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Synopsis Cities, t hrough t h e gen eratio n o f urban h eat is lan ds, provide a venue for exploring con tem porary conv er g ent 
evol u tio n t o c limatic warming. We quant ifie d how repe at able t he evol u tio n o f h eat toleran ce, co ld to lera nce, a nd b o dy size was 
amon g div erse lineag es in respon se to urban h eat is lan ds. Our study revealed significant shifts toward higher heat tolerance and 
diminis h ed cold tolera nce a mong urba n po p u lat ions. We f urt h er foun d t hat t he magni tude o f trai t div er g ence was significantly 
an d positive ly associated wit h t he magnitude of the urban he at island, sug g estin g that temperature played a major role in the 
observ ed div er g en ce in th ermal toleran ce. Desp i te these trends, the magnitude of trait responses lagged be hin d environm ental 
war ming. He at tolerance responses exhib i ted a deficit of 0.84 ◦C for every 1 ◦C increase in war ming, sug gesting limits on adaptive 
evol u tio n and co nsequen t ada pta tional lags. Other moderat or s wer e pr e dict ive of g reater div er g en ce in h eat toleran ce, in cluding 
lower base lin e toleran ce an d greater div er g ence in b o dy size . Although t errest ria l spe cies did not exhib i t systematic shifts toward 
lar g er or sma l ler b o dy size, aquatic species exhib i ted significant shifts toward sma l ler b o dy size in urban hab i tats. Our study 
dem onstrates h ow cities can be used to addres s long-s tanding ques tio ns in evol u tio nary b iology r egar ding the r epe at ab ili ty o f 
evol u tio n. Impo rt ant ly, t his work also s h ows h ow cities can be used as forecasting tools by qu antify ing ad a pta tional lags and by 
dev elopin g t rait-b ase d associat io ns wi th respo nses to co n tem pora ry wa rming. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/2/402/7665744 by C

ase W
estern R

eserve U
niversity user on 28 O

ctober 2024
Introduction 

Wh eth er s hared se le ct io n p res s ures lead to the same
evol u tio nary respo nse amo ng different lineages is a
lon g-standin g question in evolutionary biology ( Losos
2011 ). This question has taken on new relevance under
recen t clima te chan g e, w ith ev idence in support of
repe at a ble, rapid ev olution of c limat e-releva nt tra its
among a number of species, but also in support of
limi ts o n evol u tio n ary ch an g e ( Mart in et a l. 2023 ).
Yet, our infer ences r emain fairly limit ed , despit e the
impo rtance o f underst anding t he forces t h at sh ape and
co nstrain rap id evol u tio n o f c limat e-releva nt tra its f or
makin g con servation a nd la nd-ma nag ement decision s
( Tho mpso n et al. 2023 ). In pa rticula r, while there is now
w idespread ev idence o f co n tem po rary evol u tio n, the
majo ri ty o f these studies focus o n no nclima tic agen ts
of sele ct ion such as ant ibiot ics or pesticides ( Reznick et
al . 2019 ). S imilar ly, th er e ar e abundant data on climatic
A dvance A ccess publication May 6, 2024 
C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
niche evol u tio n; how ev er, mos t s tudies o n this top ic
focus on chan g es ov er hist orical , geological time scales
( Benn ett et al. 2021 ), rath er than con tem porary time
scales. Wh at i s needed i s a b o dy o f wo rk focused
o n co n tem po rary evol u tio n o f c limat e-releva nt tra its.
Cities, t hrough t he ra pid spa tio-tem poral genera tion
of urban heat i sland s, provide an e colog ica l ly relevant
venue for exploring con tem porary evolution to climatic
wa rming ( Dia m on d an d Martin 2021a ). 
Alre ady, t h ere is eviden ce of repe at a bility in ev olu-

tio nary respo nses to urb anizat io n. An info rmal vote-
count ing meta-ana lysis revea le d evidence of p ara l lel
evol u tio n in ci ties ( Sa nta n g elo et al. 2020 ). Here, p ara l lel
evol u tio n describes the evol u tio n o f similar ph en otypes
or gen otypes am ong mu lt iple in depen dent po p ula-
tio ns in respo nse to urb anizat io n fro m similar ini t ia l
co ndi tio n s (sen su Bolnic k et al . 2018 ). F or exam ple,
this would invo l ve evo l u tio nary respo nses to different
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rb anizat ion g radients wit hin t he s am e species. Wh en
o cusing sp e cifica l ly on adapt iv e ev ol u tio n, 9 ou t o f 9
pecies exhib i ted so me deg re e of p ara l lelism, rang ing
rom 67 to 100% similar responses across mu lt iple
rb anizat ion g radients for a g iven spe cies. These p at-
ern s w ere tax o no mica l ly widespre ad, as t his analysis
ncluded arthrop o ds ( Diam on d et a l. 2018 ; Saave dra-
odrigue z et a l. 2018 ; The odorou et a l. 2018 ), birds
 Muel ler et a l. 2013 ), fresh and sa lt water fishes ( R eid et
l. 2016 ; Kern a nd La n g erhan s 2018 ), lizards ( Win ch e ll
t al. 2016 ), and plants ( Tho mpso n et a l. 2016 ; Ya kub
n d Tiffin 2017 ). Wor k pu blis h ed sin ce t his synt hesis
 a s lent f urt her su ppo rt fo r p ara l lelism in adapt ive
vol u tio n across ci ties, fo r example, in the timing of the
nd uctio n o f s eas ona l diap ause in butterflies an d m oths
 Merckx et al. 2021 ). 
These studies of p ara l lel evol u tio n across ci ties

o mp rise a ran g e o f different o rgani sm a l t raits and
gents of sele ct ion, inc luding t olerance of pol lut ion,
 orph olog ica l a lterat ions to cope with habitat struc-

ura l modificat ions, a nd cha n g es in b o dy shap e to cop e
i th al ter ed hydr ology. Yet, fe w of thes e studies are
ocused on the evol u tio n o f c limat e-releva nt tra its. In
act, t he major ity of studies on the evolution of c limat e-
eleva nt tra i ts in ci ties invo l ve respo nses o f o ne o r mo re
pecies within a single city rather than the responses
f a single species across mu lt iple cit ies ( Diam on d an d
artin 2020 ). These studies can be harnessed to address

