (Wimaal.,et
2014; Upham™et al., 2020). These lfe modes are associated withte@nsnodifications in the
appendages“that"could influence conformity to Allen’s rule. A total of 42 species in our dataset
did not have lie, mode data, and thus were not used in anidti® models that use these data.

Saltatorial (i.e., ricochetal) and a semi-saltatorial locorotoodes are associated with
consistent ‘modifications to the appendages, which in tonitl énfluence conformity to Allen’s
rule. The lterature was used to assign terrestrial epelbased on morphological modifications
to saltation, into_those that are fuly saltatorial, isgaitatorial, and those with no information on
saltation abiity (Table S2). The first category (fullglttatorial [n=65] includes such species as
jerboas andrkangaroo rats that are extremely specializddafiang and commonly employ a
bipedal hopping” gait almost exclusively as their primary mafdecomotion. The second
category (semi-saltatorial [n=281]) is much less spee@lifor leaping (e.g., gerbis and pocket
mice) which~often use other locomotory modes (e.g., ambulatocyrsorial locomotion), but
assume a (quadrupedal) jumping gait on occasion, such as latmeadato escape predators
(L.e., as a secondary mode of locomotion). All other species &eedc in the third category (no
information«[n=1866]), which are species for which we codd find any strong evidence in the
literature formspecialization to saltation (see Table S2i&ails).

Allen’s rule is commonly explained in terms of the thermoregulation hypothesid, tlaus
mainly makes predictions about appendage lengths relativavitorenental temperature.
However, as.both temperature and precipitation exhibit stedihgdinal variation, we aimed to
disentangle.the‘role of several climate variables inngrithe latitudinal patterns in
morphological variation. To test which variable contributesexplaining Allen’s rule, we used
six bioclimatic  variables depicting both average annualnaexdmum and minimum temperature
(in °C) and precipitation (in milimeters): BIO1 (annuakan temperature), BIO5 (maximum
temperature of the warmest month), BIO6 (mnimum temperatfitbe coldest month), BIO12

(annual precipitation), BIO13 (precipttation of the wettesinth), and BIO14 (precipttation of
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the driest month) (for details, see Busby, 1991). These had@invariables were downloaded as
raster fles from WorldClim (version 2), at a resolution2df arc-min
(http/Aworldclim.org/version2, Fick & Hijmans, 2017), and processady the R library
RASTER (Hijmans, 2017). Version 2 of the WorldClim dataset sethan average temperature
and precipitation interpolated from a global database of wesathons, spanning the years
1970 to 2000 (Hjmans, 2017).

Among-rodent species, the latitudinal midpoint of geograpdges— based on the
centroid of lUCN range maps- is positively correlated to annual mean temperaturer¢Bea r
= 0. 743, p < 0.050) and negatively to annual precipitation (Pearser®.633, p < 0.050). In
addition, high spairwise correlations exist among the temperatariables (Pearson's r = 0.480
0.942, all p=< 0:050) and precipitation variables (Pearson's r =—@&3®, all p < 0.050).

2.3| Dataanalysis
We analyzedtheffect of climate on rodents’ appendage length both across species and across
assemblages. For each type of analysis and for each appenddgigwed the same analytical
steps. First, we examined geographical patterns of appemrhgtje by testing the association
between appendage length and the absolute value of latBetemnd, we assessed how this
pattern could.be explained by climatic factors by testingetiset of each of the six bioclimatic
variables on the appendage lengths. We selected the thegt\iiriable among themthe one
that leads tothe: model with the lowest Akaike informatioiteron score, corrected for small
sample size (AlCcAkaike, 1974; Burnham & Anderson, 2002). In all models, we included as
explanatory variables both the climate variable to be testéchead and body length to control
for the effect of body size on appendage length. An additioulaimedel was computed,
excluding..Climate from the explanatory variables. Third,casputed multivariate models with
interactions to test for the effect of variogisecies’ characteristics (body size, habitat type, range
size, lfe mode, and saltation abiity) on the relationshipvéen appendage length and the
selected.climate variable.

