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Synopsis Climat e c han g e wi l l disru pt b iolog ica l process es at e very s ca le. E cosystem funct ions and serv ices v ita l to e colog ica l 
r esilience ar e set to shif t, wit h co nsequences fo r how we m an age land, n atural r esour ces, a nd f o o d system s. Increasin g 
tem pera tures ca use m orph olog ica l shif ts, wit h concomit an t im plica t ions for biome chanica l per for man ce m et rics crucia l to 

t rophic interact ion s. B iome chanica l per for mance , suc h as maximum b i te fo rce o r running spe e d , det er mines t he bre adt h of 
r esour ces accessible to consum ers, th e ou tco me o f int er specific int eractions, and thus the structure of ecological n etwor ks. 
Climat e c han g e-induce d imp acts to e cosystem services and resi lien ce are th er efor e on th e h o rizo n, me diate d by disrupt ions of 
b io me chanica l per for man ce an d, conse quently, t rophic interact ions across whole e cosyst ems. Here , we argue t hat t here is an 

ur g ent ne e d to invest iga te the com plex in teraction s betw een c limat e c han g e, b io me chanica l t rai ts, and fo rag ing e cology to h e lp 

predict chan g es to e colog ica l n etwor ks an d ecosystem fun c tioning. We disc uss h ow th es e s e emingly disp a rate disciplines ca n 

be conne cte d through n etwor k scien ce. Using a n a nt-pla nt n etwor k as an example, we i l lust rate how different data types could 

be in tegra ted to investigate the interaction between warming, b i te fo r ce, and tr ophic interac tions, and disc uss w hat such an 

in tegra tion will ac hieve . It is o ur ho pe t hat t his in tegra tiv e framew ork wi l l h e lp to identify a v i a ble mean s t o elucidat e previously 
in tractable im pacts of c limat e c han g e, with effe ct ive pre dict ive potent ia l to guide m an agem ent an d mit igat ion. 

I
C  

e  

v  

e  

a  

C  

p  

s  

i  

a  

C  

t  

i  

c  

2  

e  

d  

i  

S  

s  

i  

r  

c  

(  

a  

2  

a  

A
©
A
p

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icae070/7693119 by guest on 27 June 2024
ntroduction 

limat e c han g e is set to disru pt b iolog ica l processes at
 very s cale, from the p hysio logy an d be havio r o f indi-
 idu al s ( Mu solin 2007 ; Pörtn er an d Farre ll 2008 ; Travis
t al. 2013 ) to whole ecosystem functioning ( Lensing
n d Wise 2006 ; Walth er 2010 ; Pet er s et al . 2013 ).
han g es in environmental co ndi tio ns such as tem-
eratur e, bar o metric p res s ure, and p reci p i tatio n have
 e v ere con se quences for t rophic interact ions, as they
nfluen ce th eir frequen cies an d ident it ies ( Har r ington et
l. 1999 ; Win der an d Schin dler 2004 ; Blois et al. 2013 ;
uff et al. 2023c ). Un derstan ding h ow th ese interac-

io ns shift wi th weather and c limat e is consequently
m portan t for pre dict in g community-lev el respon ses to
 dvance A ccess pu blication Jun e 13, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the

ccess article dist ribute d under the terms of the Creative Co mmo ns Attribu ti
er mits unrestr ict ed reuse , dist ribut ion, and r epr oduction in any medium, pr
 limat olog ica l chan g e ( Blois et al . 2013 ; S in g er et al.
013 ). Al teratio ns to ph en olog ica l mat c hes ( Thac keray
t al. 2016 ; Renn er an d Zohn er 2018 ) an d species
ist ribut ions ( Poisot et al. 2015 ) r ewir e int er specific

nteractions across entire ecosystems ( Winder and
chindler 2004 ), w ith c asc ading effe cts on e cosystem
ervices an d fun ctioning. Th e im plica tio ns fo r trophic
nteract ions wi l l, how ev er, b e comp ounded b oth di-
ectly an d in directly by simultaneous effects on other
o nstraints o n fo rag ing e cology, in cluding m etabolism
 Brown et al. 2004 ), symbioses ( Kikuchi et al. 2016 ),
nd b io me chanica l t rai ts ( Do m enici an d Se eb acher
020 ). Biom echanics, th e physic al l aws that underpin
nimal m ovem ent an d structur e, play a key r ole in
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deter mining t he fe asib ili ty o f interactio ns. Due to their
foundation in physics, they are amenable to an alysi s
fro m first p rinci p les, enab ling detai le d quant itat ive pre-
dictio ns o f releva nt perf orma n ce m etrics—a we lcom e
advantage in the otherwise complex and unpredictable
co ntext o f the effects o f c limat e c han g e on trophic
interactions. 

Biome chanica l t raits are crucial determinants of
t rophic interact ions, both dire ctly, f or exa mple, through
co nsumer b i te fo r ces and r esour ce penet rabi lity ( Wang
et al. 2017 ; Püffel et al. 2023b ), and indirectly, by
det ermining locomot or c apacit y or surface a ttachmen t
forces, which in turn influence pr edator–pr ey co-
occurren ce, an d capture an d escape efficien cies ( Betz
and Kölsch 2004 ; Wilson et al. 2013 ). Biome chanica l
pr operties ar e, how ev er, modu late d by abiotic condi-
tio ns; fo r example, higher av erag e tem pera tures can
a ffect b io mecha nical perf orma n ce n ot only directly
( O l berding an d Deban 2017 , 2021 ), but a lso indire ctly
through chan g es to animal m orph ology ( Mackenzie et
al. 2014 ; Dom enici an d Se eb acher 2020 ; Doni hue et
al. 2020 ). The b o dy sizes of b eetles, f or exa mple, may
red uce wi t h incre asin g av erag e tem pera tures ( Tseng
et al. 2018 ) in accord ance w it h t he “tem pera ture-size
rule” ( Klok and Har r iso n 2013 ), wi th likely co nco mi tant
co nsequences fo r b io me chanica l per for mance , suc h as
re duce d bite forces ( Rühr et al. 2024 ; Püffel et al. 2023a ,
2023b ). 

