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SYMPOSIUM 

The Wind Niche: The Thermal and Hydric E!ects of Wind Speed 
on Ter restr ial Organisms 
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∗Biology Dep art ment, Universi ty o f No rth Carolin a at Ch apel Hi l l, C hapel Hi l l, N C 27514, USA; †Bio logy Dep art ment, Hope 
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From the symposium “Identifying the p hysio logical mech ani sms th at un der lie ph en otyp ic respo nses to rap id enviro nmental 
chan g e” presented at the annual meeting of the Society for In tegra tive and Com para tiv e B iology, Ja nua ry 3-7th, 2025. 
1 E-mai l: riddel l@unc.e du 
Synopsis Wind can signi!cantly in"uen ce h eat an d wat er exc hange between organisms an d th eir environm ent, yet microcli- 
ma tic varia tion in wind is often overlooked in models fore cast ing the e#e cts o f enviro nmental chan g e o n o rgani sm al perfor- 
ma nce. Accounting f or the e#ects of wind may become even more crit ica l g iven the ant icip ate d chan g es in wind spe e d across 
th e plan et a s clim a tes con tin ue to warm. In this s tudy, we !rs t as ses sed h ow win d spe e d varies across th e plan et an d h ow win d 
spe e d m ay ch an g e under c limat e warming at macroc limat ic sca les. We a ls o us e d microclimat ic data to as ses s h ow win d spe e d 
chan g es tempora l ly thro ugho ut the day and year as well as the relatio nshi p bet ween w ind spe e d , t em pera ture, a nd sta nda rd 
dev i ation in e ach environment al var ia ble usin g data from w e at her st atio ns in No rt h Amer ica. Fina l ly, we use d a suite of bio- 
physica l simu lat ions t o under stand how wind spe e d (and its interactions with other environment al var iables and organi sm al 
tra its) a #ects the tem pera tures and rates of water loss that plants and anim al s experience at a microclimatic scale. We found 
s ubs tant ia l lat itudina l variat ion in wind spe e d and the chan g e in wind spe e d under c limat e c han g e, demon st rat ing that tem- 
perate regions are pre dicte d to experience simu ltane ous warming and re duct ions in wind spe e d. Fr om the micr oclima tic da ta, 
we also found that wind spe e d is posit i vel y associated with tem pera ture and tem pera ture variab ili ty, indica ting tha t the e#ects 
of wind spe e d may be com e m ore cha l leng ing to predict under future warming scenarios. The biophysica l simu lat io ns demo n- 
st rate d that conve ct ive and eva pora ti ve coo ling from wind interacts stro ngly wi th o rgani sm a l t raits (such as b o d y size, so lar 
absorpta nce, a nd co nd ucta nce) a nd t he he at ing e#e cts of sol ar radi a tion to sha pe hea t and wa ter "uxes in ter restr i al pl a nts a nd 
anim al s. In m any ca ses, th e e#ect of win d (o r i ts interactio n wi t h ot her var ia bles) was compara ble to the e#ects of a ir temper- 
ature or solar radiation. Un derstan ding th ese e#e cts wi l l b e imp orta nt f o r p re dict ing the e colog ica l imp acts of c limat e c han g e 
a nd f or expla ining clinal va riat ion in t raits th at h av e ev o l v ed across a ran g e of t her mal environments. 
Introduction 
Life on Earth is expe cte d to experience unpre ce dente d 
rates of warming over th e n ext cen tury, poten t ia l ly lead- 
ing to a glob a l reshu$ing of s pecies’ dis t ribut ions and 
th e n ext glob a l ext inct ion event ( Burrows et al. 2011 ; 
Bat es et al . 2014 ; Urban 2024 ). G iv en the potent ia l for 
these dra matic e#ects, mos t s tudies pre dict ing the e co- 
log ica l and evol u tio nary e#ects of c limat e c han g e hav e 
ju stly focu sed on ch an g es in air tem pera ture ( Spence 
and Tingley 2020 ). How ev er, chan g es in tem pera ture 
also interact with other environment al var iables, such as 
humidity and pre cipitat ion, whic h have prompt ed im- 

portan t insigh t in to the p hysio log ica l and e colog ica l ef- 
fects of these climatic variables ( Helmuth et al. 2005 ; 
Boyle et al. 2020 ; Riddell et al. 2023a ). Wind speeds are 
a lso expe cte d to chan g e ov er th e n ext century due to un- 
ev en pattern s of warmin g across the planet, in a phe- 
n om en on term ed “th e glob a l st i l lin g” ( Zen g et al. 2019 ; 
Zha et al. 2021 ). Due to the mo re rap id rates of warm- 
ing at the poles (p art icu lar ly in th e North ern Hemi- 
sph ere), n e ar-sur face wind spe e ds are expe cte d to fa l l 
b y appro ximately 10% ( IPCC 2023 ) as warming leads 
t o great er h om ogenizat ion of glob a l tem pera tures (and 
t hus t he air pres s ure gradients that drive win d). Win d 
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spe e d h a s already begun to slo w do wn in many regions 
of the planet, al though so me regio n s hav e experienced 
an increase in wind spe e d ( Zeng et al. 2019 ; Zhang and 
Wang 2020 ; Ma et al. 2025 ). Bec ause w ind pl ays impor- 
tant roles in the ecology and evol u tio n o f pla nts a nd a ni- 
m al s, ch an g es in wind speed may become a key factor in 
acc urately predic tin g or gani sm al responses to climate 
chan g e. 

Wind can have dramat ic e#e cts o n o rgani sm al per- 
f orma nce in both terrest ria l plants and anim al s. Wind 
spe e d and dire ct io n in"uence "ight perfo rma nce a nd 
th e en er g etic cost of "ight in v ola nt a nim al s, such 
a s bird s, insects, a nd ma mmals ( Spea r a nd Ainley 
1997 ; Verb o om and Sp o elstra 1999 ; Weimer skirc h et 
al. 2000 ; Combes and D ud ley 2009 ; C h apm an et al. 
2016 ; Nourani et a l. 2023 ). Re cent eviden ce in dicates 
t hat pelagic se a birds hav e distin ct win d nich es—speci!c 
ran g es of wind spe e ds and dire ct io ns they p r efer en- 
t ia l ly use—li kely to minimize th e costs an d ris ks as- 
soci ated w ith "ight ( Nourani et al. 2023 ). Wind also 
h a s dram atic in"uences o n mo re sessile o r ganism s, such 
as plants, which adapt to wind spe e ds by dev elopin g 
sma l ler leaves and shorter heights to minimize the po- 
tent ia l f or da mage ( La ngre 2008 ; Louf et al. 2018 ). Wind 
also plays a fun dam ental role in seed dispersal and ulti- 
mat ely species ric hness of wind-dispersed plants in ter- 
rest ria l e cosystem s ( Dam schen et al. 2014 ). The direc- 
t ion and spe e d of wind a l so sh a pe preda tor–prey in ter- 
actio ns, as both p redato rs and their prey rely on olfac- 
tion to detect each other’s scent in the wind ( Togunov 
et al. 2017 ). Toget her, t hese examples s ugges t that many 
or ganism s exhibit pr efer en ces or toleran ces f or pa rtic- 
ul ar w in d regim es—be haviorally, m orph olog ica l ly, or 
p hysio log ica l ly—indicat ing a bounded range of wind 
co ndi tio ns that su ppo rt survival and r epr oduction, con- 
sistent with the Hut c hinsonian de!nition of a nic he . 
Wind spe e d a lso plays a crit ica l r ole in shaping r elated 
niche axes, such as tem pera ture and humidity. 

