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Synopsis To un derstan d th e co mplexi ties o f mo rp ho log ica l evol u tio n, we mus t unders t and t he relatio nshi ps betw een g enes, 
m orph ology, per for man ce, an d fitn ess in co mplex trai ts. Geno mici sts h ave m ade trem en dous pr ogr ess in fin ding th e gen etic 
ba si s of many ph en otypes, in cluding a my ri ad of m orph olog ica l c haract er s. S imilar ly, fie ld biologists have gre at l y ad vanced 

our un derstan ding of th e re lations hip between per for man ce an d fitn ess in natural po p ulation s. How ev er, th e conn e ct ion from 

m orph ology to per for m ance h a s prim ari ly be en studie d at the int er specific level , me aning t hat in most c ases we l ac k a mec h- 
anis tic unders tan ding of h ow evol u tio na rily releva nt va riation a m ong in div idu als a ffects orga ni sm al per for man ce. Th er efor e, 
funct iona l morp ho log ists ne e d methods that wi l l a l low f or the a n alysi s of fin e-grain ed in traspecific varia tion in order to close 
t he pat h fro m genes to fitnes s. We s ugges t three m eth odolog ica l areas that w e believ e are well suited for this r esear ch pr ogram 

a nd provide exa mples of how each ca n be applied within fis h m ode l syst ems t o b uild o ur un derstan din g of microev ol u tio nary 
pro cesses. Sp e cifica l ly, w e believ e that st ructura l e quat ion m ode ling, biolog ica l robot ics, and simu ltane ous mu lt i-moda l func- 
t iona l data acquisit ion wi l l open up f r uit fu l col laborat ion s amon g biomech ani sts, evolution ary biologi sts, an d fie ld biologists. 
It is only t hrough t he co mb ined effo rts o f a l l thre e field s th at we wi l l un derstan d th e conn e ct ion betwe en evol u tio n (acting at 
th e leve l of gen es) an d natural se le ct ion (act ing o n fitness). 
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ntroduction 

orty years ago, following a symposium on snake adap-
iv e ev ol u tio n, Stevan Arn old pu blis h ed th e seminal
aper “Morp ho logy, per for man ce, an d fitn ess” ( Arn old
983 ). In this paper, he establis h ed th e idea that organ-
 sm al per for m ance i s th e m ech ani sm by w hich selec tion
cts on m orph ology, th ereby deve loping a n ove l m echa-
is tic s tructur e thr ough which r esear ch ers could un der-
ta nd a nd qua n tita ti vel y stud y the ro le o f mo rp ho log ica l
nnovations in adaptiv e ev ol u tio n. A rnold’s emph a si s
n qu antify ing “per for mance,” t he exe cut ion of a task,
 a s proven to be highly influential. Amo ng ot her t hings,

t h a s dire cte d the a tten tio n o f co m para ti ve bio logists to
 dvance A ccess publicat ion Ju ly 8, 2023 
C Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
 he import a nce of qua ntifying the effe cts of t ra it va ria-
io n o n the ab ili ty o f an o rganism to co mplete necessary
 asks wit hin its environment. Ar nold u sed sn ake swal-
owin g a b ili ty as an example of per for m ance in hi s 1983
aper, but since then r esear c her s have used a wide va-
 iety of per for man ce m etrics such as maximal running
pe e d, pr ey captur e s ucces s rat e , and m axim al escape
eloci ty. Mo r e r ecently, as we have entered the modern
en omic era, th e focu s h a s exp ande d beyond Arnold’s
c hema t o inc lude a genetic p ersp ectiv e ( San g er and
ajakumar 2019 ; Bomblies and Peichel 2022 ). For
xample, studies have begun examining the adaptive
al ue o f individ ual loci, there by en a blin g us to gather
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 

https://orcid.org/0000-0002-5926-4348
https://orcid.org/0000-0002-4737-1875
https://orcid.org/0000-0003-0731-286X
mailto:matthewswehttam@gmail.com
mailto:journals.permissions@oup.com


2 D. G. Matthews et al .

Fig. 1 Genotype is connected to fitness through phenotype (such as morphology) and performance. Several research areas correspond to 
portions of this path, but studies that sim ultaneousl y examine all four elements (dashed line) are rare and restricted to functionally simple 
systems. Examples of studies that address particular connections are given for each path. 
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dat a direct ly connectin g ev ol u tio n (acting at th e leve l of
th e gen om e) to natural se le ct ion (act in g at the lev el of
fitness). 