To account for intraspecific phenotypic variability thatynisas comparative analyses
across multiple species (Garamsz&gMgller, 2010; Silvestro et al., 2015), we repeated all
statistical models 100 times, each time sampling a random eakppendage length and head

and body length, following a truncated normal distribution tiggd sampled values remain > 0)
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with the mean and standard deviation obtained from the @okelstribution of values in our
database of morphological measurements. Note that for spdwes mweasures originated from
one single individual, standard deviation = 0 and the same walgesampled at each repetition.
Similarly, there may exist large intraspecific vawiatin the environmental conditions
experienced._by a species, especially if it is distributedsaca large geographical range. To
account forthis<source of uncertainty we also sampledcatiteration, in the cross-species
analyses; a‘random value of the climate variable folowimgraal distribution with the mean
and standard ‘deviation of the observed climate within the species’ range.

In all analyses, climate variables, as wel as eacpmotgical measurement (tail
length, hind, foet length, ear length), were scaled anci@zhtto allow post-hoc comparisons of
effect sizes*(the standardized beta slope coefficie ntssgpeciesfcs cross-assemblageica)).
Appendage lengths, as wel as head and body lengths, weregalsansformed before scaling
to linearize the relationships and to reduce the influe nceuttiérs. Plots were generated using
the R base library and/or the folowing libraries: GGPLOTAckham, 2016), PATCHWORK
(Pederseng2017), VIRIDIS (Garnier, 2018), and GGTREE (Yu et al., 20173l rmalyses, the

significancev level (pwas set at o = 0.05. All ‘log’ transformation applied in this paper are

natural logarthms. Unless otherwise statddother analyses and visualizations were carried out

using the.R-“base library. Visual inspections of residuats (ffesiduals vs. predicted values) and
Q-Q (quantile-quantile) plots generally lend support to theiditvnal assumptions of the
residuals of all the linear regression models described bdbe complete R script used to

perform thephylogenetic and spatial regression analyaedefound in Appendix S2.

2.3.1| Cross-speciesanalysis
We first examined the association between appendage landticimate across species, using
morphological, ‘geographical, and climatic data obtained at thaesgeweel. From the IUCN
range maps, we extracted the mean and standard deviatibe lafitudinal coordinates of each
species’ range. Then, combining range maps with bioclimatic variables (raster fles), we
extracted for each species the mean and standard dediteach of the abovementioned six
biocimatic variables across locations of its entire raffmedetails, see Alhajeri et al,, 2015).
Because species are not independent and because thdatenseewf phylogenetic

conservatism for all studied morphological traits (seer€igua, 2a, Jawe used phylogenetic
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regressions to correct for relatedness among species. Sputhiose, we used a sample of 100
trees from Upham et al. (2019), the most complete mammaliangphyl to date. This source
had two alternative forms of the phylogenetic trees: (1) ‘DNA-only’ trees, which only contain

the species for which DNA data was available; andd@mpleted’ trees, which also include
species missing DNA data that are ingoutvith birth-death branch lengths within genus- or
family- level\ taxenomic constraints (family if no congenevere sampled for DNA) (for details,
see Upham™etal., 2019). The reason for analyzing a sample of 10Qdrdssth the DNA-only
and completed=trees) was to consider the uncertainty logemgtic placements and node ages.

A total of 98 species in our morphometric data set were natl fouJpham et ak
(2019) trees (Tabl&3). For these species, we used taxonomic information from b@h IU
(2017) and“therintegrated Taxonomic Information System (IA088) to find synonyms to
match the species names from our dataset to those inyibgeptetic tree. We were able to find
synonyms for 56 species; the remaining 42 species were not foabte €3), and thus were not
included in the cross-species analyses (but are includéte tross-assemblage analyses; see
below). Asssuch; the cross-species analyses are based/Ors@eLies for the completed sample
of trees and 1466 species for the DNA-only trees.