Wind can have dramatic e#ects on heat and m a ss 
b a lance in ter restr ia l anima ls and plants, which have 
s haped th e evol u tio n o f p hysio log ica l, m orph olog ica l, 
an d be havioral ph en otypes. Win d pr imar ily in"uences 
h eat an d m a ss "ux by a #e ct ing th e boun d ary l ayer, 
which is de!ned as a t ransit ion zone betwe en the or- 
ga nism a n d th e environm ent c haract erize d by a g radi- 
ent of t emperature , humidity, an d/or win d spe e d that 
mostly occurs perpendicular to the surface of the obj e ct 
( Gates 1980 ). By wicking a wa y the boundary layer, high 
wind spe e ds re duce the t ransit ion zon e, th ereby in creas- 
ing rates of heat "ux and water loss with the environ- 
men t ( F oley and Spot i la 1978 ). Conversely, t he dept h 
of th e boun d ary l ayer increases at low wind spe e ds and 
becom es s haped less by the friction of air a gains t the 
surface and more by the t her mal and hydric proper- 

ties of the organism-environment interface ( Gates 1980 ; 
C ampb e ll an d Norman 1998 ). In response to these ef- 
fects on h eat an d m a ss exch ange, some m amm al s, for 
in stance, hav e ev o l v ed low er fur co nd uctivi ty that si- 
mu ltane ously provides insu lat ion in cool conditions 
while p ro m oting h eat loss in h ot con ditions ( Ridde ll et 
al. 2022 ). Also, arbor eal fr ogs that live in high wind en- 
vironm ents exhi bit greater p hysio logical resistance to 
water loss comp are d to no n-arbo r eal fr ogs ( Wygoda 
1984 ; Buttemer 1990 ) and also behaviora l ly avoid high 
water loss by jump ing fro m t re e canop ies d ur ing per i- 
ods of high wind ( Stewart 1985 ). Similarly, leaves at the 
tops of canopies exhibit thicker cuticles and higher con- 
cen tra tio ns o f ph en olic su bstan ces comp are d to leaves 
ne ar t he ground to cope with higher solar radiation and 
wind spe e ds ( Van Wit ten berghe et al. 2012 ). Ther efor e, 
pla nts a nd a nim al s h av e demon st rate d clear evidence 
for a wind (or “eolian”) niche ( Kocurek 1991 ), p art icu- 
larly in relation to t he t her mal and hydric environments 
t hey exper ience. These s tudies s u ppo r t fur ther explor- 
ing the potent ia l e#e cts of re duct ions in wind spe e d on 
organi sm al per for man ce un der c limat e c han g e. 

As c limat es wa rm, biologists a re f ore cast in g chan g es 
in key organi sm al ph en otypes, such as body size, body 
sha pe, colora tion, and p hysio log ica l t olerance , as organ- 
isms adapt to chan gin g t her mal envir onments ( Gar dner 
et al . 2011 ; S herida n a nd Bickf ord 2011 ; Roulin 2014 ; 
Diam on d 2017 ; De lh ey et al. 2020 ). Th ese pre dict ions 
ar e bolster ed by th e observed re lations hip between 
th ese ph en otypes an d clin es of tem pera tur e acr oss ele- 
vation and lat itude ( C lusel la Tru l las et al. 2007 ; Sunday 
et al. 2019 ; He et al. 2023 ). Like tem pera ture, wind 
spe e ds a lso li k ely va ry w ith l atitude an d e levation in 
predict able ways t h at m ay in"uence our un derstan ding 
of the physical processes shaping ph en ot ypic vari ation. 
In this study, we explore the sp at ia l p atterns of wind 
at macro- and microclimatic scales to un derstan d h ow 
they may interact with tem pera ture an d in"uen ce our 
pre dict ions of ph en otypic responses t o c limat e c han g e. 
We also use biophysical m ode ls to predict the e#ects of 
re duct ions in wind spe e d on b o dy temp erature of ec- 
tot her ms, le af tem pera ture, hea t b a lance in endot her ms, 
and water loss in ectot her ms. Each of t hese simula- 
tio ns focuses o n unique ph en otypes tha t in teract with 
wind (such as sto matal co nd uctance, insu lat ion, b o dy 
size , et c.) t o demonstrat e t heir import a nce a nd poten- 
t ia l for adapt iv e chan g es that cou ld mit igate the e#e cts 
of chan gin g wind spe e ds. These simu lat io ns p rovide a 
fram ewor k for deve lo ping hypo t heses on t he potent ia l 
impacts of chan g es in wind spe e d on pla nt a nd a nimal 
per for man ce un der f uture war ming scenar ios. In an at- 
t empt t o be consist ent wit h t he Hut c hinsoni an fund a- 
m ental nich e, we de!n e th e nich e h ere as th e ran g e of 
enviro nmental co ndi tio ns (i .e ., the n -dimensional hy- 
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pervolume) that promot e survival , r epr oduction, and 
thus p ositive p o p ulation growth ( Hut c hinson 1957 ). We 
focus on the wind axis of the f undament al nic he , with an 
emph a si s on the interactive e#ects of wind on the ther- 
mal and hydric niche ax es. B y demon st rat ing the e#ects 
o f wind o n o rgani sm al per for man ce, our study un der- 
scores th e n e e d to mo re explici tly co nsider wind as an 
e colog ica l ly im portan t fac tor in g lob a l chan g e biology. 
Methods 
Macroclimate data 
To as ses s t he clinal var i ation in w ind, we dow n lo ade d 
clima tic da t a on me an tem pera ture an d win d spe e d 
under con tem porary conditions and a future warm- 
ing scenario (SSP5–8.5) using the IPCC WGI Interac- 
tiv e Atlas dev e loped by th e Inter g ov er nment al Panel 
on Climate Chan g e ( ht t ps://int eractive-atlas.ipcc.c h/ 
reg iona l-informat ion , accesse d Ja nua ry 15, 2025). This 
r epr esents the most s e v ere warmin g scenar io wit h a sig- 
ni!cant rise in g re en house gas emissions by the end of 
the century ( IPCC 2023 ). We then used QGIS (v 3.34) 
t o c lip the layer s t o o nly co nsist o f c limat e data over 
la nd a nd convert the Ge oTIFF !les t o ASCI t ext !les. 
We then imported these !les into Python to convert the 
ma ps in to da tasets con sistin g of the val ues o f interest 
(tem pera ture or wind spe e d) and lat itude. We summa- 
r ized t he clima tic da ta based on 5 ◦ intervals o f lati tude 
to ca lcu late me ans, st and ard dev i ation s, and ran g es of 
val ues wi t hin e ach bin. We t hen used D at aGraph (v. 5.4) 
to plot the relatio nshi p between the variable of interest 
and latitude under both current and future scenarios to 
i l lust ra te curren t and fu ture val ues associ ated w it h e ach 
lat itudina l bin. These were then used to draw inferences 
on the chan g es in tem pera ture and wind that or ganism s 
might experience in the future. 
Microclimate data 
We al so u sed microclim a tic da t a from we at her st ations 
dist ribute d across North America to un derstan d th e re- 
latio nshi p between tem pera ture, wind spe e d, solar radi- 
at ion, and t ime of day. We down lo ade d h our ly we at her 
sta tion da ta from 17 wea ther sta t ions dist ribute d across 
Nort h Amer ica from t he USGS Soil Clim ate A n aly- 
sis Network (SCAN), encompassing approximately 16.5 
y ears on av erag e (ran gin g from 1999 to 2022) across 
2088,173 h our ly observatio ns o f local we at h er con di- 
tion s. On av erag e , eac h we at her st ation had 68,651 ob- 
servation s (ran gin g from 48,552 to 203,468 observa- 
tio ns). We impo rted t hese dat a into Pyt ho n to co mb ine 
them into a single dataset a nd summa rize d wind spe e ds 
with respect to tem pera ture, sol ar radi at ion, t ime of day, 
an d th e da ily sta nda rd dev i a tion in tem pera ture to un- 