Many studies have a ttem pted to s h ow that a locus is
adapt ive b ase d o n the p resume d funct iona l im plica tions
of the associated phenotype or by using po p u lat ion ge-
netics to find s tatis tical signatures of selection ( Nielsen
2005 ; Ho rscro ft et al. 2019 ). How ev er, n eith er of th ese
app roaches p rov es adaptiv e value, ev en when used in
tan dem ( Nie lsen 2009 ). Th e on ly way to dire ctly s h ow
how a gene a ffe cts fit ness is to directly connect the two
by in tegra ting across mul ti ple levels o f b iolog ica l orga-
nizat ion ( Da lziel et a l. 2009 ). W hile the exact mapp ing
of gene to fitness will vary based on the study system
( Da lziel et a l. 2009 ; Ba rrett a n d Hoe kstra 2011 ; Ir sc hic k
et al. 2013 ), by adding genotype to the beginning of
Arn old’s sch ema we obtain the fu l l r esear ch pr ogram
ne e de d to study ada pta tion experimen ta l ly: genotype
→ m orph ology → per for man ce → fitn ess ( Fig. 1 ). 

This p aradig m has be en s ucces sfu l l y app lied in s e v-
eral syst ems t o s h ow th e adapt ive va l ue o f va rious tra its
(table 1 in Barrett and Hoeks tra 2011 ; Blo b et al. 2023 ).
Some studies have gone as far as documenting how al-
le le frequen cies chan g e in respon s e to s ele ct ive pres-
sures, thu s serving a s direct examp les of evo lution hap-
pening in the wild. However, most of these studies
have been done in systems for which there is a rela-
ti vel y simp le relatio nshi p between phenotype and per-
f orma nce ( Ir sc hic k et al . 2013 ; Bomblies and Peic h e l
2022 ). Using such examples of traits that map one-
to-o ne fro m phenotype to fitness, meaning that a sin-
gle ph en otypic m easurem ent ca n predict perf orma nce
an d fitn ess in a g iven environment, ma kes it sig nifi-
cant ly e asier to conn ect ph en otype to fitn ess ( Ir sc hic k
et al. 2013 ). Unf ortunately, f ew tra i ts operate o n such
simple terms ( Wainwright 2007 ; Higham et al. 2021 )
an d th er efor e ther e is muc h t o be le ar n ed about h ow
gen es conn e ct to fit n ess in th e va st m ajo ri ty o f ph en o-
types for which the map of ph en otype to fitness is more
com plica t ed . 