 he repe at ab ili ty o f evol u tio n o f c limat e-releva nt tra its
n cities using a different approach that explores the
otent ia l for conv er g ent ev olution amon g different
pecies. Here, conv er g ent ev olution descr ibes t he evolu-
io n o f similar ph en otypes or gen otypes am o ng mul ti ple
n depen dent po p u lat ions in response to urb anizat ion
r om differ ent init ia l co ndi tio ns ( Bolnic k et al . 2018 ).
 or exam ple, this w ould inv o l v e ev ol u tio nary respo nses
o urb anizat io n amo ng different species across one or
ore urban gradients. In su ppo rt o f co n tem porary
onv er g ent ev olution of c limat e-releva nt tra i ts in ci ties,
 re cent forma l meta-ana lysis of the evolution of heat
nd cold tolerance traits in response to urb anizat ion
et ect ed significant gains in heat tolerance and losses
n co ld to lera nce a mon g a div erse grou p o f ectot her mic
pecies ( Diam on d an d Martin 2021b ). Sin ce this m eta-
n alysi s, s e veral addi tio nal studies wi th co mparable
ypes of data have been pu blis h ed ( Pagliaro and Knouft
020 ; C ampb el l-Staton et a l. 2021 ; Nelson et al. 2021 ;
 ran s et al . 2022 ; Sat o and Ta ka h a shi 2022 ; Yilm az et
l. 2022 ; Diam on d et al. 2022a ; Lenard 2023 ; Har r is
t a l. 2024 ), a l low ing for a l ar g er-sc ale sy nthesis of
onv er g ent ev olution of t her mal tolerance in cities. 
Here, we used th ese n ew data t o updat e our

stimates o f co ntempo rary co nv er g ent ev ol u tio n to
limatic warming in cities and explore how moderat or s
ight influen ce th e magnitude an d dire ct io n o f trai t
esp onses. We b egan by examining the repeatab ili ty
 f trai t differences in heat t olerance , cold t olerance ,
nd b o dy size b etwe en urb a n a nd rural po p u lat ions
cr oss differ ent species. We consider ed data fr om
o mmo n garden studies where the genet ic b a si s of
vol u tio nary div er g ence can be establis h ed an d data
ro m co mpariso ns amo ng w ild-c a ugh t or ganism s where
nl y p h en otypic div er g ence can be esta blis h ed. In
he latter insta nce, differences betwe en urb a n a nd
ural po p ulations co uld arise from genetic div er g ence,
h en ot ypic pl asticit y, or a combination of both mech-
 nisms. We next exa mined how moderat or s might
nfluence trai t respo nses. We expe cte d the mag ni tude o f
rait div er g ence betw e en urb a n a nd rural po p u lat ions
o be positi vel y relat ed t o the magnitude of climatic
han g e across the urb anizat ion g radient, i .e ., the urban
 eat is lan d ( Diam on d an d Mar tin 2021b ). Fur ther,
uch variation in the magnitude of the urban heat
s lan d a l lowe d us t o explore pot ent ia l lags in the
b ili ty to keep pace with increasing climatic warming.
e cog nizing th at m any fact or s migh t con tribut e t o
he ab ili ty o f po p u lat ions to ke ep p ace with climat ic
a rming ( Ma rt in et a l. 2023 ), we n on eth e less as ked
h eth er th e l ag , or th e differen ce betw een div er g ence
n tolerance and the urban heat i sland, wa s nonzero
vera l l, an d wh eth er th e lag chan g ed with increasing
 mounts of wa rming. In addi tio n to variatio n in the
agni tude o f th e urban h eat is lan d, our synth esis
en erated su bstant ia l variat ion in b ase lin e toleran ce,
 l lowing us to explore wh eth er species with lower
ase lin e toleran ce were m o re lab ile in their ab ili ty
o shift in response to urban warming ( Diam on d
t al. 2015 ; and see arguments in Heerwaarden and
ellermann 2020 ). 
In drawing co mpariso ns amo ng the different trait

yp es, we exp e cte d that po p u lat ion div er g ence in b o dy
ize would be less repe at able comp are d wit h t her mal
o lerance gi ven that size is a co mpo nent o f many other
rai ts, incl uding t her mal to lerance ( Lei va et al. 2019 ).
hus, in direct se lectio n o n t hese ot her t raits cou ld
iminis h th e consisten cy o f evol u tio nary respo nses
f b o dy size to urb anizat io n amo ng different species
 Yilmaz et al. 2019 ; Diam on d an d Martin 2020 ). Finally,
e examined the asso ciation b etw een div er g ence pat-
erns in heat tolera nce a nd b o dy size . In aquatic syst ems,
e expe cte d t hat war mer wat er s w ould cause oxyg en
emand to outpace supp l y, and that evo lut ion of g reater
 eat toleran ce in urban environm ents wou ld be faci li-
 ated by t he evol u tio n o f sma l ler size to reduce oxygen
emand ( Leiva et al. 2019 ). In ter restr ial system s, w e
xpe cte d eith er n o re lations hip or a posit ive relat ionship
etween size a nd tolera nce. In the first case, a more
ariab le ro le fo r oxygen limi tatio n in ter restr ial hab i tats
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cou pled wi t h t h e many in direc t fac t or s that pot ent ia l ly
shape size could lead to a lack of consistent trend in
size div er g ence betw e en urb a n a nd rural po p ulations.
Alternati vel y, lar g e size could lead to greater thermal
tolerance v i a t her ma l inert ia, or slower rates of increases
in b o dy temp erature in warm environments ( Stev en son
1985 ; Chown and Nicolson 2004 ). 

Methods 
Trait database 

In this study, we exp ande d on a dataset of evol u tio nary
an d ph en otypic div er g en ce of h eat an d co ld to lerance
t raits. We use d the sam e approach es an d se arch cr iter ia
as those used to construct the orig ina l dataset (see
Diam on d an d Martin 2021b for detail s; la st searc h dat e
was 25 February 2024). Here, how ev er, o ne o f our main
questions was to as ses s the ab ili ty o f po p u lat ions to
ke ep p ace with climat ic warming. Be cau se thi s invo l ved
dire ct comp arisons of the magnitude of div er g ence in
t her mal tolerance with the magnitude of the urban
h eat is lan d, w e ex cluded studies from the orig ina l
dat aset t hat reporte d t ime-b ase d met r ics such as he at
kn ockdown tim e an d chi l l coma re covery t im e. Furth er,
we only considered studies that reported trait values
at the sp ecies level. Sp e cifica l ly, w e ex cluded studies
o f co mmuni ty w eighted mean s. In cases where studies
con tained m ul ti ple trea tmen t groups (e .g., t em pera ture
acclimat ion reg im es) or su b po p u lat ion s (e.g., sex es), w e
reporte d the urb an-rura l t ra it difference f o r each grou p.

We a ttem pted to find data on div er g ence in b o dy size
betwe en urb a n a nd rural po p ulatio ns fo r each species
in th e toleran ce dataset. Mos t s tudies co-reported
tolera nce a nd size inf o rmatio n. In other c ases, d ata on
div er g ence in size betwe en urb a n a nd rural po p ulations
were only available from a different study than the study
con taining da ta on div er g ence in t olerance . In these
cases, w e en sured con gruence betw een species identity
an d th e urb anizat ion g radient un der study. We did n ot
mix gen etic an d ph en ot ypic d ata t ypes. U ltimat ely, six
species (out of 22) from four studies (out of 22) in the
tolerance d ataset l acked co rrespo ndin g size div er g ence
data. 