Wesran phylogenetic regressions with the length of ehtte three appendages as
response.variable and, as explanatory variables, eititeddaor one of the six bioclimatic
variables, along with the head and body length alwaysdédiuasa covariable (to account for
size). Using, the selected climatic variable (the onehwleads to the lowest AlCc), we
computed models where explanatory variables were theciiter®a between climate and: head
and body length, habitat type, range size, life mode, saltatuity as wel as all main effects.
The significance of these interactions was assesséiceliyood-ratio tests comparing a model
with and without, the interaction. The whole approach wasated 100 times (because we use a
sample of 100 phylogenetic trees) for each of the completedharidNA-only sample of trees.
In addition,.for.each tree, analyses were repeated 100 timesugeewe sampled 100 values of
morphology«and climate), resulting in a total of 540,000 phylogemeticessions computed (3
appendagesx|tail, ear, hind foot] x 2 types of phylogenies [DNA-brgmpleted] x 100 trees x
100 random sampling 9 sets of variables [lattude + null model + 6 bioclmatic \de® +

interaction model]).
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Phylogenetic linear regressions were computed using thea® PHYLOLM (Ho &
Ane, 2014), assuming a Pagel's lamb&lapfylogenetic model (Pagel, 1999). Out of 1@@$r
and 100 sampled values, we report for each climate variabldoratie nul model the mean
AICc weight of the corresponding model. We report the meamadstiof the slope of the
relationship _between appendage length and climate, and #ime ecoefficient of interactions
between climate _and continuous variables across 100 trédarsampled values. For all the
above estimates, we also report 95% confidence intervals bagleel distribution of these
coefficients™across the 100 trees and 100 sampled values, aswel proportion of
significantly positive or negative coefficients. Significanof interactions are reported as the
proportion .of eases with p-value < 0.05. Finally, we extracteandan estimate of the
relationship=between appendage length and climate (i.esekbeted bioclmatic variable) for
each habitat type, ife mode and saltation ability.

Phylogenetic trees were loaded into R and manipulated thesiig the following
libraries: GEIGER (Harmon et al., 2008), TREEI®u{ 2019), and PHYTOOLS (Revel, 2012).
The latter Relbrary was also used to estimate ancestlads of appendage lengths usange-
rooting maximum-likelihood method implemented in order to viseiatiait evolution within

rodent phylegeny.

2.3.2| Cross-assemblageanalysis

In addition ;to,species-level analyses, we also examinedtivarin appendage lengths at the
level of rodent species assemblagéis entailed considering a summary value of the traits of
all rodent species that co-occuragiven location (i.e., assemblage). We define assemblages as
1.5-degree equal-area grid cells globaly, following the bestipgarecommendations of
Hurlbert and Jetz (2007). This assemblage-based approach is cgnused|to test
macroecological- patterns (e.g., Meiri, 2011; Maestri et al., 2016eAlhet al., 2019), and can
reveal differentinsights than the species-based approathasiwcommunity assembly in the
former andstrait evolution in the latter (Feldman & Ne2014). Wefirst converted IUCN range
polygons to presence-absence raster maps at 10 arc-min gasobitig LETSR, and then
aggregated the maps to a resolution of 1.5 degrees (thisaaldbeheffect of reducing
computation time). A species was considered present in agdrid its distribution overlapped

any surface of it, ensuring that all 2,212 species (tho3alfe S2) were included, even those
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with a distributiol range smaller than the maps’ resolution. Using the associated morphological
traits, we summarized in each grid cell the tail tendnind foot length, or ear length of all
species preseim the grid cell, by the median as wel as by both tHé drfdl 99" percentie

length of each appendage (see Alhajeri et al., 2019 forsjletle chose the median to obtain a
general perspective opecies’ appendages within an assemblage, without resorting to the mean
that may be uninformative in case of highly skewed traits’ distributions. In addition,
summarizing“assemblages by thé"Hnd 90" percentie value of appendagédsigth was
necessaryto"be able to detect an effect of climate et acts mostly on species with
unusually long or short appendages.