Development of functional traits 

Evol u tio nary develop mental b iology, “e vo-de vo,” is the
study of variation during deve lopm ent an d h ow this
var iation le ads t o diver s e e vol u tio nary end po ints ( Fig.
1 ). There h a s be en a re cent push in e vo-de vo to incor-
po rate functio nal m ode ls in our un derstan ding of h ow
evol u tio n p roceeds, giving mo re a tten tio n to co ncepts
such as mod ulari ty and plasticity ( Breuker et al. 2006 ;
San g er and Rajakum ar 2019 ). Thi s in tegra tio n o f fields
h a s led to the discovery of the genetic ba si s of m any
traits im plica ted in adapti ve di vergen ce ( Al bertson et al.
2003 ; Al bertson an d Koch er 2006 ; Parsons et al. 2014 ,
2016 ; Jamniczky et al. 2015 ) and an exp ande d abi lity to
r ecr eate evol u tio na ry va r iation t hrough gen etic an d de-
ve lopm enta l manipu lat ion s ( Parson s et a l. 2014 ; Mart in
et al. 2016 ; K laass en et al. 2018 ; Livraghi et al. 2018 ;
Wucherpfennig et a l. 2019 ; C lark et a l. 2022 ; Urb an et
al. 2022 ). Notab l y, we have le ar ned t h at m any complex
tra its a r e contr olled by a few loci of lar g e effect and
many loci of sma l l effe ct ( Orr 2005 ; Young et al. 2014 ;
Krat oc hwil and Meyer 2015 ; Peichel and Marques 2017 ;
Schl u ter et al. 2021 ). This me ans t hat t h e gen et ic b a-
sis of complex traits is highly complex but u lt imately
trac table, and it hig hlig hts the fact that the funct iona l
effects of indiv idu al loci are likely to be small and meth-
ods to quantify per for mance var iat ion ne e d to be fur-
th er deve loped to in co rpo rate increased sensi tivi ty and
p recisio n. 

In addi tio n, becaus e s elec tion ac ts on th e ph en o-
type instead of directly on the genotype ( Lande and
Arnold 1983 ; Ir sc hic k et al . 2008 ), i t is impo rtant to
consider the funct iona l conse quences of variation at
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igh er deve lopm ental leve l s such a s genet ic p athways
n d h orm on al ca scades. Each of these r epr esents an ex-
it ing a lternat ive f ocus f o r functio nal studies o f evo-
 u tio na rily releva nt va r iation since t hey car ry t he po-
ent ia l for lar g er ph en otypic effect sizes than would be
xpe cte d fro m individ ua l a l leles. F or exam ple, experi-
 ental m od ulatio n o f cano nica l Wnt sig na ling in cich-

id fish has been s h own to be sufficient for species to
h en ocopy th e cranial m orph ology of e colog ica l ly di-
 er g ent clades ( Parsons et al. 2014 ; Powder et al. 2015 ).
imila rly, va r iation in t hyro id ho rmo ne is sufficient to
lter fin m orph ology ( Hu et al. 2020 ), b o dy s tiffnes s
 Parikh et al. 2022 ), swimming kinematics ( Parikh et al.
022 ), cranio facial mo rp ho logy ( Keer et al. 2019 , 2022 ),
 nd f e e ding kinemat ics a nd perf orma nce in zebrafish
 M cM enamin et a l. 2017 ; Ga lindo et a l. 2019 ; Co ni th
t al. 2022 ). Since a great deal o f evol u tio n is driven by
eco mb inatio n o f sta nding va r iation in t h e gen om e, it is
ossible fo r mul ti ple alleles a ffecting t he s ame pat hway
 r ho rmo ne to act in concert and elicit a lar g er respon se
 han t h ey would in div idu a l ly. Ther efor e, studying these
igh er leve ls o f o rganizatio n is evol u tio na rily releva nt
nd may better reflect the funct iona l chan g es that se-
e ct ion is acting on. 

By a nd la rge, t he f unct iona l effe cts o f mo rp ho log-
c al vari ation are studied at the ad ul t s ta ge, b ut bo th
h e deve lopm enta l acquisit ion of form an d th e se lec-
ive pres s ures acting on these traits occur at many
 ta ges thro ugho u t o n togeny. Th u s, it i s necessary to
dentify a nd qua ntify mea ningf ul f un ction at re le-
ant s ta g es of dev e lopm ent, which ca n va ry dra mati-
a l ly with life-his tory s tra tegy. F or exam ple, in organ-
sms ado p t ing a pre cocia l o nset o f loco moto r capaci ty,
e see that due to disp ropo rtio nat e c han g es in mus-

le growth, escap e p erf orma nce peaks at the juvenile
 ta ge befor e decr easing into ad ul tho o d ( C arrier 1983 ,
996 ; Gibb et al. 2006 ; Dial et al. 2016 ). Thus, the ge-
 etic an d h orm ona l b asis of muscle growth is likely
 ost re levan t a t juveni le, not adu lt s ta ges in pre cocia l