In m ost cases, auth ors provided eith er re levant
s ummary s tatis tics and their associated SEs or access to
t heir raw dat a, a l lowing us to fit m ode ls o f trai t chan g e
across the urb anizat ion g radien ts of in terest, and extract
estimates of mean trai t val ues and their associated SEs
f or urba n a nd rural po p u lat ions. We fol lowe d th e m ode l
spe cificat ion in each orig ina l study, in cluding ran dom
effects f o r si tes an d oth er grou p ing structures. In a sub-
s et of cas es, we ne e de d to use ot her dat a ext ract ion and
est imat io n app r oaches. Her e, we used a co mb inatio n o f:
(1) report ed t es t s tatis tics a nd sa mple sizes to ca lcu late
sta nda rdized mea n difference values (i .e ., usin g the fe s
functio n fro m the co mp ut e.e s packag e; Del Re 2013 ); (2)
raw data points ext racte d from figures wit h t he aid of
WebPlotDig it izer ( Rohatg i 2022 ) and subsequent linear
m ode ling to estimate means and errors of traits in urban
and rural po p ulatio ns; o r 3) means and errors ext racte d
fr om figur es wit h t he aid o f WebPlotDigi tizer (see
Supp lementary Tab le S1 for a summary of studies
included in the size and tolerance div er g ence datasets,
a nd deta i ls of data ext ract ion). We fol lowe d t he aut hors
of a gi ven stud y in the formation of sub-groups for
an alysi s, for example, b ase d o n develop mental accli-
ma tion tem pera ture, sex, or b ase d on different types
of m easurem ents on th e sam e organi sm such a s b o dy
m a ss and len gth. Tog eth er, th e da ta com prise d urb an-
rural differences f or heat tolera nce a mong 22 species (86
observatio ns fro m 22 studies), co ld to lera nce a mong 7
species (39 observations from 10 studies), and b o dy size
among 16 species (69 observations from 13 studies). At
the study level, data published since the Diamond and
Martin (2021b) meta-an alysi s, co mp rise 41% of the 22
studies used in the current analyses. 
In g eneral, w e w ere a ble to ext ract est imates of the

magni tude o f th e urban h eat is lan d dir ectly fr om most
studies, either as reported in the text or quant ifie d from
raw environmental data pro vided b y the au tho rs. We
used the mos t consis t ently report e d met r ic of t he urban
h eat is lan d, th e differen ce in av erag e growin g s eas on
tem pera ture betwe en urb a n a nd rural hab i tats. In two
cases ( Sato and Ta ka hashi 2022 ; Har r is et al. 2024 ),
we use d reporte d impervious sur face are a values and
est imate d the urban heat island b ase d on conversion
fact or s b etween imp ervious surface a nd la nd surface
tem pera tur e r eported in the literature ( Yang et al. 2021 )
(see Supp lementary Tab le S1 f or urba n h eat is lan d data
sources). 

Statistical analyses 

Al l ana lyses were per for med in R, versio n 4.2.1 (R Co re
Team 2022 ). We const ructe d forma l, random effe cts
meta-an alyses u sing t he rma.mv f unction in t he m e t af o r
p ackage ( Vie chtb auer 2010 ). Po p u lat ion div er g ence in
h eat toleran ce, co ld to lera nce, a nd b o dy size were mo d-
ele d sep ara tely. F o r models o f h eat an d co ld to lerance,
w e con sidere d the fol lowing moderat or s of div er g ence:
d ata t ype, the magnitude of the urban heat isla nd, a nd
base lin e toleran ce. We a lso considere d hab i tat type as a
tw o-lev el categ o rical moderato r co mp rising o rganisms
from aquatic and ter restr i al env iro nments, bu t o nly fo r
m ode ls of h eat toleran ce, as th e data for co ld to lerance
came ex clusiv ely from ter restr ial hab i t ats. D at a type was
t reate d as a tw o-lev el categ or ical var iable co mp rising
gen etic an d ph en ot ypic d at a. This var iable a lig ns with

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
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he study design, as genetic data came from labo rato ry
o mmo n garden studies with as ses sment o f trai ts o n
r ganism s that underwent a generation of develop-
en tal acclima tion to sta nda rdized co ndi tio ns (F 1 o r

a ter genera tions). Ph en ot ypic d ata c ame from w ild-
a ugh t or ganism s that did n ot un der g o a g eneratio n o f
eve lopm en tal acclima tion to sta nda rdized co ndi tio ns
F 0 gen eration). Th e magnitude of the urban heat
s lan d was t reate d as a con tin uous variable. Base lin e
olerance was est imate d as the tolerance of the rural
o p u lat ion and was t reate d as a continuous moderator.
wing to a p rio ri expe ctat ions that ph en ot ypic d ata
ypes might upwardly bia s estim ates from the combined
ffects of pl asticit y and evolution to trait div er g ence, w e
nit ia l ly considere d interact ion s betw een d ata t ype and
 he ot her moderat or s for m ode ls of h eat toleran ce. In
he case of nonsignificant interactions, these terms were
ro p ped from the final model. The data for cold toler-
nce were too spar se t o consider int eraction s betw een
oderat or s. 
F or hea t t olerance , the trait difference was expressed

s urban CT max —rural CT max . For cold t olerance ,
he trait difference was expressed as (urban CT min —
ural CT min ) × −1 to be interpretable as higher
a lues indicat ing bett er cold t olerance , since higher
T min val ues indicate wo rse co ld to leran ce. Mode ls
f heat and co ld to lerance inco rpo ra ted measuremen t
rror b ase d on the squared, p o oled SEs and included
 random intercept for s pecies. Vis ualizatio n o f the
e lations hip between moderat or s a nd tra it div er g ence
a s accompli s h ed using th e regpl ot fun ction from
he m e t af o r pac kage . We used th e emmpre p fun ction
rom the m e t af o r pac kage , follo wed b y the emmea ns
unctio n fro m the emme ans pac kage ( Lenth 2021 ) t o
 btain es t imate d marg ina l means for factor levels when
p pro priat e . 
For m ode ls of potent ia l la g in the res po nse o f heat

nd cold tolera nce tra its, we qua ntified the expected
rait shift as the 1:1 relatio nshi p between the magnitude
f the urban heat island and the tolera nce tra it differ-
nce between urban and rural po p ulations, as s uming
n creases in h eat toleran ce an d losses in cold tolerance
 mong urba n po p ulation s (sen su Diam on d an d Martin
021b ). In p ractice, fo r h eat toleran ce, we su bt racte d
he div er g ence in heat tolerance (urban CT max —rural
T max ) from the urban heat island to estimate the