The interaction between foraging ecology, b io me-
cha nics, a nd clim ate ch an g e remain s p o orl y reso l ved,
yet the co mb ine d imp act on t rophic interact ions h a s
im portan t im plica tions for the ecology of individu-
a ls, t rophic n etwor k structure, an d ecosystem fun c-
t ioning. C limat e c han g e may con sequently disrupt
th e m ech ani sm s underpinnin g biolog ica l processes
as general and significant as co nservatio n b ioco ntrol
and species invasions. To under stand , predict, and
mit igate these effe cts, the p airwise interact ion s betw een
c limat e c han g e, b io mecha nics, a nd f orag ing e cology
mus t firs t be unders to o d, an d th en in tegra ted ( Figure
1 ). Here, we descr ibe t hese interactions and di scu ss
their im plica tio ns fo r a ran g e of ecosystem services
and e colog ica l ph en om en a. We argue th a t in tegra ting
forag ing e cology, biome cha nics, a nd c limat e c han g e
through n etwor k scien ce—th e study o f interco nne cte d
co mplex systems wi t h graph t heory—c an cl ar ify t he
li kely imp acts of c limat e c han g e on t rophic interact ions.
To i l lust rate t his ide a, we discuss how differen t da ta
t ypes c an be in tegra ted through n etwor k scien ce. We
al so di scu ss the wider advances that network science
might r epr esent in this line of enquiry, and outline
the spe cific re quirements of re alizing t h ese advan ces.
A glossary of t ec hnical t erms can be found in the
Supp lementary Tab le S1 . App rop ria te in tegra tio n o f
c limat e c han g e , trophic int eractio ns, and b io mechanics
h a s the potent ia l to faci li tate not o n ly a de eper un-
derstanding of these dynamics but also pre dict ion of
fu ture disru ptio ns o f e cosystem funct ioning by c limat e
chan g e. 

Fora ging ecolo gy chang es with climate 

Trophic interactions are driven by a range of processes,
incl uding b iotic facto rs, such as r esour ce abun dan ce
an d ch oice ( Van Der Putten et al. 2010 ; Vaughan
et al. 2018 ; Cuff et al. 2022b ), and abiotic fact or s,
such as a lt itude, soi l , wat er, a nd a ir chemistry, a nd
tem pera ture ( Sán ch ez-Car r illo et al. 2018 ). Foraging
eco logy—the stud y of how anim al s se arch for, obt ain,
a nd use f o o d r esour ces—accounts for the biotic and
ab iotic facto rs t hat dr ive t hese interact ions, faci litat ing
invest igat io n o f th e m ech ani sms throug h w hic h c limat e
chan g e wi l l a lter th em, an d th e like ly consequen ces
of suc h c han g es. Climat e c han g e wi l l imp act forag ing
ecology v i a bo th to p-down and bo tto m-u p al teratio ns
of e colog ica l interact ions. Top-down effe cts are elicite d
by chan g es at higher trophic lev els, f or exa mple , due t o
a ltere d pre dator act iv it y ( Lang et al. 2012 ), metabolism
( Csi k et a l. 2023 ), or s ens o ry perceptio n ( Draper and
Weissb urg 2019 ); bo tto m-u p effects a re elicited by
chan g es to r esour ces, f or exa mple , through alt eratio n o f
r esour ce gr owth ra te ( Wen t 1953 ; Ra tte 1984 ), loca tion
( Schultz 1998 ; Ma et al. 2018 ), or ph en ology ( Forrest
2016 ; Renn er an d Zohn er 2018 ). Irrespe ct ive of their
dire ct iona lity, these a lterat ions may a lternat i vel y be
bro ad ly categorize d as e colog ica l (e.g., ph en ology, co-
occurrence) or p hysio log ica l (e.g., meta bolism, sen sory
perception; Laws 2017 ). 

The e colog ica l imp acts of c limat e c han g e o n fo raging
ecology can be both direct an d in direct; in dire ct effe cts
are t ypic a l ly either sp at ia l (e.g., r esour ce dist ribut ion)
o r tempo ral (e.g., ph en ology; Figure 1 ; Van Der Putten
et al . 2010 ; Thac keray et al . 2016 ; Renn er an d Zohn er
2018 ; Cuff et al. 2023a ). Resource co mmuni ty dynamics
an d consum er-r esour ce co-occurr ence ar e easily ob-
servable ma nif estatio ns o f enviro nmental chan g e ( Van
Der Putten et al. 2010 ; Renn er an d Zohn er 2018 ). For
pla nt–a nima l interact ions, clim ate ch an g e can alter co-
occur rences by alter ing t h e em er g en ce tim e of anim al s
or the development time of pl ants, w ith mi sm at c hes
between r esour ce avai labi lity an d consum er activ it y
resu lt ing in few or p o or-qu alit y r esour ces ( Feeny 1970 ;
Hunt er 1990 ; S in g er a nd Pa r mes a n 2010 ; Kha rouba
et al. 2015 ; Ross et al. 2017 ). For pr edator–pr ey
interact ions, st ructura l chan g es in p rey co mmuni ties
can result from mig rat ion of prey in response to
environmental chan g e ( Van Der Putt en et al . 2010 ; Yang
et al . 2011 ), c han g es in p rey behavio r ( Knowl to n and

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae070#supplementary-data
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Fig. 1 Conceptual diagram pairing drivers with consequences across climate change, biomechanics, and foraging ecology. Outlines of 
organisms r epr esent differ ent groups and differ ent shaded lines r epr esent differ ent driv ers linked to their consequences. The right panel 
provides an example based on increasing temperature relating to reduced bite forces and therefore reduced access to resources. Climate 
change impacts foraging dynamics and can consequently cause spatiotemporal changes in trophic interactions. Biomechanical traits 
determine the feasibility of trophic interactions, with profound impacts on their identities, frequencies, and outcomes. Climate change is set 
to modify the physiological and morphological parameters that determine the biomechanical performance of organisms, leading to a 
complex three-way interaction. Network science offers an opportunity to integrate these interactive effects, and to study their combined 
impacts on trophic interactions. Figure created with Biorender. 
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Graha m 2010 ; Ha rbo rne 2013 ), o r survival o f p rey in
environmenta l ext rem es ( Aleuy an d Ku tz 2020 ; Neilso n
et a l. 2020 ), a l l of which can result in lar g e fluctuatio ns
in p redato r–p rey co-occurrence rates. Enviro nmental
vari ation c an also chan g e co-occurrence patterns more
directly; f or exa m ple, grea ter wind spe e d s m ay di slodge
anim al s ( Donihue et al. 2020 ), com plica te foraging
by aeria l pre dat or s ( Lane et al. 2019 ), or make the
transpo rt o f r esour ces mor e costly ( Alma et al. 2016a ,
2016b ). Al though co nsumer-r esour ce co-occurr ence is
a n ecessary con dition for trophic interactio ns, i t does
n ot determin e th em outright ( Blan ch et et al. 2020 ).
Pr ey pr efer ences o f p redato rs ca n cha n g e irrespe ct ive of
p rey availab ili ty ( Cuff et al. 2022b ), perhaps dictated by
m etabolic, an d oth er p hysio log ica l chan g es ( Jackson et
al. 2004 ). 