pe cies. In cont ra st, organi sms th at a s s ume an a lt ri-
ial life-history strategy, where ad ul ts are responsible
o r p rote ct in g the dev elopin g y oun g, mo re o ften display
on tin uous growth of the loco moto r anato my through-
u t o ntogeny ( Dial a nd Ca r r ier 2012 ; Dia l et a l. 2012 ).
on tin uous growth o f mo rp ho log ica l elements indi-

a tes tha t the trait of interest h a s experien ced su bstan-
 ia l chan g e betw een juv enile and ad ul t s ta ges, pos si-
 l y even entering n ove l m orph ospace in th e ad ul t ( Dial
 nd Ca r r ier 2012 ). Thus, conne ct ing t rait-spe cific vari-
tio n to perfo rman ce through ou t o ntogeny is co mpli-
ated by rapidly chan gin g m orph ology an d by diverse
ife-his tory s t rateg ies, bu t p rovides necessary co ntext o f
h e se le ct ive b ackg roun d on which fun ct iona l me cha-
ism s ev o l ved. 
unctional morphology of complex traits 

h e re lations hip between m orph ology an d fun ction
 Fig . 1 ) c a n va ry in co mplexi ty fro m re lative ly simple
e lations hips like fish lower jaw lever ratios, determin-
ng the spe e d and force of jaw motion ( Thompson et al.
017 ), to highly complex ones such as fish’s cranial kine-
is d uring p r ey captur e a nd tra nsport ( Olsen et al. 2019 ,
020 ). While simple traits ar e rar e in nature and there-
ore n ot wide ly r epr esen ta tive o f mo rp ho log ica l evolu-
ion ( Ir sc hic k et al . 2013 ), ex cessiv e trai t co mplexi t y c an
ender a system intractable for hig h-throug hput func-
 iona l ana lysis. Ther efor e, it is necessary to study traits
hat are approachab l y comp lex. 

One such class of traits that have be en wel l studie d are
 our-ba r linkages, termed “ma ny-to-on e” m ech ani sms
ecau se m a ny different ph en ot ypes c an le ad to t he s ame
unct iona l o utp ut ( Wainwright et al. 2005 ). Although
ndiv idu al morp ho log ica l elements in these systems can
ave high me chanica l sensit i vity and evo l ve similarl y to
 ne-to-o ne syst ems ( Ander son and Pat ek 2015 ; Muñoz
t al . 2017 , 2018 ; Muño z 2019 ), the relative funct iona l
mpo rtance o f each individ ual e lem ent ten ds to be re-
uced as mechanical co mplexi ty increases ( Alfaro et
 l. 2004 ; Col la r a nd Wa inwrigh t 2006 ; Thom pson et
l. 2017 ). This means that the evol u tio n o f these sys-
ems is less predictable as sele ct io n fo r me chanica l out-
ut is weaker on the indiv idu al elements and because
her e ar e mu lt ip le so lutions to the same funct iona l
e e d s ( A nderson and Patek 2015 ; Higham et al. 2016 ;
ho mpso n et al . 2017 ; Muño z 2019 ). The morp ho log-

cal evol u tio n o f a co mplex trai t is therefo re mo re de-
endent on genetic dr if t and t he development al under-
 innings o f the trai t ( K ingso l ver and Huey 2003 ; Dalziel
t al. 2009 ; Bright et al . 2016 ; Muño z 2019 ; San g er and
ajakumar 2019 ). How ev er, this does not imp l y that

he evol u tio nary ou tco mes are not adaptive in complex
rai ts. Rather, i t means that in order t o under st and t he
vol u tio n o f co mplex trai ts, we must bui ld me ch ani stic
 ode l s th at inco rpo rate as muc h cont extual informa-

ion as possible ( Koehl 1996 ; Higham et al. 2021 ). 