 ag . For co ld to leran ce, we summ ed th e div er g ence
n co ld to lera nce (urba n CT min—rural CT min ) × −1
n d th e urban h eat is lan d t o estimat e the l ag . Thus, if
o p u lat ions increase d th eir h eat toleran ce an d lost th eir
o ld to leran ce by th e sam e m agnitude a s th e urban h eat
s lan d, th e lag would be zero for both heat and cold
 olerance . We per for med two sets of m ode ls, on e wh ere
e est imate d th e m ea n lag f or heat a nd co ld to lerance
an intercept-only m ode l) an d examin ed wh eth er th e
n tercept was significan tly differen t from zero and a
econ d wh ere we m ode led th e lag as a fun ctio n o f the
rban h eat is lan d an d examin ed wh eth er th e s lope was
ignifica ntly differ ent fr om zer o. 
We m ode led body size in a bro ad ly simi lar fa shion a s

h e toleran ce trai t respo n ses. Owin g to the magnitude
f urb an–rura l different iat ion in b o dy size having
o direct in terpreta tio n fo r keep ing pace with urban
limatic warmin g, w e ca lcu late d b o dy size resp onses
s sta nda rdized mea n differences using the escalc
unctio n wi th the S MD H method a rgument from the
 e t af o r pac kage . Th e m ode l in cluded m easurem ent
r ror var iances as co mpu ted by th e escal c fun c tion w hen
o-est imat ing the sta nda rdized mea n differences. We
n cluded th e m oderat or s of d ata t ype, hab i tat type,
 o dy size metr ic (lengt h versus mass), and magnitude
f the urban heat island. We considered interactions
et ween d ata t ype an d th e oth er m oderat or s. We f urt her
onsidered the interaction between hab i tat type and the
agni tude o f th e urban h eat is lan d, sin ce th e size di-

 er g ence might be expe cte d to t ren d m ore n egative for
quatic or ganism s in respon se t o warmer t em pera tures,
u t ei th er tren d flat o r posi tive fo r ter restr ial or ganism s.
nt eraction t erm s w ere ex cl uded fro m th e final m ode l in
he case of nonsignificance. 
Fo r each o f the fo cal resp on se varia b les, di v er g ence

n h eat toleran ce, co ld to lera nce, a nd b o dy size, we
 lso ran intercept-on ly meta-ana lyt ica l models with the
ame structure for m easurem ent error va ria nce a nd
a ndom effects as th e m oderator-b ase d m ode ls for each
espons e des cribed a bov e. Th ese m ode ls a l lowe d us to
stimate the overall urban-rural div er g ence for each
rait. 
For the moderato r o f baseline t olerance , when this

er m was st at ist ica l ly sig nificant in m ode ls of div er g ence
n t olerance , we per for m ed a complem enta ry a n alysi s
o as ses s the potent ia l effe ct of reg ression to the mean
fol lowing De ery et a l. 2021 ). Spe cifica l ly, we aime d to
etermin e wh eth er repeated sampling within species
rt ificia l ly p rod uced th e n egative re lations hip between
iv er g en ce an d base lin e toleran ce. We gen erated a null
ist ribut ion by random l y samp ling base lin e toleran ce
 ith repl acem ent, an d separate ly, ran doml y samp ling
rba n tolera nce w ith repl acement. As our orig ina l
eta-an alysi s contained a random intercept for species,
e per for med t h e ran do m sampling wi t hin e ach
p ecies. We p er for med two versions of the resampling,
n e wh ere th e orig ina l number of samples per species
as preserved, and an oth er wh ere each species was
ample d one t ime (co rrespo nding to the lowest within-
pe cies replicat io n p resent in our dataset). We then
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Fig. 1 Divergence in heat and cold tolerance, grouped by species. Points r epr esent observation-lev el differ ences. The differ ence for heat 
tolerance was defined as urban CT max —rural CT max . The difference for cold tolerance was defined as (urban CT min —rural CT min ) × −1 
because higher CT min value indicate worse cold tolerance. The vertical dashed line at zero indicates no change in trait values between 
urban and rural populations. Solid vertical lines and ribbons indicate the meta-analytic means and 95% confidence intervals for divergence 
in each trait. 
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refit our meta-ana lyt ic m ode l of div er g en ce in toleran ce
as a function of base lin e toleran ce, ca lcu lat ing a new
p o oled S E fo r the respo ns e bas ed on the resampled
data an d in cluding th e orig ina l moderator variables.
We per for med 1000 per mut atio ns o f t he dat a, and
then as ses se d how fre quent ly we obt aine d a resu lt
with an est imate d coefficient f or the effe ct of b ase lin e
tolerance on div er g en ce in toleran ce th at wa s a s or
mor e extr eme than the estimate from our orig ina l meta-
ana lyt ic m ode l. 

Fina l ly, we more explicitly examined the potent ia l
role of chan g es in b o dy size and their consequences for
chan g es in tolerance across the urb anizat ion g radient.
We focused ex clusiv e ly on h eat toleran ce, as th er e wer e
insufficien t da ta to explore this re lations hip for cold
t olerance . We construct ed a meta-analytic m ode l of
div er g ence in heat tolerance as a functio n o f div er g ence
in b o dy size, hab i t at type, and t heir interaction to
a l low f or different ia l associat ion betwe en size and heat
tolerance across aquatic versus ter restr ial hab i tats. We
p o oled across the oth er m oderat or s of div er g ence in
h eat toleran ce con sidered a bov e to av oid ov ersa tura ting
th e m ode l. We again dro p pe d the interact io n fro m the
final m ode l in th e case of n onsignifican ce. 
 

Results 
O ur resu l ts p rovide su ppo rt fo r co nv er g ent ev ol u tio n o f
t her mal p hysio logical traits in response to urban heat is-
lands. We det ect ed a signific ant, ecologic ally meaning-
f ul incre ase in he at tolera nce a mong po p u lat ions in ur-
ban environments comp are d with rural environments
(est imate d meta-ana lyt ic mean for the chan g e in CT max :
0.600 ◦C, 95% CI [0.300, 0.901]; Fig. 1 A, Supplementary
Table S2 ). We also det ect ed a significant decrease in cold
tolera nce a mong po p u lat ions in urb an environments
comp are d with rural environments (est imate d meta-
ana lyt ic mean for the chan g e in CT min : −0.456 ◦C, 95%
CI [ −0.729, −0.184], n ote h ere th e dire ct iona lity is
such that negat ive va lues indicate losses in cold toler-
ance, or, e quiva lent ly, incre ases in CT min val ues, fro m
rura l to urb an po p u lat io ns; Fig. 1 B, Su pplementary
Table S2 ). 
F or hea t t olerance , we found t hat t he magnitude

of the urban heat island was a significant moderator
of div er g ence , suc h t hat war m er urban environm ents
co ntribu t ed t o great er magni tude o f trai t div er g ence
( Fig. 2 A; Supp lementary Tab le S3 ). How ev er, w e also
foun d eviden ce of a l ag , defin ed as th e differen ce
betwe en the urb an h eat is lan d an d div er g en ce in h eat