Climat e c han g e also brin gs a bout p hysio log ica l
chan g es, which usua l ly a ffe ct t rophic interact ions in-
direc tly. Hig her tem pera tures in crease m etabolic rates,
le ading to gre ater energy dem and s and a co nco mi tant
increase in fe e ding rates ( Rob inso n et a l. 1983 ; Gi l loo l y
et a l. 2001 ; Boscolo-Ga lazzo et a l. 2018 ; Csi k et
al . 2023 ), whic h m ay m a nif es t in greater cons umer
generality ( Cuff et al. 2023c ) or chan g es in r esour ce
cho ice ( Ei tzin g er et al. 2021 ). This could r ewir e tr ophic
n etwor ks an d in crease co mpeti tio n fo r high-quali ty
r esour ces ( Lang et al. 2012 ). Heighten ed m etabolic
dem and s with higher tem pera tures m ay al so increa se
anima l act iv it y ( Gi bert et al. 2016 ; Ter lau et al. 2023 ),
bu t i t can also decrease in sma l l anima ls ( Lang et al.
2012 ); r egar d less, variat ion in act ivity wi l l a lter co-
occurrence rates and, consequent ly, t he frequencies and
ident it ies of interact ions. The product ion, emission,
and dete ct io n o f s ens ory st imu li, crucia l determinants
of t rophic interact ions, is a lso imp acte d by tem pera ture
( Tin g ey et al. 1980 ; Peñuelas and Staudt 2010 ; Sentis
et al. 2015 ), humidity ( Menzel et al. 2018 ; Spren g er et
al. 2018 ; Baumgart et al. 2022 ), and wind ( Goldansaz
and McNei l 2006 ; Ha l l et a l. 2012 ; Wij ers et a l. 2022 ).
Al though i ts impact is both b ro ad and sig nificant,
anima l e cology is n ot th e so le determinant of trop hic
interaction s. In stead, it wi l l interact wi th b io me chanica l
constraints to determine trophic interaction identities,
frequen cies, an d ou tco mes. 

Biomechanical traits constrain foraging 

ecology 

P hysical proces s es play a ke y role in a nimal f oraging,
and b io me chanica l t raits have thus long been an
im portan t e lem ent o f fo rag ing the ory ( Steph ens an d
Krebs 1986 ; Domenici 2001 ; Combes et al. 2012 ;
Moore and B iew ener 2015 ). The role of biome chanica l
tra its in f oraging is, with few ex ception s, ev entu-
a l ly lin ke d b ac k t o t he per for mance of musc le , the
primary agent of motion. As a broad c haract eriza-
tio n, b io mechanical co nstraints o n mu scle m ay be
placed in o ne o f two categories: dynamic constraints,
whic h det ermin e en ergy o utp ut during con tin uous
m ovem ents or exp losi ve p redato ry st ri k es; a nd effec-
ti vel y quasi-s tatic cons traints, whic h det er mine t he
magni tude o f the maximum fo rces anim al s can app l y
( Alexander 2006 ). 

Dynamic b io me chanica l const raints t ypic a l l y p lay
a key role during resource acquisi tio n, as is perhaps
most evident in p redato r–p rey interactio n s that inv o l ve
purs uit. Succes sful purs uit hin g es on a complex trade-
off b etween sp eed, maneuvrab ili ty, and p redictab ili ty
( Do menici 2001 ; Co mbes et a l. 2012 ; Wi lson et a l.
2013 , 2018 ; Clem ente an d Wilson 2015 ; Moore and
B iew ener 2015 ; Martin et al. 2022 ); for example,
che eta hs run at sub-o p t ima l spe e ds in the pursuit of
ag i le prey in order to retain maneuvrab ili ty ( Wilso n
et al. 2013 ), and f r uit flies maximize their escape
chan ces wh en in cre asing t h e frequen cy of erratic
saccade maneuvers ( Combes et al. 2012 ). Although
b io me chanica l const raints are not the sole determinant
of the outcome of trophic interactions ( Martin et al.
2022 ), they can drive musculos ke letal ada pta tion s ov er
both evol u tio na ry a n d deve lopm enta l t ime sca les. For
exam ple, preda to r–p rey interactio ns can place high
ath let ic dem and s o n p redato rs, which co nsequently
exce e d their prey in muscle power, acce leration, an d de-
celera tion ca pacity, such as in big cats on the savannah
( Wilson et al. 2018 ). Simi larly, g rassho p pers r ear ed in
th e presen ce o f p redato ry t hre ats adjust their jumping
“t ec hnique” suc h t hat t hey can j ump q uick er a nd f urt her
comp are d to conspe cifics raise d in sa f e environments
( Hawlena et al. 2011 ). 

Q uasi-stat ic b io me chanica l const raints come into
play pr imar ily dur ing r esour ce co nsumptio n: in both
invert ebrat es and vert ebrat es, bit e forces play a key
role in foraging because they deter mine t he type and
size of fo o d items anim al s can me chanica l ly process
(e .g., Wheat er a nd Eva n s 1989 ; Behren s Ya mada a nd
G. Boulding 1998 ; Herrel et al . 2001 ; Sc h enk an d
Wa inwright 2001 ; Verwa ij en et a l. 2002 ; C hrist iansen
a nd Wroe 2007 ; Sa nta na et al. 2010 ; Ta n et al. 2021 ;
Püffel et al . 2023c ). Bit e forces thus also influence
int er sp ecific comp et it ion, f or exa m ple, in preda tor–
p redato r interactio n s ( G inot et al. 2018 ), or in con-
t rol ling resource accessib ili ty. So me we evi ls escape
pre dat ion by t re e lizards be caus e the y a re significa ntly
harder to break open than comparable prey in their
hab i tat ( Wang et al. 2017 ), and the strong bite forces
o f p redato rs m ay h ave been a co ntribu ting facto r to the
evol u tio n o f exceptio nal toughness in mollusc “armour”
such as nacre ( Jackson et a l. 1988 ). Be ca use sufficien tly
high b i te fo r ces ar e a n ecessary con dition for s ucces sful
fe e ding in many anim al s, dietary ne e d s h ave been
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xp licitl y argued to have dr iven t he evol u tio n o f b i te
er for mance in rept i les (e.g., Metzger and Herrel 2005 ;
ollion et al. 2017 ), benthic p redato rs such as crabs