itness measurements 

ne key aspect o f co nne ct in g ev ol u tio n to natural se-
e ct ion is un derstan ding h ow variation in perf orma nce
 ffects a n orga nism’s fitness ( Fig. 1 ). Alth ough m ea-
urements of fitness are lar g ely outside the scope of
his p ersp e ct iv e, w e note that experimental m eth ods
 or ascerta ining fitness in the field have gre at ly im-
roved since Arnold’s (1983 ) pap er. Mo dern studies
ften use g rowth, surviva l, o r rep rod uctive s ucces s to
 epr esent fitn ess, an d conn ect th ese m etr ics to f unc-
io n o r functio nal mo rp ho logy ( Sv en sson and C alsb eek
012 ; Ma rtin a nd Wa inwr ight 2013 ; Ar negard et al.



4 D. G. Matthews et al .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icad096/7221652 by H

arvard Law
 School Library user on 04 August 2023
2014 ; Laughlin and Messier 2015 ; Martin and Gould
2020 ; Patt on et al . 2022 ). Thi s h a s been en abled, in
part, by the con tin ued advan cem ent of in expen siv e g e-
net ic test ing t hat can est ablish pe dig re es am ong fie ld
po p u lat ions ( Lópe z-Sepu lcre et a l. 2013 ; Re znick et a l.
2019 ) an d th e in crea sed u sage of field-ba sed adaptive
l andsc apes ( Martin and Wainwright 2013 ; Martin and
Gould 2020 ). Ther efor e, alt hough t hese studies are of-
ten difficult and la bor-inten siv e, it is cur rent ly fe asible
to exper iment a l ly measure fit ness in wi ld or ganism s. 

Choice of model organism 

Model systems are often chosen for their t ractabi lity in a
p art icu lar fie ld, m e aning t hat sele ct ing a m ode l organ-
ism can be cha l leng ing for high ly integ rat ive r esear ch
programs such as th e on e int roduce d by Arnold (1983) .
In addi tio n to t he exper iment a l t ractabi lity of the or-
gani sm, it i s al so im portan t t o c hoose a c lade th at h a s
previous ly been we ll studied. On e consisten t fea ture of
t he rese a rch progra m di scu ssed here ( Fig. 1 ) is that bi-
olog ica l context is ne e de d at each step to h e lp guide
our questions and to differen tia te signal from noise.
F or exam p le, evo lutionary context is ne e de d to under-
sta nd which tra its a re lik e ly to be un der se le ct ion; de-
ve lopm en tal con text is essen t ia l t o under st and t he po-
tent ia l effe cts o f any geno mic chan g e; life-histo ry co n-
text is necessary to un derstan d h ow se le ct ive pres s ures
chan g e ov er ontog eny; behavio ral co ntext is ne e de d to
un derstan d h ow m orph ology a ffects perf orma nce; a nd
enviro nmental co ntext is vital to un derstan d h ow per-
f orma nce a ffe cts the fit ness of an indiv idu a l. Addit ion-
a l ly, when dea ling with mu lt ivari ate d ata, it is impor-
tant to avoid mu lt iple comp arisons (a l so known a s “p-
hacking” or “r esear cher degr ees of fr eedom”), which can
be accomplis h ed by using p rio r knowledge to p re-fo rm
hypoth eses an d s tatis tical m ode ls ( Ge lma n a nd Lok en
2014 ). Ther efor e, the best way to successfu l ly conne ct
genotype to fitness through morp ho logy and perfor-
m ance i s to do so in a system th at h a s be en wel l studie d
in a wide variety of fields. 