To contrel for the effects of spatial autocorrelation, wdop@ed spatial regressions with
eigenvector=spatial fitering. In this procedure, we contgplioran’'s eigenvectors (Dray et al.,
2006) that describe the spatial configuration of the grid eetsincluded them as additional
predictors In the linear regressions. This ensuresttibatesultings estimates and associated p-
values for the variables of interest (here latitude aclibiatic variables) are free from the effect
of spatial autocorrelation. To prevent overfittinge selected a set of Moran’s eigenvectors via
forward selection by permutation, according to the followinigré: all Moran’s eigenvectors
are significant_at the 0.05 level, the difference in modeliR the previous step is higher than
0.005 and.the" whole set of Moran’s eigenvectors does not account for more than 95% of total
variation. The calculation of Moran’s eigenvectors and the spatial regressions were performed
using the SPMORAMNR library (Murakami & Griffith, 2019), and their selection wasfpened
using the ADESPATIAL R library (Dray et al, 2020). Becaspecies richness is unequal across
assemblages;=we included aaseight in the models the number of species in each hisgEm

Spatial regressions were run with either the mediaH! pk@centie, or 96 percentile
length of each of the three appendages in each grig=cadisemblages) as the response variable
whie in al_models, head and body length (mediari" d€rcentile, or 10 percentile value to
match the response variable) as well as the selddtedn’s eigenvectors were used as
explanatory.variables. Other used explanatory variablee, wequentially, either the average
latitude or climate (defined as each of the six bioclimatdables) of each grid cel. When
assessing the effect gfecies’ characteristics on the relationship between appendage length and
the selected climate (the one which leads to the modielthhe lowest AlICc), we could not test

the effect of species-specfific categorical variablesh sisclife mode and saltation abilty because
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they could not be averaged at the scale of whole assembldgesver, we included the
interaction between climate and each of head and bodk lemgt range size (averaged within
species’ assemblages). The interaction between clmate and habitat type \gasiacluded using
the main habitat. of each grid cel, based on the IUCN hab#ép described above; this was
computed as.the habitat type that covers the most areahngad cel, whie only retaining grid
cels with ahabitat type corresponding to the six dominant tgpesribed above for the cross-
species analysis:

Al analyses were repeated 100 times, corresponding to 100 sarapled of
morphological measurements. In total, 8,100 spatial regressiene computed (3 appendages
[tai, ear, hind sfeot] x 3 types of assemblage-level summdnieslian, 16", and 90" percentile
x 100 random sangs x 9 sets of variables [lattude + null model + 6 bioclimatic vagbt
interaction model]). Significance of interactions wested using analgsiof variance
(ANOVA) based on type-lll (partial) sums of squares as mplated in the CAR library (Fox &
Weisberg, 2019). The mean estimate of the relationship betpgrEmdage length and clmate
for each habitat type was extracted using the EMMEANIBr&y (Lenth, 2020). We report for
each coefficient’ the mean and 95% confidence intervals bagskd @00 repetitions, along with

the number..of significantly positve and negative result

3|RESULTS
3.1]| Latitudinal patterns

Across assemblages, when appendage size was summarizesl fgdian, we detected a clear
negative relationship between all appendagegth and absolute lattude, which was stratge
for tail length (averag@ca (median)=-0.509) and weak for hind foot length and ear length
(averagefeamedian)=-0.197 and -0.140, respectiveliFigure S1; Table S4). This relationship

was also detected when using thé"p@rcentie of appendage size, but only for hind foot length
and ear length.” We found no evidence for any significaittidienal pattern when considering the
90" percentie of appendage size. Across species, we observgdtiaengelationship between
latitude and tailvlength only (Figure S1; Table S4), atithothe evidence remains scarce (95%
confidence intervals slightly span O for completed trees agdcan 60% of phylogenetic
regressions were significant). This relationship was atsaker than across assemblages

(averagefics (pna-only)=-0.060; averag@cs (completed -0.056). In all relationships between
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appendage length and climatic variables described belowmisrlsi observed that the
standardized effect sizes of regression estimates wesmalér magnitude in cross-species than

cross-assemblage analyses.