 Taylor 2000 ), and p hytop h agou s insects such as leaf-
utter a nts ( Püffe l et al. 2023b ). In deed, b i te fo rces in
ome amnio te gro ups have evo l ved thro ugh b ursts of
xcept iona l rates of adaptiv e chan g e ( Sakamoto et al.
019 ). 

F orce ca p acity is a lso im portan t for a ran g e of spe-
ia lize d beh aviors th at invo l ve surface a ttachmen t. F or
xample, p a lmetto to rto ise beetles p rod uce a ttachmen t
orces so lar g e that p redato ry ants fail to prey on them
 Eisn er an d An es hans ley 2000 ); p i t c her plan ts tra p
nsects wi th p i tfall tra ps tha t make them slip ( Bohn
n d Feder le 2004 ; Labonte et a l. 2021 ); and spe cia lize d
dhesiv e or gan s play a n importa nt role in prey capture
nd p redato r defense in invert ebrat es, vert ebrat es, and
l ants (e.g ., Herrel et al . 2000 ; Betz and Kölsc h 2004 ;
o p pinga et al. 2012 ; Krimm e l an d Pearse 2013 ; Wolff
t al . 2014 , 2017 ; Kleint eic h and Go rb 2015 ; Vo n B y ern
t al . 2017 ). Here , fo rce capaci ty may be determined
r imar ily by the s tres s c apacit y and size of adhesive
at c hes ( Labont e an d Feder le 2015 ), instead of animal
uscle fo rce (bu t see Labo nt e et al . 2019 ). Although
 io me chanica l const raints o n fo rag ing e cology are in
 rinci p le measurab le and often even predictable v i a first
 rinci ples, th e un der lying pa ra met er s are not imper-
ious to external influence. How wi l l climate chan g e
onf ound a nd perturb b io me chanica l const raints? 

limate change modifies biomechanical 
erformance 

 iv en the broad ran g e of mete orolog ica l imp acts
ssoci ated w ith c limat e c han g e, the b io me chanica l
er for m ance of anim al s will be challen g ed on many
ro nts ( Do m enici an d Se eb acher 2020 ). Variat ions
n enviro nmental co ndi tio ns d ue t o c limat e c han g e
an bot h direct ly an d in dire ctly a l ter b io me chanica l
er for mance t hrough a ran g e of mech ani sm s, actin g
cr oss differ ent t imesca les. 

Dire ct imp acts encomp ass imme di ate fluctu ations
n external b io mech anical dem and s and in intrinsic
 io me chanica l per for mance c apacit y; for example, vari-
tions in wind or wa ter curren ts can increase the
xtern al dem and place d on ad hesiv e or gan s ( Forrester
t a l. 2016 ; C h erry an d Barto n 2017 ; Do ni hue et a l.
020 ) or hinder locomotion ( Kra mer a nd McLaughlin
001 ; Ch erry an d Bart on 2017 ; Ventura et al . 2022 ).
ntrinsic loco moto r perfo rmance capaci ty is deter-

ined by muscle ( B iew en er 2016 ), an d th e m e chanica l
er for mance of musc le , inc luding musc le s h ortening
pe e d and power o utp ut, ap proximately do ubles for
very 10 

◦C of tem pera tur e incr ease (i .e ., the Q 10 is
2), unt i l per for mance eventua l l y p la tea us a t high tem-
erat ures ( Bennet t 1985 , 1990 ; James 2013 ; Olberding
 nd Deba n 2017 ; Ja mes a nd Ta l lis 2019 ). Conse quently,
aximum running spe e d has a Q 10 of around two in

oth ecto- and endot her ms for tem pera tures in the
road ran g e of 10–50 

◦C ( Ber gma nn a nd Ir sc hic k 2006 ;
ur l bert et al. 2008 ; R oj as et al. 2012 ), equivalent to
 10% increase in maximum spe e d per deg re e Cel siu s
arming . The dow nstrea m effects of such fluctuations
 n p redato r–p rey interactio ns m ay thu s be s ubs tant ia l
e.g., Jam es 2013 ; Dom enici et al. 2019 ), but remain
ifficult to predict because the variation of maximum
pe e d with body size is n on-m on oton ous ( Gar lan d
983 ; Hirt et al . 2017 ; Labont e et al. 2024 ). In addition,

oco motio n at higher tem pera tures may becom e m ore
ostly, hin ting a t the possib ili ty o f co mplex trade-
ffs ( Hals e y 2016 ; Se eb acher et a l. 2016 ). Available
vidence s ugges ts that the p henotypic p lasticity to
ope with tem pera ture-ind uced fluctuatio ns in loco-
oto r perfo rmance capaci ty is limi ted; i t appears

 hat t he t her ma l sensit iv it y of the chemical processes
ha t underpin m uscle con t ract ions cannot be avoided
 Bennett 1985 , 1990 ; see J ames 2013 ; J a mes a nd Ta l lis
019 ). How ev er, loco moto r st rateg ies that are b ase d
n tem pera ture-in sen sitiv e mechanical processes do
xi st: m any sm a l l anima ls temporari ly “st ore” musc le
ork in lat c hed “springs” in the fo rm o f elastic

train energy. This energy is t hen rele ase d rapid ly to
ri ve exp losi ve jum ps. Beca use m uscle force ca pacity
 ends t o only s h ow a weak tem pera ture depen den ce
 Benn ett 1985 , 1990 ; O l berding an d Deban 2017 ), such
pring-act uated j umping can be “t her ma l ly ro bus t”
 O l berding an d Deban 2021 ). 