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
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Fig. 2 Effect of the urban heat island on: (A) divergence in heat tolerance (CT max ) and (B) lag in the response of heat tolerance. 
Divergence in heat tolerance is expressed as urban CT max —rural CT max . Data type is distinguished by filled circles for genetic data, and 
open circles for phenotypic data. Symbol size indicates r elativ e differ ences in model weight, with larger circles corresponding to greater 
w eight. Pr edicted values from the meta-analytic model are indicated with a solid line within the 95% confidence interval (gray ribbon, 
dashed lines). The 1:1 line is indicated in panel A, such that for every 1 ◦C increase in the magnitude of the urban heat island, there is a 
concomitant 1 ◦C increase in CT max of the urban population relative to the rural population. 

t  

s  

z  

w  

s
=

 

t  

t  

g  

A  

(  

w  

b  

h  

−  

r  

S  

o  

s  

p  

d  

t  

d  

(  

w  

0  

0
 

u  

p  

i  

(  

s  

o  

S  

a  

m  

S  

o  

(  

d  

P  

p  

w
 

w  

(  

s  

w  

b  

a  

t  

v  

(  

−  

a  

t  

n  

z  

d  

S  

d  

t  

(
 

p  

g  

d  

z  

b  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/2/402/7665744 by C

ase W
estern R

eserve U
niversity user on 28 O

ctober 2024
 olerance (t est of wh eth er th e intercept-only m ode l was
ignifica ntly differ ent fr om zer o: β = 1.62, SE = 0.276,
 = 5.87, P < 0.0001). In addi tio n, th e lag in creased
it h gre a ter amoun ts o f warming (test o f wh eth er th e
lope of the lag was significantly differ ent fr om zer o: β
 0.835, SE = 0.0361, z = 23.1, P < 0.0001) ( Fig. 2 B). 
Also for heat t olerance , we found that base lin e

olerance was a significan t modera to r o f div er g ence, but
hat its effect was dependent on whether t he dat a were
enetic or phenotypic ( Fig. 3 ; Supp lementary Tab le S3 ).
lt hough t here was no relatio nshi p fo r phenotyp ic data

 β = 0.0145, SE = 0.0277, z = 0.523, P = 0.601),
e found that for genetic data, po p ul ations w ith lower
ase lin e h eat toleran ce exhi b i te d g r eater incr eases in
 eat toleran ce in response to urba n wa rming ( β =
0.134, SE = 0.0332, z = −4.03, P < 0.0001; the

 esult was r obust to the test of r egr ession to the mean,
upp lementary Tab le S4 ). Gi ven the strong depen den ce
f h eat toleran ce respo nses o n d ata t ype, we ran
epa rate meta-a nalytic m ode ls for gen etic data an d for
h en ot ypic d a ta to estima te the overa l l mag nitude and
ire ct io n o f div er g en ce in h eat toleran ce for e ach dat a
 ype. A lth ough ph en ot ypic d ata t ended t o s h ow greater
iv er g en ce in h eat toleran ce comp are d with genet ic data
 Fig. 3 ), both s h owed in creases in h eat toleran ce that
ere significantly different from zero (ph en otypic: β =
.700, SE = 0.250, z = 2.80, P = 0.00514; genetic: β =
.522, SE = 0.185, z = 2.82, P = 0.00479). 
For co ld to lera nce, we f ound greater div er g ence
nder lar g er mag nitude urb an h eat is lan ds. Spe cifica l ly,
o p u lat ions in wa rmer urba n environments had greater
n creases in CT min an d thus losses in cold tolerance
 Fig. 4 A, Supp lementary Tab le S3 ). We did not find
ignifica nt effects of d ata t ype or base lin e toleran ce
n div er g ence in co ld to lerance ( Supp lementary Tab le
3 ). The loss of cold tolerance lagged behind the
mount of warming (test of wh eth er th e intercept-only
 ode l was significantly different from zero: β = 1.74,
E = 0.412, z = 3.21, P < 0.0001), an d th e magnitude
f the lag increased under higher amounts of warming
test of wh eth er th e s lope of th e l ag was signific antly
iffer ent fr om zer o: β = 0.248, SE = 0.0780, z = 3.17,
 = 0.00151). Effe ct i vel y, the ra te a t which urban
o p u lat ions lost their co ld to lerance was lower in
arm er environm ents. 
Although we found that overa l l size different iat ion
as not significantly different from zero

 Supp lementary Tab le S2 ), we did find evidence of
ignifican t modera t or s of size div er g ence. Div er g ence
as m ore n egative for m a ss comp are d wit h lengt h-
 ase d m easurem ents ( Supplem entary Table S3 ). We
l so found th at div er g en ce was depen dent u po n hab i tat
ype ( Supp lementary Tab le S3 ). The co ntrast o f aquatic
er sus t er restr ial hab i tat was n egative an d significant
aquat ic—terrest ria l: β = −0.519, SE = 0.222, z =
2.34, P = 0.0192). The est imate d marg ina l means

 nd significa nce tests for each hab i tat type indicated
hat while size div er g ence in terrest ria l hab i tats was
ot different from zero ( β = 0.0716, SE = 0.115,
 = 0.623, P = 0.533), b o dy size of urban po p ulations
e crease d sig nific antly in aqu atic hab i tats ( β = −0.448,
E = 0.188, z = −2.38, P = 0.0175) ( Fig. 5 A). We
id not detect significant effects of data type or
h e urban h eat is lan d in m ode ls of size div er g ence
 Supp lementary Tab le S3 ). 
Fina l ly, when con siderin g b o dy size div er g ence as a

 redicto r o f div er g en ce in h eat toleran ce, we foun d that
reater div er g ence in size wa s a ssoci ated w it h gre ater
iv er g ence in heat tolerance ( β = 0.224, SE = 0.0856,
 = 2.61, P = 0.00904; Fig. 5 B). The relatio nshi p
etween h eat toleran ce an d size div er g en ce did n ot
pp ear to b e driven by o p posi te trends fo r hab i tat types

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
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Fig. 3 Divergence in heat tolerance (CT max ) as a function of baseline heat tolerance (rural CT max ): (A) for genetic data only; (B) for 
phenotypic data only. Divergence in heat tolerance is expressed as urban CT max —rural CT max . Data type is distinguished by filled circles 
for genetic data, and open circles for phenotypic data. Symbol size indicates r elativ e differ ences in model weight, with larger circles 
corresponding to greater weight. Predicted values from the meta-analytic model are indicated with a solid line within the 95% confidence 
interval (gray ribbon, dashed lines). 