derstan d h ow win d spe e d chan g es wit h respect to e ach 
variable . We expect ed wind speeds to increase with tem- 
perature and sol ar radi atio n d ue to their r ole in cr eating 
pres s ure gradien ts tha t dr ive air "ow. Thus, wind spe e ds 
s h ou ld pea k at midday. We t hen plotted t h e m ea ns a nd 
sta nda rd deviation s usin g D at aGraph (v. 5.4) to i l lus- 
trate th ese re lations hips an d mak e inf eren ces about th e 
enviro nmental co ndi tio ns t hat ter restr ial or ganism s ex- 
perience. 

To analyze th e re lations hip between tem pera ture 
variab ili ty and wind spe e d, we use d mixe d e#e cts linear 
m ode ls in R (v. 4.3.1) ( R Core Team 2017 ). We specif- 
ica l ly determine d wh eth er win d spe e d was relate d to 
tem pera ture variab ili ty, t reat ing month ly wind spe e d as 
t he response var iable and the mont hly st a nda rd devia- 
tion in air tem pera ture as a covariat e . We also inc luded 
mo nth o f year (as a facto r) and i ts interactio n wi th tem- 
perature variab ili ty. We th en in cl uded si te as a rando m 
e#ect to account for the repeated measures at each site 
for each month. We also determined whether variab ili ty 
in wind spe e d was relate d to t he var iab ili ty in air tem- 
perature using the sam e m ode ling fram ewor k as above 
using th e m onthly stan d ard dev i ation in w ind spe e d as 
t he response var iable. We t hen used a Type II A n alysi s 
of Cova ria nce f or b oth mo dels to as ses s signi!cance of 
p redicto rs. 
Biophysical simulations 
We used a suite of biophysical m ode ls to un derstan d 
the e#ects of wind on heat and water "ux in plants and 
anim al s. Th ese m ode ls cou ple enviro nment al var iables 
wi th o rgani sm a l t raits to predict heat and m a ss b a lance 
in or ganism s ( B riscoe et al. 2022 ). They t ypic a l l y rel y 
on dow nsc aling macrosc a le climat ic data to the micro- 
climatic co ndi tio ns that o rganisms experience in their 
enviro nment to p redict b o dy temp eratures, water b a l- 
ance, or other metrics related to per for mance , survival , 
and r epr oduct ion ( Riddel l et a l. 2023a ). Th ese m ode ls 
h ave been u sed in a wide variety of cont exts, inc lud- 
ing but not limited to the e#ects of plant p hysio logy 
on ectot her m b o dy temp erature ( Riddell et al. 2023a,b ), 
heat "ux in desert m amm al s and bird s ( Riddell et al. 
2019 ; Riddell et al. 2021 , 2022 ), t her mo regulato ry be- 
havior a nd perf orma n ce of ectoth erms ( Gun derson et 
al . 2022 ), and wat er b a lan ce of wet-s kinn e d e ctot her ms 
( Riddell et al. 2018a , b ; Newman et al . 2022 ). Here , we 
us ed pre vio usly p ublishe d simu lat io ns fro m these stud- 
ies to explore the e#ects of wind on various organ- 
isms. Altho ugh o ur sim ula t ions sp an a fu l l 24-h pe- 
riod to characterize microclimat ic variabi lity, we re cog- 
nize th at organi sms occupy di screte activ it y p erio ds and 
m ay u se s h e lter ed micr ohab i tats ou tside th ose tim es. 
Thu s, u sers can interpret m ode l o utp uts in the context 

https://interactive-atlas.ipcc.ch/regional-information


4 E.A. Riddell and C.K. Porter 
o f taxo n-spe ci!c act iv it y w indows (e.g ., nocturnal ver- 
su s diurn a l). More over, these biophysica l simu lat ions 
are not sp at ia l l y exp lici t wi th respect to v eg etatio n o r 
hab i t at structure; t h ey provide a gen eral c haract eriza- 
tio n o f wind–tem pera ture–h umidity in teractions. Ap- 
p l ying the models to speci!c l andsc apes or v eg etation 
types wou ld re quire addit iona l hab i tat-sca le p a ra meter- 
ization. 

In each of the sim ula tion s below, w e use d est imates 
of h our ly air tem pera tur e, r ela tive h umidity, an d win d 
spe e d from the weather stations described a bov e. For 
the sim ula tio ns o n en doth erm s, w e arb i t rari ly increase d 
the air tem pera ture such tha t daytime opera tive tem per- 
atures exce e de d b o dy temp erature to i l lust rate the e#e ct 
of wind spe e d on n et sensi ble h eat "ux wh en th e ani- 
m al wa s too cold (a t nigh t) a nd too wa r m (dur ing t he 
day). F or each sim ula tion, we ran the models as s um- 
ing the average h our ly win d spe e d as wel l as nine addi- 
t iona l simu lat ions in which we s lowed th e win d spe e d 
do wn b y 10% in tervals. Th us, we ran sim ula tion s ran g- 
ing from 100% of the av erag e wind spe e d down to 10% 
of the av erag e wind spe e d. This appro ach i l lust rates the 
e#ect of slowing wind spe e ds across a broad ran g e of 
wind spe e ds, rang ing from moderate ( ∼5 m s −1 ) to es- 
sent ia l ly st i l l air ( ∼0.5 m s −1 ) during th e warm est (an d 
win diest) h ours of th e day. F or each sim ula tion, we as- 
sumed coordin ates th at were cent ra l ly locate d relat ive 
to t he we at her st ations to c alcul ate sol ar irradi ance [l at- 
i tude (32.0 ′ ), lo ngi tude (-98.0 ′ ), elevatio n (0 m)]. We 
al so a s s ume t hat t he or ganism s exper ience f u l l sun and 
ther efor e wer e n ot in s hade to m o re co mp letel y under- 
st and t he interaction s betw een solar radiation and wind 
spe e d. 