3.2 | Climatie,patterns
3.2.1| Tatltength

Both cross:=assemblage and cross-species analyses foumgl fipport for a positive
relationship~between tail length and temperature, althdlglselected variable varied depending
on the type ofanalysis, from BIOG6 for cross-species asali@eerageics (ona-only)= 0.106;
averagepcs (completedy 0.103) to BIO1 (median and Y(ercentile length averageSca (median)=
0.472; averag@ea (10thperc= 0.280) and BIO5 (90 percentile length averageBca (goth percy=
0.106) for cress-assemblage analyses (Table S5 and Figure Ih@ddition to these best fit
variables, we observed significant relationships betweelentgih and BIO1 for cross-species
analyses, and with all other temperature variables @crhss-assemblage analyses (except
BIOG6 that was not significant when using™Qgercentie length). Moreover, there was also
positive relationship between tail length and preciptatianables, especialy BIO12 and BIO13
in the cross-species analyses. This relationship differpéndég on thepecies’ habitat type in
all cases (Table” S6), although differences between hahiats not constant between analyses.
In the cross-species analyses, desert and forest spedigtedxhe strongest relationship
between tail length and BIO6, while shrubland species advéakest relationship, even
negative on average (Figure )1lbh contrast, cross-assemblage analyses pointed to different
effects of habitat depending on the type of summary Esitigte used, and no clear pattern
emerged...The.median and theMdercentile of tai length, which were both mainly deteoh

by BIO1;"had-the lowest relationship with BIO1 in the fotesbitat; the habitats with the
strongest relationship differed though (median: rocky amedgy@ssland; I0percentie: rocky
areas and desert). Using theé"qgercentile of tail length, we found that shrubland andneava
exhibited@lower relationship between tail length and BIOS5 than difiall other habitats (Figer
le). Overall, here was no other evidence of interaction with species’ traits in the cross-species
analyses, since no more than 58% of models showed a signiinbanaction with ife mode or
saltation (Table S6However, we note that marginal slopes indicate a cle@ryfisantly

positive relationship between BIO6 and tail length in sulmean and non-saltating species,
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while confidence intervals cro$sin the other species’ categories (Figure 1e)ln the cross-
assemblage analyses, the effect of temperature oenggthlincreased in assemblages composed
of species with a small range and, only for thé® pércentile, in assemblages composed of

smal-sized, species (Figure le).

3.2.1| Hind-feot, length

There was no evidence of a relationship between hind-fogthleand climate in the cross-
species analyses, as the nul model generally had tlestloMCc (Table S5 and Figure 2b).
Cross-assemblage analyses revealed opposite trends depentliegsommary statistics (Table
S5 and Figure™2b-c). Using the median of p@rcentile of hind-foot length, a temperature
variable had the best fit overall (BIO1 and BIOG6 respeglivednd there was generally a positive
relationship between hind-foot length and all bioclimaticialdes, temperature and precipitation
included. Hewever, temperature had no effect on tie@@centie of assemblage-level hind-
foot length, \but.we observed a negative correlation witpratipitation variables (BIO12 had
the best fitfon average). Atthough the effect of cimaltmeaappeared similar, the effect of range
size had an opposite effect on the relationship betweenetimarm(positive) and 1Opercentie
(negative) “hindfoot length (Table S6 and Figure 2e). UiaglQ" percentile, there was also a
negativeginteraction between BIO6 and body size, and &csigni effect of habitat type (Table
S6) in which BIO6 and hindfoot length show a reduced relationghgavannas, shrublands, and

rocky areas,compared to other habitats (Figure 2e

3.2.3| Earlength

Cross-species variation in ear length appeared to be asdogith precipitation, as there was
strong suppert.for a negative relationship between ear lengiBIO14 (precipitation of the
driest month) (averagBcs (completed= -0.063; averaggcs (ona-only)=-0.05Q Figure 3c; Table 95
Cross-assemblage results were largely similar to tobserved for hindfoot length (Table S5
and Figure”3): the median or'1Percentie of ear length were mostly determined by BIO1
(averagefica (median)= 0.195) and BIO6 (averagé-a (1othperc= 0.230) respectively, and were
positively related to both temperature and precipitation blasia In contrast, the 9Qercentile
of assemblage-level ear length was better explained biptaton (BIO14, averag@ca (9oth perc)

=-0.070) and we observed a negative correlation with all peg@pit variables(we note,
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though, that there is also evidence for a positive reddtipnwith BIO5). There was an effect of
habitat type in cross-assemblage analyses only (Tablgh&6showed desert habitat to have the
lowest relationship between the!®percentie ear length and precipitation, and the highest

relationship between median or théMgkrcentie ear length and temperature (Figure 3e).