Fig. 4 Effect of the urban heat island on: (A) divergence in cold tolerance (CT min ); and (B) lag in the response of cold tolerance. Divergence 
in cold tolerance is expressed as (urban CT min —rural CT min ) × −1, and the lag is expressed as the sum of the urban heat island and 
divergence in cold tolerance. Data type is distinguished by filled circles for genetic data, and open circles for phenotypic data. Symbol size 
indicates r elativ e differ ences in model w eight, with larger circles corr esponding to gr eater w eight. Pr edicted values from the meta-analytic 
model are indicated with a solid line within the 95% confidence interval (gray ribbon, dashed lines). The 1:1 line is indicated in panel A, such 
that for every 1 ◦C increase in the urban heat island, there is a concomitant 1 ◦C increase in CT min (loss of cold tolerance) of the urban 
population r elativ e to the rural population. 

Fig. 5 Relationship between divergence in heat tolerance and body size across aquatic and terrestrial habitats. In both panels, divergence in 
heat tolerance (urban CT max —rural CT max ) is plotted as a function of divergence in body size (standardized mean difference, 
urban—rural). Points are observation-level comparisons, shaded according to their habitat of origin, either aquatic (open symbols) or 
terrestrial (filled symbols). (A) Bivariate point estimates and 95% confidence intervals for divergence in heat tolerance and size are shown 
(based on the estimated marginal means from the r espectiv e meta-analytic models, Supplementary Table S3 , for aquatic and terrestrial 
habitats). Vertical and horizontal dashed lines at zero indicate no divergence in size and heat tolerance, r espectiv ely. (B) Pr edicted values 
from the meta-analytic model of heat tolerance divergence as a function of size divergence are indicated with a solid line within the 95% 

confidence interval (gray ribbon, dashed lines). Symbol size indicates r elativ e differ ences in model w eight, with larger circles corr esponding 
to greater weight. 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/2/402/7665744 by C

ase W
estern R

eserve U
niversity user on 28 O

ctober 2024

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data'


Con vergent e volution in cities 409 

(  

t  

e  

w  

t  

P  

d  

d  

t  

z  

h

D
W  

t  

r  

a  

a  

e  

g  

t  

a  

b  

g  

l  

e  

d  

f  

i  

q  

p

C
t

T  

h  

(  

e  

(  

t  

w  

i  

i  

g  

(  

w  

b  

a  

a  

h  

c  

T  

g  

m  

s  

d  

o  

h  

e  

c  

(
 

c  

u  

c  

s  

c  

t  

c  

B  

2  

f  

c  

m  

c

L

A  

c  

f  

fi  

e  

g  

e  

w  

l  

S  

t  

a  

h  

(  

d  

t  

s  

t  

a  

T  

s  

t  

i  

t  

i  

s  

a  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/2/402/7665744 by C

ase W
estern R

eserve U
niversity user on 28 O

ctober 2024
e.g., sma l ler size being associated wit h gre ater he at
olerance in aquatic enviro nments, bu t lower heat tol-
rance in ter restr i al env ironments), a s thi s re lations hip
as qua litat i vel y simila r just a m ong th e we l l-replicate d
er restr i al d ata subset ( β = 0.229, SE = 0.0882, z = 2.59,
 = 0.00956). Furt her more, t he interactio n o f size
iv er g en ce an d hab i tat t ype was not signific a nt a nd was
ro p ped from the final model; the main effect of habitat
ype wa s al so not significant ( β = 0.325, SE = 0.446,
 = 0.727, P = 0.467) as we found in our fo cal mo del of
 eat toleran ce ( Supplem entary Table S3 ). 

iscussion 

e t est ed wh eth er th e s hared se le ct io n p res s ure of
h e urban h eat is lan d led to conv er g ent ev ol u tio nary
esponses in t her mal tolera nce a nd b o dy size ( Diam on d
 nd Ma rtin 2020 ). We used a cros s-s pecies meta-
na lyt ic appro ac h t o as ses s the deg re e o f co nv er g ent
vol u tio n in these traits among distinct lineages. In
enera l, whi le we found high repe at ab ili ty o f evol u-
io nary respo nses to urb anizat ion in h eat toleran ce
nd co ld to leran ce, we foun d low repe at ab ili ty in
 o dy size. Desp i te evidence of significant shifts toward
re ater he at tolerance in cities, the rate of trait chan g e
agged be hin d chan g es in environmen tal tem pera ture,
spe cia l ly under st rong urb an heat i sland s. Our study
em onstrates h ow cities can be used to un derstan d
un dam enta l quest ion s in ev ol u tio nary b iology r egar d-
ng the repeatab ili ty o f evol u tio n, an d m ore applied
uestions r egar ding the ab ili ty o f po p u lat ions to ke ep
ace with con tem porary clima tic warming. 

ontemporary convergent evolution of 
hermal tolerance 

he results of our study bridge a crit ica l gap between
isto rical evol u tio n in response to climatic variation
 Bennett et al. 2021 ) and con tem porary conv er g ent
vol u tio n studies not necess ar ily focused on c limat e
 Re znick et a l. 2019 ). We find strong su ppo rt fo r co n-
empo rary co nv er g ent ev ol u tio n in t her mal t olerance ,
 ith signific a nt ga ins in heat tolera nce a nd losses
n co ld to lerance in response t o c limatic warming
n cities ( Fig. 1 ). These p atterns are p ara l lele d with
lob a l bioge og ra phic la t itudina l an d e levat iona l clines
 Sunday et al. 2019 ). How ev er, in the current study,
 e w ere a ble t o ascribe , at least p art ia l ly, a genet ic
a si s to those chan g es, as w e det ect ed these patt erns
mon g both g enetic and phenotypic data. Though, as
 n importa nt side not e , the estimat ed div er g ence in
 eat toleran ce was significantly greater for ph en otypic
omp are d with genet ic data ( Fig. 2 A, Supplementary
able S3 ), r einfor cing the value of using common
arden designs to disentangle genetic from environ-
en tal con tribu tio ns to trai t variatio n. Further, our

 tudy s ugges ts tha t tem pera ture i s a m ajo r driver o f
iv er g en ce in toleran ce as we found t hat t he magnitude
f div er g en ce was re lat ed t o the magni tude o f the urban
 eat is lan d ( Figs 2 A an d 4 A). Spe cifica l ly, we found
v idence of l ar g er gain s in heat tolera nce a nd losses in
o ld to leran ce wh ere th e urban h eat is lan d was stron g er
 Supp lementary Tab le S3 ). 
Al though i t i s perh a ps more straigh tf orwa rd to

on sider div er g en ce in h eat toleran ce in response to
rba n wa rmin g giv en th e like l y adapti ve nature of such
han g es, t he patter n s of div er g ence in co ld to lera nce a re
t i l l worthy of consideration. It is possible that genetic
o rrelatio n s betw een h eat an d co ld to lera nce tra its drive
he observe d p attern of diminis h ed co ld to lerance in
ities, t hough t here is mixed su ppo rt fo r t his ide a (e.g.,
aer and Travis 2000 ; Freda et al . 2019 ; Sc hou et al .
022 ). Alternati vel y, there could be an adaptive ba si s
or this response as sele ct ion cou ld dr ive t he loss of
o ld to lerance v i a j ett iso ning o f costly mac hinery t o
a inta in perf orma nce at low temperatures in warmer
o ndi tio ns ( Dierks et al. 2012 ). 