To un derstan d th e e#ects of wind speed on b o dy 
tem pera tures of diurnal ectot her ms (such as a lizard), 
we used a biophysical m ode l t o estimat e ground sur- 
face tem pera tures fo r so ils wi th hig h and low re"ec tiv- 
ity (th at i s, a lbe do). These simu lat ions ar e r elevant for 
a ny orga ni sm th at lives near o r o n th e groun d surface, 
but p art icu larly diurna l e ct otherms, due t o th e groun d 
pl ay ing a major role in determining b o dy temp eratures 
( Buc kley et al . 2010 ; Sear s and Ang i l letta 2015 ). We 
ca lcu late d g round surface tem pera tures using an itera- 
t ive ana lyt ic m ode l that in co rpo rates p roperties o f the 
un der lying soil, h eat ex chan g e betw e en de ep soi l and 
surface, conve ct ive heat loss, and eva pora tive hea t loss 
( Lea f a n d Ere ll 2018 ). Th ese sim ula tion s hav e been pre- 
v iously valid ated w it h we at her st ation dat a and were 
found to be highly similar to obs erved s oil tem pera tures 
( Porter et al. 2023 ). We sim ula te d g round tem pera ture 
un der light an d dar k colo red so ils to explo re the inter- 
act ion betwe en soi l a lbe do an d win d spe e d. We spe ci!- 
ca l ly simu late d g round surface tem pera ture fo r so il wi th 
an a lbe do o f 0.4 fo r the light so il a nd 0.1 f or the da rk soil, 

which a pproxima tes white sand an d dar k soi l, respe c- 
ti vel y ( C ampb ell a nd Norma n 1998 ). The go a l of this 
an alysi s wa s t o under stand how wind int eract ed with 
s olar abs orptance to in"uence the tem pera ture of the 
ground surface (and thus b o dy temp eratures that ec- 
tot her ms exper ience ne ar t he ground). 

To sim ula te th e e#ect of win d spe e d on leaf tempera- 
ture, we used an ana lyt ica l m ode l fo r p re dict ing humid 
opera tive tem pera ture ( Cam pbe ll an d Norman 1998 ). 
Th e m ode l in co rpo rates the t ypic al vari ables associ ated 
with opera tive tem pera tures (such as air tem pera ture, 
sol ar radi at ion, re"e cte d radiat ion, etc.), as wel l as es- 
timates o f co nv ectiv e coolin g b ase d on the eva pora tive 
wa ter loss ra te ( Riddell et al. 2023ab ). To estima te eva p- 
ora tive wa ter loss, we arb i t rari ly sele cte d a high and low 
val ue fo r sto mat al le af co nd ucta nce (0.4 a nd 0.01 mol 
m −2 s −1 , respe ct i vel y) t o under stand how wind spe e d 
and eva pora ti ve coo ling int eract t o in"uence leaf t em- 
perature. These values of stomatal leaf co nd uctance co r- 
respond to leaves with open and nearly closed stom- 
ata, respe ct i vel y ( Campbell and Norman 1998 ). We also 
adjusted the angle of the leaf relative to the sun to in- 
creas e s olar abs o rptio n (an d thus ph otosynth esis) wh en 
the sun was lower in the sky (morning and ev enin g) 
and reduce solar abso rptio n d ur ing t h e h ottest part 
of the day (midday), which is co mmo n ly observe d in 
plants ( Nilsen and Forseth 2018 ). For solar absorptance, 
we used a value of 0.5, which a pproxima tes the solar 
absorpta nce f or a t ypic al leaf ( C ampb e ll an d Norman 
1998 ). 

To un derstan d th e e#ects of s low ing w ind on en- 
dot her m he at b a lance, we use d biophysica l m ode l s th at 
estima te hea t "ux fro m the enviro nment and the re- 
quired m etabolic h eat p rod uctio n o r evapo rati ve coo l- 
in g that w ou ld be ne cessa ry to ma inta in a stable b o dy 
tem pera ture (n orm oth ermic h om eoth ermy). For th ese 
sim ula tion s, w e pa ra meter ized t h e m ode l using th e at- 
tribu tes o f a b ird app roximate ly th e size, s hape, an d 
t her ma l propert ies of a t re e swa l low ( Ta chycin e t a b i- 
co lo r ) sit t ing 2 m from the g roun d surface. Th e rou- 
t ines for est imat ing h eat "ux an d th erma l propert ies 
of t re e swa l lows have be en describe d in more detail in 
re cent studies ( Riddel l et a l . 2019 ; Port er et al . 2024 ). 
In br ief, t he sim ula tions estima te n et sensi ble h eat "ux 
(Q) b ase d on the p hysio log ica l an d m orph olog ica l t raits 
of an en doth erm an d microclimatic con ditions. Posi- 
t ive va l ues rep resen t hea ting costs tha t an en doth erm 
wou ld ne e d t o generat e v i a m etabolic h eat p rod uctio n, 
an d n egat ive va lues indica te cooling costs tha t an en- 
dot her m would need to lose v i a eva pora ti ve coo ling to 
achieve heat b a lance ( Ba kken 1981 ). To explore inter- 
actio ns wi th o rgani sm al ph en otypes, we ran th ese sim- 
u lat ions in which we adjusted the t ypic a l conduct iv it y of 
plumage (0.075 W m −1 C −1 ) ( Wolf and Walsberg 2000 ) 
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by increasing or decreasing co nd uctivi ty by 50%. For 
these sim ula tion s, w e as s um ed groun d surface temper- 
at ure was eq uivalent to air tem pera ture, which would 
un derestimate th e am ount of lon gwav e radiation from 
th e groun d. Th ese results th en inform h ow insu lat ion 
may interact with wind spe e d to in"uence the ener g etic 
cost of h om eoth ermy. 