4| DISCUSSION

We assembled for this study an unprecedentedly large databaslents’ morphological
measurements, which, coupled wiip-to-date phylogenetic, clim@at and distributional data,
alowed us to investigate variation in appendage sizelation to clmate at broader spatial
scale and taxonomic level than previous works (see Alroy, 20Edrecent example We also
accounted for intraspecific variation in morphology and éndimatic conditions encountered
across the range, which improves the robustness of ouusionsl relative to those based on
species averages (lves et al., 200&s Roches et al,, 2018). At the global scale of order
Rodentia, we.ebserved that Allen's rule seems to apply mosttailé, as this is the only
appendage whose size exhibits relatively strong latéddvariation and a relationship with
temperature in“both cross-species and cross-assemblagsesn&enerally, the association
between appendage lengths and climate appeared to be mdyeddgdacted among units of
assemblages_than species. Part of this outcome could be blyntba conservative nature of
integrating both phylogenetic uncertainty and intra-sijgetifit variation in the cross-species
approach, .the former of which is not considered in cross-bggmanalyses. Alternatively, we
hypothesize that stronger effect sizes in the crossvédage analyses could be caused by
geographically”widespread species, which may disproportionalfritute to global
morphological gradients. If this were the case, cross-span@gses would provide a better
assessment jof thestrue dynamics of Allen’s rule; therefore, we wil mostly focus our
interpretation=an results that were consistently supgditeboth cross-species and cross-
assemblage=analyses.

Wesfound that tail lengths seem to increase toward thet@qgand with increasing
temperature. This result is partly in accordance weghdisert rodent study of Alhajeri (2016) in
that relative tail length was associated with tempezatvariables (but not hind-foot length nor
ear length). Alroy (2019) also detected an increase inveelil lengths in smal mammals in

the tropics (and no increase in the size of hind feears);ehowever, in that study, increased tail
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length was not associated with increasing temperatureuramnalyses suggest. Furthermore, our
cross-species analyses suggest that the variatitail iength is driven by BIO6 (minimum
temperature of the coldest month) rather than BIO1 (meaumaktemperature) or BIO5S
(maximum _temperature of the warmest month). This canfiaireed in terms of this association
being adaptive, for heat conservation in cold environmentshgtagg relatively shorter tails)

rather than\heat dissipation in warmer environmentshéving relatively longer tais). A similar
interpretation“was proposed in birds, where appendage sizangbitarsus lengths) was found to
be mostly associated with winter temperature (Nudds & @s\@8l07; Danner & Greenberg,
2015; Friedman, et al., 2017; Fan et al., 20R&mnano et al., 2020Cold temperatures appear to
be a greater evolutionary constraint than warm ones.

We'alsoffound evidenceéhat conformity to Allen’s rule (in tail length) varies depending
on the habttat type-more specifically, a stronger pattern is observed in desdrfogest species.
For the former, this may indicate that variation in kigth is driven by thermoregulatory
pressures. However, it has also been previously suggestedAl®y, 2019) that the increase in
tail lengths swithdecreasing latitude is caused byasmd tropical arborealty. However, we did
not find an‘effect of lfe mode on the strength of thaticeiship between tail length and BIOG6.
Moreover,«the greater tail length increasesome deserts (e.g., Sahara, Arabia, central Asia,
western Australia, and to a lesser degree Mexico; Figojecould be driven by increased
saltatorial abilty in such habitats, where a longdraids in aerial balance (see Alhajeri, 2016).
Thus, convergence toward longer tais could have been diyexxtreme selective pressures in
desert environments, as is the case in other morphologidal itralesert rodents (Mares, 1975;
Kotler et al';»1994; Alhajeri et al., 2016; Alhajeri, 2016, 2018; Alhajeri &Ban, 2018a, b).
We could not, however, test the effect of saltation abiltyhe scale of assemblages, and
analyses conducted across species did not show a signifitarsicion of this variable on the
relationship_between tail length and temperature, althooghe sesults (see Figure 1le) may
point to a stronger relationship in non-saltating species, dating the hypothesis above.