We believe that fish r epr esen t an excellen t model for
these high ly integ rat ive studies. Fi sh h ave long be en re c-
og nize d for their r esear c h pot ent ia l an d in credi ble di-
versity ( Herre 1922 ), and many of th e can onical m ode l
system s in or ga nismic a nd evol u tio nary b io logy alread y
co me fro m p iscine clades. To n ame ju st a few, ze brafish
ar e a pr eemin ent m ode l of gen etics an d deve lopm ent
( Driever et al . 1994 ; Meyer s 2018 ); stic klebac k and ci-
chlid s are m ajor m ode ls of e vo-de vo and adaptive radi-
ation ( Kocher 2004 ; Cresko et a l. 2006 ; Sa lzbur g er 2018 ;
Reid et al. 2021 ); wras ses, s unfish, cichlids, and stickle-
b acks are a l l im portan t m ode ls o f loco moto r a nd f e e d-
ing funct iona l morp ho logy ( Wainwright 1996 ; Lauder
2015 ; Wa inwright a nd Lon g o 2017 ); and gu pp ies, stick-
leback, and pu p fish are a l l t racke d in the wild to deter-
min e fitn ess ( Ma rtin a nd Wa inwr ight 2013 ; Ar negard et
a l. 2014 ; Re znick and Travis 2019 ; Schl u ter et al. 2021 ).
Addi tio n ally, ze brafis h are on e of th e s e ven major m ode l
or ganism s re cog nize d in the NIH Al lian ce of Gen om e
Resour ces ( Bradfor d et al. 2022 ). Fin ally, fish ecology is
wel l studie d be cause o f both b iolog ica l and e co no mic
importan ce. Th er efor e, fish ar e uniquely situated as a
clade th at h a s ample b ackg roun d kn owledge an d ex-
per iment al r esour ces to accomplis h th e r esear ch pr o-
g ram outline d in Fig. 1 . While ther e ar e many other in-
dispen sa ble m ode l systems t hat t his rese a rch progra m
could be applied to, here we focus our di scu ssio n o n i ts
a pplica tion to studies of fish genetics, morp ho logy, per-
f orma nce, a nd fitness. 

Linking evolutionary developmental 
biology to performance 

Many m eth od s th at h av e been esta blis h ed in fun ct iona l
m orph ology are inten ded to m e asure t h e re lative ly lar g e
differences seen in int er specific co mpariso ns. These
studies t end t o exa mine la r g e-scale differences betw een
clades, f or exa mple, differences in b o dy shap e relating
to swimming e cology ( C laverie and Wainwright 2014 ;
Frie dman et a l . 2020 , 2021 ; Larouc he et al . 2020 ). G iv en
th e re lative ly lar g e magni tude o f effect sizes in these
co mpariso ns, data no ise c an be high w i thou t a ffect-
ing the s tatis tic al signific ance of the results. How ev er,
advan cing our un derstan ding of th e re lations hip be-
twe en fit n ess an d gen otype in animal evol u tio n hin g es
on bein g a ble to me asure t he f unct iona l im plica tions of
sma l ler-sca le int ras p ecific variatio n. So me studies have
begun to address such questions (re vie wed in Higham
et a l. 2016 ), a l though few o f these examples have been
lin ke d b ac k t o gen omic m ech ani sms. Indeed, pa st at-
t empts t o inco rpo rate a mech ani s tic unders tanding of
the adaptive value of indiv idu al loci have been hin-
dered by t ec hnical limi tatio ns ( Dalziel et al. 2009 ). And
while n ove l m eth od s h ave be en ut i lize d to attain high-
resol u tio n functio n al mea surements in the context of
ecology and ontogeny ( Herrel and Gibb 2006 ; Gemmell
et al. 2014 ; Higham et al. 2019 ; Dial and Lauder 2020 ;
Friedman et al. 2020 ; Olsen et al. 2020 ; Ferry and
Higha m 2022 ; Ga rner et a l. 2022 ; Le e et a l. 2022 ), this
approach h a s n ot been exten ded to th e fun ct iona l sig-
nificance of genomic variation. 