We !na l ly simu late d the e#ects of wind spe e d on 
eva pora tive wa ter loss of wet s kinn e d e ctot her ms (such 
as an amphibian) t o under stan d h ow re duct ions in wind 
spe e d may in"uence t he r isk of dehydration. These sim- 
u lat io ns rely o n u sing skin resi stance t o wat er loss (s 
cm −1 ) t o estimat e wat er loss rat es b ase d on the evap- 
o rative demand o f the air. Skin resi stance i s a physio- 
log ica l met r ic of water loss t ha t con trols for the surface 
area of the animal and eva pora t ive g radient driving wa- 
ter loss, thereby qu antify ing the c apacit y of the skin to 
limit water loss ( Riddell et al. 2017 ). Th e m etr ic t here- 
for e r e"ects the p hysio log ica l b a si s o f water loss co m- 
p are d to other metrics that do not account for the en- 
vironmenta l e#e cts, suc h as t otal eva pora tive wa ter loss 
rat e (e .g., g H 2 O h −1 ) o r cu taneous wa ter loss ra t e (e .g., 
g H 2 O h −1 cm −2 ). For these simu lat ion s, w e pre dicte d 
wa ter loss ra tes for a sma l l (3 g) and lar g e salamander 
(15 g) with the sam e s kin resistan ce (1 s cm −1 ), which 
co rrespo nds to an amphibian with very little (but eco- 
log ica l ly rea list ic) s kin resistan ce t o wat er loss ( Spot i la 
a nd Berma n 1976 ; Riddell et al. 2017 ). The b o dy sizes 
also co rrespo nd to rea list ic ran g es o f size fo r sala ma n- 
der s, suc h as wo o d land sa la ma n ders (Ridde l l et a l. 2018) 
or a tiger sala ma nder ( Bur g er et al. 2024 ). The simula- 
t ions a lso incorporate d boundary layer resistance to wa- 
t er loss, whic h we estimat ed using the c haract eristic di- 
mensio n o f a cylin der an d acco unting for bo th free and 
fo rced co nvectio n ( Newman et al. 2022 ). These simula- 
tion s w ere designed to un derstan d h ow b o dy size may 
interact with wind spe e d to in"uence water loss rates 
an d th e potent ia l risk of desiccat ion. 

Fo r the b iophysica l simu lat ion s, w e conducte d a l l sta- 
t ist ica l ana lyses in R (v. 4.3.1.). We used lin ear m od- 
el s to an alyze the o utp ut from each sim ula tion (e.g., 
soil, plant, bird, sala ma nder) sepa rately. P rior to run- 
nin g analyses, w e as ses sed as s umptio ns o f no rmali ty 
using residual plots. For dependent varia bles, w e ana- 
lyze d soi l surface tem pera ture ( ◦C), plan t leaf tem pera- 
ture ( ◦C), net sensible heat "ux (W) for the t re e swa l- 
low, or water loss rate (g h −1 ) for the sala ma nder. For 
in depen dent varia bles, w e in cluded th e p ropo rtio nal re- 
d uctio n in wind speed (0.1 in crem ents from 0.1 to 1.0), 
air tem pera ture ( ◦C), and the relevant trai t o f interest 
(i .e ., a lbe do, stomata l con ductan ce, insu lat ion conduc- 
tiv it y, b o dy m a ss). We al so included the interaction be- 
t ween w in d speed an d trai t o f in terest. F o r b iophysical 
sim ula tio ns co nd ucted d uring daytime co ndi tio ns (i .e ., 

so il, leaf, b ird), we also incl uded solar radiation and its 
interactio n wi th red uctio n in wind speed. For simu- 
latio ns o n water loss in sala ma n ders, we did n ot in- 
clude sol ar radi ation but instead incl uded humidi ty and 
i ts interactio n wi th red uctio n in wind speed. For hu- 
midity, we used the vapor pres s ure de!cit (VP D, kPa), 
which is de!ned as th e di#eren ce between the pres s ure 
o f amb ien t h umidity and sa tura tion va po r p res s ure and 
quan ti!es the eva pora tive demand of the air ( Anderson 
1936 ; Stu l l 2000 ). We did n ot in c lude t em pera ture in 
these sim ula tions beca use VPD drives eva pora tive wa- 
ter loss rates, not tem pera ture, a nd both va riables a re 
high ly correlate d in the simu lat ion (as observed in na- 
ture) ( Riddell et al. 2017 ; Riddell et al. 2019 ). We o p ted 
t o inc l ude the p ropo rtio nal red uctio n in wind speed, 
rat her t han wind spe e d itse lf, to m eet th e as s umptions 
o f no rmali t y in the raw d at a and avoid t he is s ue of wind 
spe e d being high l y co line ar wit h air tem pera ture (as ob- 
served in nature). We also c alcul ated e#ect size using 
ω 2 ( O lejnik an d Algina 2003 ) from th e e!ects ize pack- 
age in R . E#ect sizes are used t o det ermin e wh eth er th e 
e#ect of an in depen dent variable is lar g e ( > 0.14), mod- 
erate (0.14–0.06), or sma l l ( < 0.05). We do not report 
P -va lues be caus e thes e s tatis tics are highly sen sitiv e to 
sa mple size a n d thus n ot a s u seful f or a nalyzing data 
from lar g e sim ula tions. 
Results 
Macroclimate data 
We observe d lat itudina l c lines in t em pera ture an d win d 
spe e d fr om macr oclima tic da ta. Th e high es t avera ge air 
tem pera tur es ar e located in the tropics ( Fig. 1 A), an d th e 
gr eatest incr ease in air tem pera tur e fr om c limat e c han g e 
i s foreca st ed t o occur at high latitudes in the North- 
ern Hemisphere ( Fig. 1 B, C). For wind spe e d, we found 
th e s lowest win d spe e d occur in the tropics, and wind 
spe e d genera l ly increases into more tem pera te la titudes, 
espe cia l ly in the Southern Hemisphere ( Fig. 1 D). The 
fore caste d chan g e in wind spe e d from c limat e c han g e 
is highl y variab le across the p l anet, w ith w ind spe e d 
genera l ly expe cte d to s low in th e North ern Hemisph ere 
an d in cre ase in t he t ropics. Col le ct ive ly, th e North ern 
Hemisphere in p art icu lar is expe cte d to exp erience b oth 
wa rming a nd re duct ions in wind spe e d. 
Microclimate data 
Wind spe e d "uctuate d wit h t h e h our of d ay, w it h t he 
high est win d spe e ds t ypic a l ly occur r ing at midd ay ( Fig . 
2 A). Wind spe e d varie d li ttle wi th mo nth o f the year 
( F 11,164 = 0.83, P = 0.61), with wind spe e ds genera l ly 
fa l lin g betw een 3 and 4 m s −1 ( Fig. 2 B). We a lso note d 
that wind spe e d genera l ly increase d with air tempera- 
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Fig. 1 Latitudinal variation in temperature and wind speed under a warming scenario. (A) Mean temperature (solid points) across latitude 
with standard deviation (error bars) and the range of values (indigo shading). (B) The mean increase in temperature (solid points) across 
latitude with standard deviation (error bars) and the range of values (indigo shading). (C) A global map of the mean increase in 
temperature under warming scenario SSP5–8.5. (D) Mean wind speed (solid points) across latitude with standard deviation (error bars) 
and the range of values (indigo shading). (E) The mean change in wind speed (solid points) across latitude with standard deviation (error 
bars) and the range of values (indigo shading). (F) A global map of the mean change in wind speed under warming scenario SSP5–8.5. Data 
from maps w er e downloaded from IPCC WGI Interactive Atlas under the Creative Commons Attribution 4.0 International License. 
ture and solar radiation ( Fig. 2 C, D). We found signif- 
ica nt e#ects of tem pera ture variab ili ty o n wind spe e d 
( Fig. 2 E, F 1,164 = 109.98, P < 0.0001), but not the in- 
teract ion betwe en m onth an d tem pera ture variab ili ty 
( F 11,164 = 1.03, P = 0.42). We also found signi!cant ef- 
fects of tem pera ture variab ili ty o n t he var iab ili ty o f wind 
spe e d ( Fig. 2 F, F 1,165 = 37.27, P < 0.0001), as well as sig- 
ni!ca nt e#ects o f mo nth ( F 11,164 = 2.51, P = 0.006) and 
the interaction between m onth an d temperature vari- 
ab ili ty ( F 11,164 = 1.92, P = 0.04). 
Biophysical simulations 
In the soil surface tem pera ture sim ula tions, solar ra- 
diation had the lar g est e#ect on soil surface tempera- 
ture ( ω 2 = 0.95). Air tem pera ture al so h ad a lar g e ef- 
fect on soil tem pera ture ( ω 2 = 0.62) as did wind spe e d 
( ω 2 = 0.50). The interact ion betwe en solar radiation 
an d win d spe e d a l so h ad a lar g e e#ect o n so il surface 
tem pera ture ( ω 2 = 0.52). Soil albedo ( ω 2 = 0.10) had 
a moderate e#ect o n so il tem pera ture, an d th e interac- 
t ion betwe en a lbe do and wind spe e d had a sma l l ef- 
fect on soil surface tem pera ture ( ω 2 = 0.03). At high 
wind spe e ds, soi l tem pera tur es wer e simila r a nd di- 
v er g ed as wind speed declined and tem pera ture in- 
creased ( Fig. 3 A). Soil surface tem pera tur es r eached 
52.0 ◦C in dark soils and 46.6 ◦C in light soils at the low- 