Indire ct imp acts of c limat e c han g e o n b io mechan-
cal dem and s and per for mance c apacit y may emer g e
hro ugh adap tive pro cesses, and thus o ccur on s ubs tan-
 ia l ly lon g er t ime sca les. Th e m ost signific ant ad a pta tion
o a warming climate may be variations in animal
 o dy size ( Atkinson 1994 ; Sheridan and Bickford 2011 ;
seng et al. 2018 ). Body size is a majo r p redicto r o f a
an g e of biome chanica l per for man ce m etrics, in cluding
aximum running spe e d a nd f o rce capaci ty ( Schmid t-
ie lsen 1984 ; Alexan der 1985 ; B iew ener 2005 ), but also

or st ructura l t raits such as rig idity an d th e external
oad s th at can be s us t ained wit hout mater ia l fai lure
 Alexan der 1981 ). Th e re lations hip b etween b o dy size
nd b io me chanica l cap acity is often regular, so that
t can be described to rea son able accuracy through
 tatis tical an alysi s, and it is also usua l ly the result of
rst-p rinci p le p hysica l const rain ts, so tha t it can be

in ke d wit h me asurab le p h en otyp ic trai ts in p re dict ive
 ode ls ( Schmidt-Nie lsen 1984 ). Th e re l ation bet ween

ra it T a nd b o dy m a ss m i s t ypic a l ly expresse d v i a
ower laws: T ∼ m 

x , where x is a c haract erist ic sca ling
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Table 1 Various ecological systems, processes and services will be disrupted by climate change due to associated and interactive 
ecological and biomechanical changes. Biological control and species invasions/reintroductions offer two examples of systems that 
transdisciplinary research spanning these fields could address. Various hypotheses remain to be tested for this interaction between 
foraging, climate and biomechanics. 

System Climatic driver Consequence Impact Relevant r efer ences 

Biological control Temperature changes Biomechanical: bite force 
changes with altered body 
size 

Ecological: trophic niche 
contraction as resources 
become inaccessible 

Tseng et al. (2018) ; Rühr et 
al. (2024) ; Püffel et al.
(2023c) 

Ecological: phenological 
changes causing 
pest-predator phenological 
mismatches 

Biomechanical: trait 
mismatch between 
consumers and available 
resources 

Singer and Parmesan 
(2010) ; Thackeray et al.
(2016) ; Renner and Zohner 
(2018) 

Wind/Pr essur e 
changes 

Biomechanical: altered flight 
ability of many crop pests 
and predators 

Ecological: altered 
co-occurrence of 
consumers and resources 

Walters and Dixon (1984) 

Biomechanical: increased 
adhesive forces required or 
dislodgement 

Forrester et al. (2016) ; 
Cherry and Barton (2017) ; 
Donihue et al. (2020) 

Species invasions and 
reintroductions 

Temperature changes Ecological: invasive range 
changes 

Biomechanical: altered 
access to resources and 
evolutionary mismatch 
between consumer and 
resources 

Hellmann et al. (2008) ; 
Smith et al. (2012) ; Zhang et 
al. (2020) ; Rühr et al. (2024) 

Biomechanical: bite force 
reduction with smaller 
body size 

Ecological: a species’ 
invasive potential may be 
reduced if their access to 
resources is hindered 

Tseng et al. (2018) ; Püffel et 
al. (2023c) 

Wind/Pr essur e 
changes 

Biomechanical: altered 
flight/dispersal ability 

Ecological: altered dispersal 
potential 

Saura-Mas and Lloret 
(2005) ; Lander et al. (2014) 
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coefficient. Th e imm ediate advantage of such regul arit y
i s th at i t p rovides th e possi b ili ty t o link t em pera ture-
induced chan g es in b o dy size wit h var iatio ns in b io me-
cha nical perf orma nce. If b o dy sizes decrease by a factor
α with every deg re e Cel siu s, t hen t he b io me chanica l
per for mance decre ases by a facto r αx . Thus, fo r a
decrease in b o dy size of about 10% ( α = 0.9), T would
conse quently de crease by 3–10%, for traits that scale
wit h lengt h ( x = 1/3), are a ( x = 2/3), o r vol ume ( x = 1).
The ut i lity of such simple ca lcu lat ions is i l lust rate d with
a concrete example f urt her below. 

Environmental chan g e can a lso imp act st ructura l and
m orph olog ica l t raits in depen den t of m uscle p hysio logy
o r variatio ns in b o dy size, w ith dow nstrea m effects
o n loco motio n, p redatio n efficiency, o r defense. Fo r
exa mple, a n increase in tem pera tur e can r esul t in nu tri-
t iona l deficits or a l locat ion t rade-offs in which energy
and n utrien ts are divert ed t oward the mit igat ion of the
p hysio log ica l imp acts of war ming, at t he expense of de-
fen siv e traits (e.g., s h e l l or chit in thic kness; Mac kenzie
et al. 2014 ; Wo o dman et al. 2021 ). More genera l ly,
th e m e chanica l propert ies o f b iolog ica l materia ls, often
considere d extende d ph en ot ypes, c an als o be s en sitiv e
to fluctuatio ns in tem pera ture and h umidit y (e.g ., in
spider si l k; Blamires et a l . 2017 ; B la mires a n d Se llers
2019 ). Adaptive and evol u tio nary p rocesses can drive
b io me chanica l chan g es, and or ganism s may be able
to com pensa te f or a nd acc limatize t o environmental
chan g e to some extent ( Le Roy et al. 2017 ), poten-
t ia l ly buffering b io me chanica l and e colog ica l imp acts.
How ev er, the pl asticit y of species and specific traits
t o c han g e ca n va ry gre at ly ( Padi l la et a l. 2019 ) and
wi l l u lt ima tely im p act the abi lity of anim al s t o forage ,
resu lt ing in a complex thre e-way interact ion betwe en
forag ing e cology, b io mecha nics, a nd c limat e c han g e. 