For the 90 percentile, Allen’s rule seems to more strongly apply in assemblages
composed of small-sized species, and weakly to assemblagegeesii@d species. This could
be explained by the fact that a modification in tail lengibuld have a disproportionately
stronger effect on the surface-area to volume ratio (ausl thermoregulationjn smaller rodent

species (see Introduction). The stronger effect of teatyrer on tail length in assemblages
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composed of smallranged species could be driven by the fa¢hdkat species are subjected to
a narrower range of environmental conditions for which to adapt.

In addition, we also observed that the variation of eathearross species) could be
explained byanegative relationship between ear length and the preoipitatiriable BIO14
(precipitation..of driest month). In birds, thaseevidence of the opposite (posttive) relationship
between appendage length and precipitation/humidity. Indeedyr ldnilg have been found to be
associated*with“higher humidity, a pattern that wagatid to the need of more efficient heat
dissipation=at*high humidity during summer, becauseditymreduces evaporative cooling at
high temperature (Gardner et al., 2016). Haossible explanation for the tendency for ear
length to decrease with increasing precipitation could hehisapattern is adaptive in dry and
hot environments, where longer appendage sizes help hgadtdiss as per the prediction of
Allen’s rule. In addition, desert habitats had a strongly negativeioredhip between the 90
percentie ear length and precipitation, which suggistsrodents in the driest desert habitats
have the longest ears. Atthough there is no clear predicf the role precipttation may have in
driving appendage length variation in mammals, our resuligest that sucarelationship
exists. More thorough investigations of the complex linkwbeh inter- or intra-speaifi
variation in.appendage size and precipitation, such afinean- relationships or interactions
with temperature, may help to more fully decipher the lndgr mechanisms.

In conclusion, Allen’s rule is observed at the global scale in rodents but can only be
confidently asserted for tails. The length of hind feetshno relationship with climatic
variables infcross-species, phylogenetically informed samlyThe case of ear length is
somewhat ‘intermediate: measured across species, it dog®onofatitudinal variation noa
relationship with temperature, but it appeared to be associdtedjotal variation in
precipitation. Furthermore, it seems that certain spetiasacteristics either promote or hinder
the observance of this rule, whie others have no efipoh it. Therefore, we provide evidence
here of a strong departure from the globglectations of Allen’s rule, ie. a general increase in
the length_of@l appendages with increasing temperaldost likely, this pattern reflects trade-
offs between selection for thermoregulation and for alieendtaits (locomotion, in the case of
tails and hind dd). Additional studies on other taxa, conducted at the same gliphshl scale

and high taxonomic resolution, would help assdssher conformity to Allen’s rule can be
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considered a general, widespread patteriis amore idiosyncratic pattern restricted to a few

species groups and specific appendages.
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FIGURES

Figure 1. Relationship between tail length and climavariables. (a) Example of one of the 100
completed phylogenetic trees used in the phylogenetic seagne, with branch colors
corresponding™to the maximum likelihood estimates of the matetates for tail length. (b)
Map of assemblage-level mean tail length (log-transfoymedues shown at 10 arc-min
resolution (note that we aggregated to 1.5-degree grid feeksl assemblage-based analyses).
(c) Mean AICc weight of models including each biocimatariable or none (i.e. nul model))(d
Standardized effect sizes based on coefficient estimgjes 96% confidence intervals (CI) for
the regression“between tail length and the clmateablas at the level of species (left,
phylogenetic /regressions) or assemblages (right, spaji@ssons). Results shown in (e) are the
effect of thesinteraction between climate [i.e. thenatie variable with the highest AICc weight
as shown in=(e); results are thus averaged acrosshibetsaf models for which this variable was
selected] and two interacting continuous variables: raigeand body size (top), as well as the
estimated marginal slope of the relationship betweeretatd and climate for each level of
three interacting! factor variabledabitat type, ife mode, and saltation abilty (bottom). Al
confideneewintervals are drawn from the distribution offic@nt estimates across the 100
repetition of random sampling, and additionally across 100 phylogetreBs for both the DNA-
only trees and the completed trees in which DNA-missipeciss were imputed. Tail length
across assemblages was summarized by either the mémiat()Mtor the 9@ percentie value.
Climatic variables are defined as folows: BIOl=annuabmemperature, BIO5=maximum
temperature of the warmest month, BIO6=minimum temperaifitee coldest month,
BlO12=annual=precipitation, BIO13=precipitation of the estttmonth, BIO14=precipitation of
the driestsmonth: Results are also reported in TebeS$S5, and S6. Sihouettes were
downloaded from publicdomainpictures.net.
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Figure 2. Relationship between hind foot length and clmatariables. (a) One of the 100
phyloge netic™trees used in the phylogenetic regressiotis,bxanch colors corresponding to the
maximum (ikelihood estimates of the ancestral statesiridr foot length. (b) Map of
assemblage-level mean hind foot length (log-transformedllesy shown at 10 arc-min resolution
(assemblage-based analyses were performed in 1.5-degreelgjid (c) Mean AICc weight of
models including each bioclimatic variable or none (i.e. madel). (J Standardized effect
sizes based oncoefficient estimates (I3) £ 95% confidencealstgiCl) for the regressions
between hind foot length and the climate variables. (ejdction between the selected climate
variable ;@@and species characteristics. See the Figugeridigfor more information.
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Figure 3. Relationship between ear length and the dimaariables. (a) One of the 100