est wind spe e d ( Fig. 3 A). Moreover, dark soil experi- 
enced a much greater ran g e of tem pera ture (15.21 ◦C) 
relative to light soils (10.8 ◦C). 

In t he le af tem pera ture sim ula tions, sol ar radi ation 
( ω 2 = 0.96), air tem pera ture ( ω 2 = 0.86), and stom- 
atal co nd uctance ( ω 2 = 0.19) had lar g e e#ects on leaf 
tem pera ture. Wind spe e d had a moderate e#ect on leaf 
tem pera ture ( ω 2 = 0.14). The interact ion betwe en so- 
l ar radi ation and w ind spe e d a l so h ad a moderate ef- 
f ect on lea f tem pera ture ( ω 2 = 0.11), and the interaction 
betwe en stomata l co nd ucta nce a nd wind spe e d had a 
sma l l e#e ct ( ω 2 = 0.01). At the lowest wind spe e d and 
warm est tim e of day, th e le af wit h t he lower stomat al 
co nd uctance exhib i ted a leaf tem pera ture 2.6 ◦C warmer 
t han t he le af wit h high stomat al co nd uctance ( Fig. 3 B). 

In the t re e swa l low simu lat ions, sol ar radi ation had 
the lar g est e#ect on net sen sible heat "ux ( ω 2 = 0.93), 
fol lowe d by air tem pera ture ( ω 2 = 0.85). Wind spe e d 
( ω 2 = 0.13) and insu lat io n co nd uctivi ty ( ω 2 = 0.06) had 
moderate e#ects on heat "ux. The interactio n between 
insu lat io n co nd uctivi ty an d win d spe e d ( ω 2 < 0.01) and 
the interact ion betwe en sol ar radi ation and w ind spe e d 
( ω 2 = 0.02) had sma l l e#e cts o n heat "ux. We also 
note that re duct ions in wind re duce d n et sensi ble h eat 
"ux when values were positive (indicating less r equir ed 
m etabolic h eat p rod uctio n to ma inta in h om eoth ermy 
w ith lower w in d), but in creased n et sensi ble h eat "ux 
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Fig. 2 Microclimate variation in wind speed and relations with temperature. (A) Mean wind speed (solid points) across the hour of day 
with standard deviation (error bars) from weather stations in North America. (B) Mean wind speed across the month of year with 
standar d de viation. (C) Mean wind speed with standar d de viation across 1 ◦C intervals of air temperature. (D) Mean wind speed with 
standar d de viation across 500 W m −2 intervals of solar radiation. (E) The positiv e effect of temperatur e variability (the standar d de viation 
in monthly temperature) on monthly wind speed from weather station data. (F) The positive effect of temperature variability (the standard 
deviation in monthly temperature) on monthly variability in wind speed from weather station data. 

wh en n egative (in dicat ing g rea ter eva pora ti ve coo ling 
r equir ed with lower wind spe e d; Fig. 3 C). Simp l y put, 
slow ing w inds reduce the amount of metabolic heat pro- 
d uctio n r equir ed when air tem pera tur es ar e cool and 
a lso re duce th e am oun t of eva pora ti ve coo ling neces- 
sary when co ndi tio ns are ho t. Bo th processes occur be- 
cause of the slowing o f co nve ct ive heat loss or heat gain, 
respe ct i vel y. 

In the sala ma nder sim ula tion s, w e found that 
b o dy m a ss h ad the lar g es t e#ect on water los s rates 
( ω 2 = 0.94), then fol lowe d by the vapo r p res s ure de!cit 
( ω 2 = 0.78). Wind spe e d a l so h ad a lar g e e#ect on evap- 
ora tive wa ter loss ( ω 2 = 0.20). The in teract ion betwe en 
m a ss and wind spe e d had a moderate e#ect on evap- 
ora tive wa ter loss ( ω 2 = 0.06), an d th e interaction be- 
tween the vapor pres s ure de!cit and wind spe e d had 
a sma l l e#e ct o n evapo rative water loss ( ω 2 < 0.01). 
A lso, the l ar g e-b o die d sa la ma n der was re lative ly m ore 
a #e cte d by the chan g e in wind spe e d comp are d to 
sma l l-b o died indiv idu als ( Fig . 3 D). Speci!c ally, wa- 
ter loss rate in the sma l l-b o died indiv idu a l de crease d 
by 26.7% between the highest and lowest wind spe e d, 

where water loss de crease d by 32.5% in the lar g e-b o died 
indiv idu al. 
Discussion 
Our study hig hlig h ts the im po rtance o f wind o n o rgan- 
i sm al per for mance at bot h macr o- and micr oclimatic 
sca les. Li k e a ir tem pera ture, wind varies in ways that 
cou ld systemica l ly in"uence o rgani sm al per for mance 
acr oss br o ad sp at ia l sca les. For instan ce, win d spe e ds 
are lowest in the tropics and highest in the tem pera te 
regions ( Fig. 1 ). Thus, in the trop ics, o r ganism s expe- 
rien ce som e of th e high est ambien t tem pera tures and 
lowes t wind s pe e ds, s ugges t ing g re ater r is k of over h eat- 
ing in the tropics ( Fig. 1 ). Over h e ating r i sk m ay be par- 
t icu lar ly re levant fo r trop ical o r ganism s that also expe- 
rience sol ar radi atio n o r rely o n evapo rati ve coo ling to 
o$oad excess heat due to the high sol ar radi ation and 
high humidity in the tropics. That s aid, t he tr opics ar e 
genera l ly heavi ly v eg etated and ther efor e pr ovide am- 
p le micro hab i tats to bu#er a nim al s from over h eating 
( Ne el et a l. 2021 ). More over, wind spe e ds are genera l ly 