Integrating foraging ecology, 
biomechanics, and climate through 

network science 

We h ave di scu ssed the impact of c limat e c han g e on both
b io me chanica l per for man ce an d forag ing e cology, and
how b io mec hanics int eracts with forag ing e cology to
det ermine trophic int eractio ns. This co mplex three-way
interaction ( Figure 1 ) likely affects s e veral ke y biological
p rocesses: b ioco ntrol o f crop pests by p redato rs, and
species invasio ns o ffer jus t two s t ri king examples in
whic h ecosyst em services an d fun ctioning may be
s ubs tant ia l ly p erturb ed by th e em er g ent effects of
c limat e c han g e on biome chanica l t raits and foraging
( Tab le 1 ). Stud ying t his t hre e-way interact ion remains
cha l leng ing, p artly due to the innate trans dis ci plinari ty
r equir ed to do so s ucces sfully. Fora ging ecology pro-
vides observat iona l data on t rophic interact io ns fro m
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abo rato ry fe e ding t ria ls an d/or th e fie ld , whic h can
erve as a base lin e for compa rison aga inst b io me-
ha nical perf orma nce; b io me chanica l r esear ch pr ovides
uan tita tive mech ani stic cont ext t o int eraction data,
sua l l y deri v ed from la bo rato ry assays o r fro m p re-
icti ve p hysical m ode ls derived fro m first p rinci ples.
n tegra ting these practices in c limat ological cont exts
 equir es r ecor ds and pr e dict ions of c limat olog ica l con-
i tio ns, and emp irical o r theo retical m ode l s th at encode
heir impact on foraging or biome chanica l t raits. This
rocess wi l l natura l ly re quire ad h eren ce t o disparat e
r even conflicting best practices; f or exa mple, the
 equir ement for fr esh conta mina nt-free sa mples f or
ole cu la r dieta ry a n alyses (increa singly co mmo nplace

or dete ct ing t rophic interact ions in e cology; McInnes
t al. 2017 ; Alberdi et al. 2019 ; Cuff et al. 2023a ), may
o nflict wi t h t h e n e e d to measure b i te fo r ces fr om the
am e in div idu a ls. The col le ct io n o f so me dat a in t he
eld (e.g., e colog ica l observat ions) an d oth ers within
he l ab (e.g ., b io me chanica l assays) is of ten necess ary,
u t may resul t in tempo ral o r co ntextual mi sm at c hes
ue to unav oida ble differences in exper iment al condi-
ions ( C ampb e ll et al. 2009 ). Deve lop ing b io me chanica l
 eth od s th at can be brought to th e fie ld ( Bauer et al.

020 ) is one of many vital ways f orwa rd that may h e lp
eso l ve such discrepancies. 

One ana lyt ica l, pre dict ive, an d th er efor e att ract ive
ram ewor k that can in tegra te e colog ica l, b io me chanica l,
nd c limat olog ica l data is n etwor k scien ce—th e an alysi s
 f interco nne cte d complex systems. The a pplica tion
 f netwo rk science to e colog ica l n etwor ks prin cip a l ly
 equir es two data types: links and nodes ( Fath et al.
007 ; Lau et a l. 2017 ). Typica l ly, lin ks are the pres-
nce or frequency o f interactio n s betw een or ganism s;
odes usua l ly r epr esen t species iden t it ies, but can a lso
 epr esent indiv idu al s ( Guim arães 2020 ) or even trait
ata such as m orph olog ica l features or environmental
o ntext ( Po isot et al. 2015 ; Cuff et al. 2023c ; Cuff et
l . 2022a ). Through the int egratio n o f b io mechanical
ata as traits att ribute d to nodes (i.e., species or
rou ps o f individ uals wi th similar b io me chanica l per-
 orma nce/tra its), f oraging data as links between those
odes (i .e ., trophic int eractions) and c limat e data as
p at iotempora l replicat ion (i .e ., discret e n etwor ks b ase d
n climatic differen ces), n etwor k ecology may enable
xplo ratio n o f how c limat e dri ves trop hic interactions
 i a b io me chanica l chan g es. Alt hough t he s ame could
e achieved t hrough met hods such as fourt h-cor ner
n alysi s, whic h relat es species traits to the relatio nshi p
etween co mmuni ty data and environmental vari-
bles, this neg lec ts indirec t interac tions and ignores
he structure of interactio n netwo rks, both crucial
 or understa ndin g interaction rewirin g an d n etwor k
o bus tnes s. Wi th app rop ri ate d ata, suc h an approac h
ould h e lp to identify h ow c limat e c han g e impacts the
tructure of n etwor ks by rev ealin g differen ces in th e
nteraction s betw een anim al s ba sed on their chan gin g
 io me chanica l per for mance. 

Th e sam e idea can be applied to key e colog ica l
rocesses like ecosystem services ( Dee et al. 2017 ;
odin et al. 2019 ) and nu tri tio n al ca scades ( Cuff et
l. 2022c ) for deeper ecological and applied insight.
here is a hierarchy of st ructura l propert ies that can
e ana lyze d and comp are d at th e n o de (e.g., sp ecies
 r individ ua ls, studie d in b io me chanica l assays), g roup
e.g., trophic levels, studied in foraging ecology), or
 etwor k (e.g., hab i tat o r ecosys tems, s ubj e ct to climate
han g e impacts) lev els ( Lau et al. 2017 ). B y analyzin g
he sp at iotempora l fluctuat ion of n etwor ks, it is possible
 o det ermine intuit ive p a ra met er s w ith immedi ate
 an agemen t im plica tio ns, such as netwo rk ro bus tnes s

i .e ., the rat e o f seco n dary extin c tions w h en som e
o des/sp ecies are removed; Kaiser-Bunbury et al. 2010 ;
o co ck et al. 2012 ). The results can be used, for example,
 o det ermin e any in dire ct imp acts on ants as a result
f c limat e c han g e-me diate d remova l o f the ep i phytes
h ey depen d on, an d vice vers a ( Morales-L inares et al.
021 ); through in tegra tio n o f b io mechanic al d at a, t he
han gin g accessib ili ty o f r esour ces could be considered
 s prim ary ext inct ions in th e n etwor k. 

Biome chanica l propert ies can be in tegra ted in to
 etwor ks as traits ( Eklöf et a l. 2013 ; Jun ker et a l. 2013 ;
oi sot et al. 2015 ), a s previou s ly dem onst rate d for b o dy
ize ( Wo o dwar d et al. 2005 ). By r epr esenting indi-
 idu al or ganism s t hrough t heir b io me chanica l t raits,
t ructura l differences in int er specific int eractions can
e i l luminate d, an d th e m ech ani sms by which b io me-
hanica l t raits st ruc ture interac t ions elucidate d. This
rocess ca n, f or exa mple , lead t o the iden tifica tio n o f
otifs (i .e ., sets o f nodes wi th simi lar interact ions) that

re associated with p art icu lar b io me chanica l propert ies.
 or exam ple, preda t or s with weaker b i te fo rces may

nt eract consist ent ly wit h m ore pen etrable prey. Iden-
 ificat io n o f such co rrelatio n s w ou ld a l low fo r a mo re
ire cte d mo ni to ring o f the respo nse to enviro nmental
han g e. Mot ifs a lso faci litate invest igat io n o f indirect
nt eractions (e .g., the ro le of p lants in su ppo rting
 redato rs/parasi to ids; Tavel la et a l. 2022 ), which remain
 io me chanica l ly p o orly under st o o d. 