ags in thermal tolerance responses 

s ses sing the ab ili ty o f evol u tio n to ke ep p ace with
 limatic c han g e is an increasingly vital com ponen t of
ore cast in g efforts, y et one th at rem ains no torio usly dif-
cult to estimate ( Martin et al. 2023 ). Often, labo rato ry
xper iment al evol u tio n s tudies, es timates o f addi tive
enet ic variat ion in c limat e-releva nt tra i ts, o r m ode ling
fforts a re u sed to a s ses s the ab ili ty to ke ep p ace with
a rming, a nd each ca rries its own set of ben efits an d
imi tatio ns (e .g., Radc hu k et a l. 2019 ; Feiner et al. 2021 ;
ant os et al . 2021 ). Altho ugh o ur ap proac h t o quan-
ify con tem pora ry evolution (a n d ph en otypic chan g e)
mong c limat e-releva nt tra i ts in respo nse to urban
 eat is lan ds is n ot with ou t i ts own set o f limi tatio ns
 Diam on d an d Martin 2021a ), our study n on eth e less
em onstrates th e use o f ci ties as a v i able forec asting
 ool . Inde e d, our study j oins o ther ap proaches finding
u ppo rt fo r the p resence o f ada pta t iona l lags in response
 o c limatic warming (re vie we d in Mart in et a l. 2023 )
 nd urba n la nd-u se ch an g e ( Diam on d et al. 2022b ).
h e m ean lag in h eat toleran ce est imate d in our
 tudy was s ubs tant ia l at 1.6 ◦C and s ugges ts that while
here is evidence of adaptive evol u tio n to warming
n cit ies, urb an po p u lat ions might remain vu lnerable
o extreme high tem pera tures. Furt her, t he incre ase
n lag of 0.84 ◦C for every deg re e of urb a n wa rming
 ugges ts that urban po p ula tions migh t be exha usting
dditiv e g enetic variation in heat tolerance as they
espond to urban conditions or that urban po p ulations

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
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ne e d more g eneration s f or tra it responses to catch up
to the rapid warming associated with re lative ly recent
(e.g., sin ce th e in dust ria l revol u tio n) and o n g oin g urban
deve lopm ent. Here again, it is a b i t mo re cha l leng ing
t o int erpr et the r es ponse la gs in co ld to lera nce as a n
ada pta t iona l lag (though they could be if cold tolerance
is cost ly). Alt hough t he me an lag in cold tolerance
e qua le d that of heat t olerance , the rat e of c han g e in
la g acros s the urban h eat is lan d was lower at 0.25 ◦C
an d in dica ted tha t urban po p u lat io ns p ropo rtio nally
retaine d g reat er cold t oleran ce un der high er am ounts
of warming. Inde e d, re cent wo rk in aco rn ants s h owed
tha t win t er-acc limat ed colo nies exhib i ted no difference
in chi l l coma re covery t ime betwe en urb a n a nd rural
po p u lat ion s sugg estin g the potential impo rtance o f
retaining some aspects of low-tem pera ture perfor-
ma nce in wa rmer urba n environments ( P rileson et
al. 2023 ). How cities impact s eas ona l variat ion in
tem pera ture and the co nsequences o f these chan g es
for t her mal p hysio logy rema ins a n importa nt open
question. 

Ther e ar e of cours e s e v eral cav ea ts to poin t out in
t he interpret atio n o f respo nse la gs. Firs t, t here is t he
questio n o f wh eth er th e expe ctat io n o f a deg re e Cel siu s
chan g e in tolera nce tra i t val ue fo r every deg re e Cel siu s
chan g e in urban tem pera ture is e colog ica l ly relevant.
Thi s i s becau se ch an g es in the frequency of sublethal
tem pera tures could have as much or greater impact than
chan g es in extreme tem pera tures, f or exa mple, through
increases in hours of rest rict ion for act ivit ies such as
fo raging o r m ating th a t can be more tem pera ture-
sen sitiv e than survival ( Sinervo et al. 2010 ). Directly
relat ed t o thi s i s s ue is t he fact t ha t we are com paring
differences in tolera nce of tem pera tur e extr emes by
usin g div er g en ce in CT max with differen ces in urban
warming b ase d on mean g rowing s eas on tem pera tures,
as these were the most con sistently availa ble t her mal
index. It is possible that use of indices of tem pera ture
extremes to be more directly comparable to tolerance
t raits cou ld s h ow re duce d (or potent ia l ly g reater) l ag . 

Secon d, th ere is the question of wh eth er we are
accura tely quan tifying clima te expos ure. In mos t cases
(b ut no t a l l, se e Supp lementary Tab le S1 ), we had
access to environmental tem pera ture da ta a t the mi-
croclimat ic sca le. To i l lust rate the importance of this
co nsideratio n, even fo r a single urb anizat ion g radient
wit h s a mpling a re as t hat bro ad ly overlappe d, est imat ion
of the urban heat isla nd differed s ubs tant ia l ly (i .e ., from
less than 2 ◦C to over 4 ◦C) among butterflies, ants,
and isop o ds ( Diam on d et a l. 2018 ; Yi lmaz et a l. 2021 ;
Lenard 2023 ), contin g ent u po n their specific urban
microclimat ic ne e ds an d nich es. For studies wh ere we
cou ld on ly a pproxima t e t em pera tur e differ ences, for
example, b ase d on impervious surface area, estimates of
the lag and related quant it ies cou ld be over - or under -
est imate d. The abi lity of spe cies to use such micro-
clima tic varia tio n through behavio ral plastici ty could
like wis e influence c limat e exposure and subsequent
evol u tio nary respo nses (e.g., the Bogert effec t w herein
behav ioral pl asticit y limits adaptiv e ev ol u tio n; Muñoz
2022 ). 
Thir d, ther e is the questio n o f wha t ada pta t iona l lags

in o ne trai t mea n f or k e eping p ace with climat ic chan g e
mo re b ro ad ly. Spe cifica l ly, or ganism s can use other
com pensa t ory mec h ani sm s bey ond adaptiv e ev ol u tio n
of h eat toleran ce in cluding be hav ioral pl asticit y (e.g .,
sele ct io n o f microc limat es, di urnal o r s eas onal chan g es
in the timing o f activi ty) and p hysio log ica l plast icity
(e.g ., benefici al t her m al acclim ation) ( Huey et al.
2012 ). In conseq uence, j u st becau se po p ulations are
not ke eping p ace with urb a n wa rming v i a evol u tio nary
in creases in h eat toleran ce does n ot m e an t hey are
not keeping pace through other mech ani sm s. How ev er,
in the lon g term, ev ol u tio n ary ch an g e is the only
mech ani sm th at will allow po p ulations to keep pace
wit h t h e extrem e c limatic c han g es fore caste d over the
next century ( Martin et al. 2023 ). 