8 E.A. Riddell and C.K. Porter 

Fig. 3 Biophysical simulations demonstrate the impact of wind speed on soil temperature, plant leaf temperature, heat !ux in a bird, and 
water loss in an amphibian. (A) The effect of wind speed on soil temperature for soil with low albedo (left) and soil with high albedo 
(right). (B) The effect of wind on leaf temperature for a leaf with high stomatal conductance (left) and low stomatal conductance (right). 
(C) The effect of wind on net sensible heat !ux on a bird (tree swallow) with low insulation conductivity (left) and high insulation 
conductivity (right). (D) The effect of wind on water loss rate for an amphibian (salamander) with small body mass (left) and large body 
mass (right). The color codes correspond to the reduction in wind speed across the simulation, ranging from no reduction (0) to a 90% 
reduction in wind speed. 
pre dicte d to increase in the tropics ( Fig . 1 ), potenti ally 
a l lev i atin g some ov erheatin g risk from sol ar radi ation in 
ter restr ial anim al s. Converse ly, th e gr eatest r ed uctio ns 
in wind spe e d are fore caste d to occur at higher latitudes, 
espe cia l ly in the Northern Hemisphere ( Fig. 1 ). Com- 
b ined wi t h t he gre ater war ming, anim al s in the North- 
ern Hemisphere might experience the greatest increase 
in over h e ating r isk, espe cia l ly when con siderin g the re- 
d uced co nv ectiv e coolin g that o#sets the e#ects of solar 
radiation. Th e h om ogeniza tion of tem pera tur e acr oss 
latitude and red uctio n in co nv ectiv e coolin g might also 
reduce the intensity of sele ct ion hypothesize d to drive 
clina l variat ion in certain ph en ot ypes, such as critic al 
t her m al minim a, b o dy size (th at i s, Bergm ann’s rule), 
b o dy shap e (that is, Allen’s rule), an d m e l anism ( A lho 
et al. 2010 ; Sym on ds an d Tattersa l l 2010 ; Sunday et al. 
2019 ; Mattiso n and Wi tt 2021 ; He et al. 2023 ). For these 
traits, st udies that q uantify chan g es in the magnitude of 
clina l variat ion over th e n ext cen tury migh t re veal s ome 
of the e#ects of c limat e c han g e on ph en ot ypic vari ation. 
How ev er, microc limat e variation may be more relevant 
as a sele ct ive pres s ure than broad m acroclim atic varia- 
tion. 

Like tem pera ture, wind spe e d varies pre dictab l y 
thro ugho u t the day, o #ering pla nts a nd a nim al s the op- 

po rtuni ty to explo i t o r avo id s peci!c wind s pe e ds. Be- 
in g positiv ely associ ated w ith air tem pera ture, convec- 
ti ve coo ling becom es m ore e#e ct ive at midday, when or- 
ga nisms a re th e m ost vuln era ble to ov er h eat ing ( St iegler 
et al. 2023 ). Desp i te this co rrelatio n, ma ny a nimals cease 
activ it y during midd ay to avoid over h eating ( Huey an d 
P ia nka 1977 ; Kea rney et al. 2009 ; Sea rs et al. 2011 ; 
St iegler et a l. 2023 ). Even in environments in which 
or ganism s can remain active under these co ndi tio ns, 
w ind c an hav e negativ e e#ects on t her moregu lat ion, 
with lizards from windy environments exhib i tin g low er 
t her mo regulato ry accuracy than lizards from s h e lt ered , 
less windy environments ( Ortega et al. 2017 ). More con- 
t rol le d studies in the labo rato ry h ave found th at lizard s 
select di#erent b o dy temp eratures when exp osed to 
high win ds possi b l y to av oid dehy dration ( Viren s and 
Cree 2022 ) or in ant icip at io n o f evapo rati ve coo ling 
( Spears et al. 2024 ). These e#ects may become increas- 
ing ly di%c ul t to p redict under c limat e c han g e , as great er 
variab ili ty in air tem pera ture (expe cte d under climate 
chan g e) appears to dr ive gre ater var iab ili ty and higher 
m ean win d spe e ds ( Fig. 2 ). C han g es in wind spe e d are 
not t ypic a l ly inco rpo ra ted in to m ode l s th at foreca st the 
e#ects of c limat e wa rming on a nimal perf orma nce. Yet 
these exa mples (a nd this study) indica te tha t accura tely 
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pre dict ing the e#e cts of c limat e c han g e on animal per- 
f orma nce lik ely r equir es inco rpo rating wind spe e d, p ar- 
t icu larly at the microclimat ic sca le. These simu lat ions 
might reveal how wind co ntribu t es t o shaping the envi- 
ro nmental co ndi tio ns that de!ne a n orga nism’s ab ili ty 
to survive and r epr oduce, ther eby de!ning the species’ 
nic he . 

O ur biophysica l m ode l s al s o unders cored the im- 
portan t in teraction s betw een sol ar radi ation and w ind 
spe e d on tem pera tures experienced by pla nts a nd a n- 
im al s. High wind speeds increase conve ct i ve coo ling 
t hereby o#setting t he e#ect of sol ar radi ation, which 
was observed in the biophysical sim ula tions ( Fig. 3 ). 
Thi s interaction i s p art icu lar ly re levant to th e th ermal 
co nsequences o f melanism in pla nts a nd a nim al s. Sev- 
eral studies have found that or ganism s from higher lat- 
i tudes o r al ti tudes exhib i t da rk er colo ratio n than o r- 
ganisms from lower latitudes or a lt itudes, presumab l y 
as a com pensa t ory response t o cooler air tem pera tures 
( Al ho et a l . 2010 ; Cast el la et a l . 2013 ; Günt er et al . 
2019 ; Mattiso n and Wi tt 2021 ). Even b ird species sep- 
arate d on ly by a few kilomet er s on cooler is lan ds ex- 
hib i t da rk er colo ratio n than conspeci!cs on the warmer 
ma inla nd ( Porter et al. 2023 ). How ev er, wind speed 
h a s st rong interact ions with solar radiation and thus 
m ay al so be invo l ved in shaping clinal variation in 
m e la nism. For insta n ce, high er latitudes are gen era l ly 
win dier an d may in creas e s ele ct ion to be da rk er to o#- 
set th e high er rates o f co nve ct i ve coo ling comp are d to 
lo w latitudes. F rom an oth er p ersp e ct iv e, how ev er, v ery 
w indy env ironmen ts migh t elimina te t he t her mal ben- 
e!ts o f m e lanism altogeth er, a s illu strated by dark- and 
light-colore d obj e cts achieving the same tem pera ture in 
high wind spe e ds ( Fig. 3 ). Ther efor e, our study sug- 
gests that wind may modify sele ct ive pres s ure for col- 
o ratio n (th at i s, s olar abs orptan ce). In co rpo rating wind 
into these bro ad sp at ia l or temporal analyses on the 
chan g e in colo ratio n may improve our ab ili ty to predict 
futur e r esponses to sele ct ion. 