By r epr esenting differ en t time poin ts, spaces, or da ta
ypes as distin ct n etwor k layers, f urt her co mplexi ty
an b e mo deled. G iv en the complex interdepen den cies
f different biome chanica l propert ies and e colog ica l
 rocesses, mul til ayer net wo rks p resent an o p po rtuni ty
o link discrete n etwor ks across space an d tim e in re-
ponse t o c hang ing environmenta l condit ions ( Pi losof
t al . 2017 ; Hut c hinson et al. 2019 ). For example,
 etwor ks could each r epr esen t clima t ica l ly dist inct
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time points and the interlayer links (i .e ., the links
between th ese n etwor ks) could r epr esent chan g es in the
b io me chanica l per for mance of t he anim al s wit hin t he
n etwor ks; this could mor e dir ectly elucidate the impact
of these biome chanica l chan g es on netw ork structures
across time. 

The potential of network analysis to 

investigate the impact of temperature 

increases on trophic interactions as a 

consequence of bite force changes 

The in tegra tio n o f b io mecha nics, f oraging ecology,
and c limat e c han g e through netw ork science h a s the
potent ia l to elucidate th e m ech ani sms by which trophic
n etwor ks wi l l respond to climate chan g e, u lt imately
ena blin g us to un derstan d an d predict th ese impacts,
which we i l lust rate with a simplified illustrative example
( Supplementa ry Inf ormation 1 ). Network science gen-
era l ly re quires data on interaction ident it ies, interact ion
rates betw een con sum ers an d th eir r esour ces (i .e .,
weighte d lin ks), and idea l ly r esour ce abun dan ces, a l l in
discrete sp at iotempora l units. To the best of our knowl-
edge , suc h co mp re h ensive data ar e curr entl y seldoml y
available in b io mechanical co ntexts and wi l l re quire tar-
geted data collectio n effo rts. To ill us trate how s uch data
could be in tegra t ed t o address fun dam enta l quest ions,
we present a concrete example where sufficient data
a re ava il able or c an be generated to i l lust rate the main
ide a wit hin a specific context: t he chan g e in r esour ce
accessib ili ty fo r a g eneralist in sect herbiv ore due to
c limat e c han g e-induce d re duct ions in b o dy size ( Figure
2 ). This example is not meant to be read as a concrete
pre dict ion. Inst ead , it is int ended t o provide an indica-
tio n o f bot h t h e process an d th e kin d o f info rmatio n that
can be ext racte d by co mb ining c limat e data, foraging
ecology, and b io me chanica l t raits through n etwor k
science. 

We have co mp i le d lea f-cutter a nt b o dy size and b i te
force data for three colonies of the same species from
Püffel et a l. (2023c) , re quire d cutt ing forces for a ran g e
of plants glob a l ly avai lable to the ants from Onoda et al.
(2011) , and insect tem pera ture-body size re lations hips
from Tseng et al. (2018) . To provide a pract ica l
example of how network science can enable direct
pre dict ions of the effect of c limat e c han g e on trophic
interactio ns wi th a stro ng b io mechanical co mpo nent,
w e con st ructe d n etwor ks f or differen t tem pera tures
using these da ta ( Supplemen ta ry Inf o rmatio n 1 ). These
n etwor ks r epr esen t the in teractions possible for the ants
wit hin t he b io me chanica l const rain ts im posed by the
b i te fo rces they can generat e . Howe ver, becaus e not all
plant species for which data exist wi l l co-occur, and
because the ants may exhib i t sele ct iv it y across the plants
accessi ble to th em, thi s i s not a direct refle ct io n o f
the interactio ns wi thin a natural system. Neverth e less,
an alysi s of the degree (i .e ., n umber of plan ts each an t
colony could interact with) and generality (i .e ., the
potent ia l niche b read th o f ants genera l ly) of t he le af-
cutter ants in response t o t em pera ture wi l l g ive some
indicatio n o f how interactio ns m ay ch an g e in sma l ler
discrete co mmuni ties o f a nts a n d th eir r esour ces. With
dat a on t hos e dis crete co mmuni ties and wider interac-
tio ns o f other co nsum ers an d th eir anta gonis ts, n etwor k
science would be poised t o illuminat e compet it ive
dynamics, indirec t interac tions, and ecosystem-wide
c asc ades. 

This example is limit ed t o a simple n etwor k an alysi s
by n ecessity—th e data are curr ently scar ce . Ric her
datas ets, purpos efu l l y co l le cte d to ena ble netw ork anal-
ys es, may re ve al re a l-world effe cts, but the col le ct ion
of such data r equir es car efu l considerat ion, which we
ho pe o ur a rticle ca n guide. The exa mple al so a s s umes
t hat t he temperature-size rule is ro bus t an d th e major
driv er of netw ork rewirin g, n eith er of which are likely
to hold in na tural systems. F or exam ple, altera tions in
the structure of pla nt–a nt n etwor ks may con cen tra te
herb ivo ry o n f ewer pla n t species, increasing com pe-
t it ion and re ducing avai labi lity of those r esour ces.
Tem pera tur e incr ea ses al so h ave variou s im plica tions
for the t rophic interact ions of ants, including a ltere d
search behavior ( Frizzi 2018 ) and foraging site sele ct ion
( Traniel lo et a l. 1984 ; Spicer et a l . 2017 ), whic h wi l l
interact wit h t he tem pera ture-size ru le and li kely
al ter p redictio ns. Th e se lective pres s ure lin ke d to the
tem pera ture-size rule is als o note wort hy; t he re duce d
access to r esour ces thr ough sma l ler b o dy sizes may well
propagate a selective pres s ure for lar g er b o dy sizes that
wi l l potent ia l ly mit igate the impacts of the temperature-
size rule in natural systems. These limi tatio ns war-
ra nt sk epticism, a nd more accurate models wi l l have
to await the avai labi lity of purposefu l l y co l le cte d
data. 