phylogenetic trees used in the phylogenetic regressiotis,bxanch colors corresponding to the

maximum likelilhood estimates of the ancestral statesabfeagth. (b) Map of assemblage-level

mean ear length. (log-transformed) values shown at 10 arceswiution (assemblage-based

analyses=were=performed in 1.5-degree grid cells). (chM#é@c weight of models including

each bioclimatic, variable or none (i.e. nul model)) Standardized effect sizes based on

coefficient estimates (3) £ 95% confidence intervals) {@Ithe regressions between ear length

and the climate variables. (e) Interaction betweersdiiected climate variable and species

characteristics. “'See the Figure 1 legend for more infaymat
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SUPPORTING.INFORMATION

Appendix S1. Merphometric data collection, processing, cleanup, quality apmatnd
preliminary “analyses (supplementary methods).

Appendix S2. R script used to perform the phylogenetic and spatial sgresnalyses.

Table S1. Morphometric data retrieved from museum databases ancethéulie. The
descriptionsmofithe columns and the abbreviations for the collections appear in the “Metadata”
sheet. Thesreferences appeathin“References” sheet. Observations (rows) lacking head and
body length=and at least one appendage length (tail leimgth,foot length, ear length) were not
included in this,data set and thus are not used in ang afrthlyses. All data are untransformed.
Blank cells indicate missing data.

Table S2. Species means for morphometric and environmental data, alindhakitat, life

mode, and saltation abilty. Species means of morphometric dedacaiculated based on the
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data shown in Table S1. The degs@sns of the columns appear in the “Metadata” sheet. Species
with environmental data only (no morphometric data) weranotided in this data set and thus
are not used in any of the analyses. Al data are sfiramed. Blank cells indicate missing dat
Table S3rListvof species in Table S2 that are not found in the Updiaah (2019) phylogeny,
and their synonyms, when available. Blank cells indicgeciss with no matching synonyms in
the Upham et al. (2019) phylogeny. See the “Metadata” sheet for more details.

Table S4. Results of the relationship between appendage length amadbdbkite value of
latitude.

Table S5. Restlts of the relationship between appendage length anedecli

Table S6. Proportion of significant interactions between climatel kebitat, body size, range
size, life medeyand saltation.

Figure Sl.:Relationship between appendage length and latitude (absdusg. \&tandardized
effect sizes are represented as coefficient estimates 9o confidence intervals (Cl) for the

regressions between tai length, hind foot length, andeegih and the absolute value of

latitude, for the cross-species analyses and for the asssgnblage analyses. Results are based

on 100 repetitions of random sampling and, for cross-species andiephylogenetic trees.
Climatic variables are defined as follows: BIOl=annuadmiemperature, BIO5=maximum
temperature of the warmest month, BIO6=minimum temperaifitee coldest month,
BIO12=annual precipitation, BIO13=precipitation of the estttmonth, BIO14=precipitation of

the driest month.
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