Most en doth erms in th e North ern Hemisph ere 
ma inta in b o dy temp eratur es that ar e gr e ater t han t he 
surrounding air tem pera ture ( Prinzin g er et al. 1991 ). 
Un der th ese con ditions, high win d spe e ds re duce the 
t her mo regulato ry dem and s a ssoci ated w it h he at s tres s 
but incre ase t he dem and s a ssoci ated w ith cold s tres s by 
increasin g conv e ct i ve coo ling ( Fig. 3 C). Ther efor e, fu- 
tur e r e duct ions in wind spe e d an d in creases in air tem- 
perature in the Northern Hemisphere might relax selec- 
tio n o n ph en otypes that minimize h eat loss in cold con- 
di tio ns (e .g., thic k insu lat ion layers [ Spea kma n a nd K ról 
2010 ]) while increasing the strength of sele ct ion for 
ph en otypes that increase heat loss in warm co ndi tio ns 
(e .g., great er re"ectance of the in tegumen t [ Medina et 
al. 2018 ], lar g er appendag es to increase radia tive hea t 

loss [ Ti l kens et a l. 2007 ]). Converse ly, wh en air tem- 
peratures exce e d body tem pera tures, high wind spe e ds 
p ro mote co nve ct ive heat ing, exacerb at ing heat s tres s 
( Mit c h e ll et al. 2018 ). An increased in ciden ce of ex- 
trem e h eatwaves, wh en air tem pera tures exce e d th e n or- 
m oth ermic b o dy temp eratures of some endot her ms, is 
pre dicte d under future c limat e m ode ls in the North- 
ern H emisphere ( H o rto n et al. 2016 ). Red uctio ns in 
wind spe e d may lessen the s e veri ty o f extreme temper- 
atures, wh en th e st rength of natura l sele ct ion can be 
in tense ( Bum pus 1899 ; Rodrígue z-Trel les et a l. 2013 ). 
How ev er, these dynamics wi l l be high l y comp lex, espe- 
cia l ly g iven the associat ion betwe en higher air temper- 
ature an d high er win d spe e d tha t we documen ted in the 
microc limat e d ata ( Fig . 2 C). R ega rdless of the scena rio, 
wind spe e d wi l l li ke ly in"uen ce bot h t he dire ct ion and 
intensi ty o f sele ct ive pres s ure exerted by air tempera- 
ture, espe cia l ly for en doth erms. 

S imilar t o h eat "ux, win d spe e d a l so h a s complex 
e#ects o n evapo rative water loss th at m ay u lt imately 
b e shap ed by micro climatic pro cesses. From a physi- 
cal p ersp ective , the rat e at whic h a n orga nism loses wa- 
t er t o th e environm ent is a co mb inatio n o f i ts physio- 
log ica l resistance to water loss (t ypic a l ly determine d by 
th e s kin, integum ent, o r cu ticle) and the ambient con- 
ve ct ive, t her mal, and hydr ic environment ( Tracy 1976 ; 
Riddel l et a l. 2017 ). Wind spe e d is slowest fo r o r ganism s 
ne ar t he ground due to living in the boundary layer of 
th e groun d surface ( Geiger et al. 2009 ). Mo reover, o r- 
gani sms th at live in com plex topogra phic l andsc apes or 
v eg eta tion migh t also bu#er th emse lves from high wa- 
ter loss rates by taking advantage of lower wind spe e ds 
( C ampb e ll an d Norman 1998 ). Similar l y, many amp hib- 
ians restrict th emse lves to very moist environments, in 
whic h wat er loss does not occur due to sa tura tio n o f the 
a ir ( Schwa rzk opf a nd Alf ord 1996 ; Lertzma n-Lepofsky 
et al. 2020 ). Amphibians are also generall y acti ve at 
nig ht w h en th e air is of ten s a tura ted an d win d spe e ds 
are genera l ly at their lowest ( E ccel 2012 ). Th us, am phib- 
ian s activ ely av o id co ndi tio ns t hat le ad t o high wat er 
loss and, in m any microclim ates, h ave th e be havioral 
r epertoir e to minimize o r co mp letel y prevent water loss 
( Se eb ach er an d Alford 2002 ). Th ese fact or s are exce e d- 
ingly cha l leng ing to quant ify at glob a l sca les, but m ode ls 
that do not consider these variables may gr eatly over es- 
tima te wa ter loss rates ( Wu et al. 2024 ). 

Our study hig hlig hts t he cr itical role of wind in shap- 
in g or gani sm al per for mance across macro- and micro- 
climat ic sca les. Wind spe e d int eracts with t em pera ture, 
sol ar radi ation, an d boun d ary l a yers in complex wa ys, 
potent ia l ly a ltering p atterns of over h e ating r i sk, clin al 
variatio n in mo rp ho logy, a nd the e#e ct iveness o f co n- 
ve ct i ve coo ling. As c limat e c han g e driv es s hifts in win d 
patt erns—suc h a s increa sing wind spe e ds in the t ropics 
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and declining speeds at higher latitudes—these chan g es 
m ay resh ape sele ct io n o n trai ts like b o d y size, co l- 
o ratio n, an d h eat dissip at ion me ch ani sms. Despite its 
signi!c ance, w ind spe e d is often overlooke d in m ode ls 
pre dict ing spe cies’ responses to clim ate ch an g e, under- 
scor ing t h e n e e d to inco rpo rate i t into fu ture b iophys- 
ica l and e colog ica l studies ( Potter et al. 2013 ; Wo o ds 
et al. 2015 ; Briscoe et al. 2022 ). This study elevates 
wind from a peripheral to a core environmental axis, 
s ugges ting it is essent ia l for fu l ly de!nin g an or gan- 
ism’s nic he , and pushes the Hut c hinsonian nic he con- 
cept beyon d in depen dent axes toward a more in tegra ted 
view—w here interac tio ns amo ng enviro nmental facto rs 
join tly sha pe organi sm al per for man ce an d !tn ess. Ul- 
t imately, a de eper understanding of the eolian niche 
and i ts interactio ns wi t h t he t her mal and hydr ic niche 
wi l l improve pre dict ions of spe cies’ vu lnerabi lit ies and 
adaptiv e respon ses in a rapidly chan gin g w orld. 
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