Th e species turn ov er within natural system s, both
natura l ly over t im e an d due t o c limat e c han g e, wi l l
a lso g re at ly impact ou tco mes. Clim ate ch an g e-induced
chan g es to other biolog ica l and e colog ica l propert ies
wi l l a lso co mpound p re dict io ns; fo r example, red uced
defoliatio n o f a plant species may increase its fitness by
relief of damage or the cost of induced defenses ( Ka rba n
and Myers 1989 ), and may consequently alter that
species’ abun dan ce, b io m a ss, a nd ra n g e/dist ribut ion.
Species turnover will likely be driven by the po p u lat ion
dynamics of each species within a community; by
eva luat in g chan gin g interaction s acr oss entir e ecosys-
tem s, netw ork ecology is wel l-place d to as ses s how
t he tur nover a nd dyna mics of species wi l l a ffect wider
interac tions throug h n etwor k ro bus tnes s and rewiring

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae070#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae070#supplementary-data
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Fig. 2 We hypothesize that, as temperatures increase, ants may undergo body size reductions in line with the temperature-size rule. 
Because body size correlates with bite force capacity, and because bite force capacity determines the toughest plant tissue the ants can cut, 
this size reduction would likely decrease the total number of plant species the ants can forage on (i.e., contract their trophic niche). Figure 
created with Biorender. 
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na lyses. O t her dr iv ers and con straints of trophic inter-

ctions, such as the chemical co mposi tio n o f leaves and
 he nutr it iona l qua lity an d complem ent ar i ty o f available
 esour ces, wi l l li k ely cha n g e ma rk e d ly t oo, whic h are ,
f cour se , not r epr esented within our an alysi s. The
ider effects of c limat e c han g e on broader ecological
h en om en a m ay on ly be capture d by rea l-world data.
i th app rop riate info rmatio n o n other int er specific

nteractio ns o f both a nts a n d th e plants th ey forage
n (e.g ., sy mbionts, pred at or s, a nd pa rasites), these
mpacts can be mapped across the entire ecosystem
 Windsor et al. 2023 ), a distin ct ben efit o f taking a
 etwor k approach to such e colog ica l quest ions. 
Know ledge of interac tion stren gth s w ould ena ble a

an g e of f urt her quantit at ive ana lyses. First, we may
redict how trophic interactions and entire n etwor ks
 ewir e in response to crit ica l events, be it invasion by
 ne w res ource or cons umer s pecies, or chan g es in the
 io me chanica l propert ies o f ei ther grou p d ue to en-
ironmental chan g e. Usin g trait matching approaches,
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whic h investigat e how traits det er mine t h e like lih o o d
o f interactio n ( Pich ler et a l. 2020 ), th e n ew interactions
t hat ar ise following disturbances could be predict ed .
Secon d, th e n etwor k structure itself can be used to
estimate the system’s resistance and resilience through
m eth od s such a s n etwor k ro bus tnes s analyses, which
as ses s the rate of secondary extinctions in a n etwor k
following the removal of nodes (e.g., Kaiser-Bunbury et
al. 2010 ; Po co ck et al. 2012 ). Such m eth ods exp licitl y
consider the ab ili ty o f netwo rks to respond to events
at th e wh ole system leve l an d can h e lp ident ify spe cific
or ganism s that act as ecosystem sta bilizers ( Harv ey et
al. 2017 ). 

Se veral ke y hypothes es emer g e through considera-
tio n o f our i l lust rat i ve examp le. Th e core hypoth eses of
our example are among these: (i) tem pera tur e incr eases
wi l l de cre ase t h e gen erali ty o f an ts; (ii) tem pera ture
increases wi l l de cre ase t he deg re e o f individ ual ant
colonies (i .e ., the diver si ty o f plan ts they in teract with);
an d (iii) th e ant deg re e chan g e wi l l differ betwe en
colonies depending on their init ia l bite forces. O ur
resul ts p resent a hypothet ica l pre dict ion, b ase d on the
as s um ption tha t b io me chanica l t raits are inde e d the
pr imary dr iver of c limat e c han g e-induced chan g es to
t rophic interact ions. This idea lize d expe ctat ion is idea l
fo r co mpariso n a gains t real-world data. As di scu ssed
a bov e, by virtue of being i l lust rat ive and idea lize d,
the an alysi s h a s o mi tted s e veral ot her var iables t hat
may exert an influen ce, in cluding h ow th e pen etra-
b ili ty o f r esour ces (e.g., the cu tting fo r ce r equir ed
to break lea ves) ma y chan g e. Testin g the hypotheses
ou tlined fo r our example, how ev er, r equir es r epeated
m easurem ents over long time series across large spa-
t ia l sca les and, idea l ly, wit h ot her dr iving fact or s
accounted for (e.g., leaf chemistry and penet rabi lity,
ant activ it y rates, an d m etabolism). Th e case for
pursuing this is n everth e les s s t rong g iven the p ro found
im plica tions such chan g es ma y ha ve on ecosystem-wide
dynamics. 

Summary 

Forag ing e cology, biome cha nics, a nd c limat e c han g e
like ly influen ce th e frequen cy an d identi ty o f trophic
in teractions in teracti vel y and d y namic a l ly, but dire ct
evidence for such effects remains scarce and disj ointe d.
The potent ia l im plica tio ns fo r e cosystem services li ke
b ioco ntrol and global challen g es like species invasions
ar e pr of ound, a nd wi l l li kely intensify in the coming
decades, r endering dir ected r esear ch efforts that explore
thi s di sciplin ary int erface valuable . Under sta nding a nd
pre dict ing these imp acts wi l l be crucia l f or ma inta ining
he alt hy fo o d sys tems and ecosys tem s, and ur g ently
r equir e trans dis ciplinary res earch usin g conv er g ent
app roaches. Netwo rk science h a s the potent ia l to
i l luminate th e m ech ani sms by which b io me chanica l
tra its a nd f orag ing e cology st ructure t rophic n etwor ks
in response to climate chan g e, and may provide much-
ne e de d pre dict ion s of respon ses to proj e cte d chan g e,
but o bs tacles s t i l l exist. 
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