The role of baseline tolerance in divergence 

In the context of ada pta t iona l lags, there has been fur-
ther di scu ssion r egar din g association s betw e en b ase lin e
tolera nce a nd the magni tude o f evol u tio nary respo nses
(re vie wed in Logan and Cox 2020 ). Our study found
th at ba se lin e toleran ce was pre dict i ve of di v er g ence
in h eat toleran ce, with po p u lat ions far ther f rom their
u pper limi t exhib i t ing a g reater mag ni tude o f shift
( Figs 2 B and 3 B). It is unclear from our meta-an alysi s
wh at mech ani stic underpinnin gs driv e thi s a ssociation.
On e possi b ili ty i s th at there i s simp l y stron g er sele ct ion
at lower base lin e toleran ce t rait va lues ( Logan et al.
2014 ). An oth er possi b ili ty is that there is diminis h ed
c apacit y to shift p hysio logical trait values as they
approach high and low extremes. 
Phylogenet ic comp arat ive ana lyses s ugges t the pres-

ence o f so me genetic o r develop mental co nstraints
on p hysio log ica l t rai t evol u tio n, especially o n heat
toleran ce ( Ke l lermann et a l. 2012 ; Bennett et a l. 2021 ).
How ev er, int raspe cific variat ion in heat tolerance is
remarkab l y high ( Sasaki et al. 2022 ), and her it abil-
i ty is no nzero ( Diamo nd 2017 ). Inde e d, studies of
con tem porary evolution find evidence of e colog ica l ly
relevant magnitudes of trait responses across diverse
taxa ( Martin et al. 2023 ). Furt her mor e, r elated explo-
ratio ns o f base lin e toleran ce-pl asticit y tradeoffs that
like wis e rely on the concept of evolutionary limits,
s ugges t mixed to little support for such constraints
( Heerwaa rden a n d Ke llermann 2020 ; Gun derson 2023 ).

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae034#supplementary-data
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Non)divergence in body size 

n li ke th e consisten cy of th ermal toleran ce to climatic
armin g ov er con tem pora ry a nd historica l t imesca les,
 o dy size exhib i ts mo r e mixed r espo nses. Fo r example,
tudies provide evidence of shrinking (e.g., Zimova et
l. 2023 ) an d in creasing (e.g., So lo kas et al. 2023 ) b o dy
ize wi th co n tem porary clima tic warmin g ov er time.
hrinking b o dy size wit h climatic war min g is con sistent
ith a widespread form of ph en ot ypic pl asticit y for
ctot her ms (t ha t com pr ise t he entirety of our meta-
n alysi s study or ganism s) known as the tem pera ture-
ize rule ( Angilletta and Dunham 2003 ), though other
ech ani sms can drive these patterns ( Ozgul et al.
009 ). Inde e d , among the t empo ral lo ngi t udinal st udies
escrib ed ab ove, it i s al so possible th a t these pa tterns are
riv en by ev ol u tio n ary ch an g es. Here, t he expect ations
eco me a b i t mur kier, in part owing to th e many
t her traits t hat b o dy size innervates ( Ang i l letta et a l.
004 ). Th e gen eral r esponse fr o m our study was o f high
ariation in size div er g ence , but little syst emat ic t rend
oward higher or lower sizes ( Fig. 5 A). Similar results
ere found in a study of community weighted mean
 o dy size in response to urb anizat ion, with different
ag nitude and dire ct ion of responses a mong different

axa ( Merckx et al. 2018 ). In this case, highly dispersive
axo no mic grou ps had higher co mmuni ty weighted
ean b o dy size in the city, p otent ia l ly as a mechanism to
ounteract urban fragmen ta tion v i a enhanced size and
ispersa l cap abi lity. 
Th e on e ex ception w e foun d to th e pattern of
onsystema tic varia tion in size div er g ence was in the
r end acr oss aquatic and terr est ria l hab i ta ts. Aqua tic
r ganism s exhibite d re duce d b o dy size in urban en-
ironmen ts, poten t ia l ly owing to constraints imposed
 y o xygen limi tatio n in aquatic hab i tats ( Leiva et al.
019 ). Whi le these resu lts s ugges t some pre dictabi l-
ty in size trends for specific urban hab i tats, mo re
ata are ne e de d t o under stand how bro ad ly these
att erns hold , as urban aquatic envir onments r emain
esperate ly un derstudied ( Lan g erhan s and Kern 2020 ).
he patterns for ter restr ial or ganism s w ere s ome what
o re co mplex. Al though div er g ence in size was not
ignifica ntly differ ent fr om zer o, when consider ed as
 p redicto r, greater div er g ence in size wa s a ssociated
it h gre ater div er g en ce in h eat toleran ce ( Fig. 5 B).
hus, while ther e ar e lik ely ma ny f orces th at sh ape the
espo nses o f body size to urb anizat io n, i t is possible
ize could be un der se le ct io n through i ts effects o n
 eat toleran ce, f or exa mple, w ith l ar g er size contribut-
ng to greater t her ma l inert ia ( C hown and Nicolson
004 ). 
utur e dir ections 

s next steps in exploring con tem porary
no n)co nv er g ent ev ol u tio n in urban environments,
h ere s h ould be s us tained inves tment in building out
 he empir ic al d ata o n trai t respo nses to urb anizat ion,
ncl uding co mmo n garden studies to uncover a
enet ic b a si s for ch an g es. This wi l l a l low other
oderat or s of rates of evolutionary chan g e such as
enerat ion t ime, b ackg round climat ic co ndi tio ns,
 apacit y for t her mal buffer ing (e.g ., v i a behav io ral o r
 hysio log ica l plast icity), dispersa l cap acity (e.g., as
 factor influencin g g ene flow), and location within
he ge og raphic ran g e (e .g., as a fact o r influencing
 enetic div er sity) t o be examined . Suc h t rait-b ase d
ssociatio ns, in addi tio n to better estimates of the ability
f po p u lat ions to keep pace with climatic warming,
ould provide a n ove l, complem entary set of forecasts
 nd f ore cast ing t ools t o t hose alre ad y emp loyed. 
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