Altog ether, w e believ e that evol u tio nary b iologists
cur rent ly have at hand the necessary methodologies
ne e de d to find the genetic ba si s of complex traits and to
un derstan d h ow fun ct iona l variat ion leads to chan g es
in indiv idu a l fit n ess. Th er efor e, t he pr im ary rem ain-
ing hurdle to fully connectin g g enotype to fitness in
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omplex systems ( Fig. 1 ) is the deve lopm ent an d uti-
izatio n o f n ew m eth ods to a l low funct iona l measure-

ents of the comp lex p henotypes underl ying the mi-
roevol u tio na ry va r iation t h at h a s be en uncovere d by
vol u tio nary develop mental b io logists. Onl y with this
dvan cem ent wi l l w e be a ble to qu antify their ad aptive
alue an d th ereby expan d our un derstan din g of ev olu-
ion ary dyn amics to a much broader swath of ph en o-
ypes. Her e, we pr esent thr ee exa mples of how such a n
 pproach migh t wor k wh en studying fis h, emphasizing
heir potent ia l to improve th e accuracy an d p recisio n o f
er for man ce m easurem ents in respon se to g en etic an d
eve lopm enta l manipu lat ion s. We believ e t hat if f unc-
 iona l m orph ologists an d b io mech ani sts can con tin ue
o develop novel methodologies to allow m easurem ent
f int raspe cific per for mance var i ation, we c an fu lfil l the
 ro mise o f t he Ar nold (1983) r esear c h plan t o under-
t and t he adaptiv e ev ol u tio n o f mo rph ology an d fun c-
 iona l t raits. 

ethods for intraspecific performance 

nalysis 

in ce th e pu blicatio n o f t he Ar nold (1983) paper,
rem en dous t ec hnical advances have occurred in the
u antific atio n o f o rgani sm al b io m echanics, fun ction,
 nd perf orma nce that p ro mise to gre at ly enhance our
b ili ty to m easure h ow both indiv idu a l t ra its a nd com-
 inatio ns o f ph en otyp ic trai ts are used by anim al s. The
dvent of high-spe e d dig ita l vide o, miniature ac-
e lerom eter tags, animal-m ounted cam eras, rem ote
eld r ecor din g capa b ili ty fo r soun d an d video, an d th e
b ili ty to quantify air- and water-flow patterns for quan-
 ificat io n o f fe e ding an d locom otor per for mance a l l
n able u s n ow to m e asure per for man ce m etr ics t hat
er e pr eviou sly in accessible. Addi tio n ally, new stati sti-

a l, ana lyt ica l, and co mpu tatio nal app r oaches ar e now
vaila ble that w ere not availa ble in 1983 to r esear c her s
nt erest ed in me asur ing per for mance . Here , we present
 hree met hodolog ica l frameworks that we have used to
tudy loco motio n a nd f e e ding in fish. Addit iona l ly, we
 h ow that in s ome cas es s e veral of thes e m eth ods can
e co mb ined to glea n a n even deeper understa nding
f int raspe cific per for mance var iation. We believe that
 eth ods such as these are wel l poise d to a l low for the

ar g e sample sizes and high p recisio n that wi l l be ne e de d
 o det ect t he f unct iona l effe cts of gen etic an d deve lop-

ent al var iation. 

tructural equation modeling 

h en Arn o ld (1983) proposed stud ying per for mance
s the key link between ph en otype an d fitn ess, h e sug-
este d p ath ana lysis as a quan tita tiv e framew o rk wi th
hic h t o form ula te ada pt ive quest ions. This m eth od,
n d th e m ore gen era lize d form known as st ructura l
 quat ion m ode ling (SEM), provides a s tatis tical frame-
o rk wi th which a n entire hiera rchica l st ructure con-
e ct ing ma ny va ri ables c a n be simulta n eous ly evalu-
t ed . Through thi s, SEM i s able to m ake cau sal in-
eren ces m o re co nfidently, which is extrem e l y valuab le
hen est imat ing the adapt ive va l ue o f a trai t. Evol u tio n-

ry biologists were init ia l ly eager to ut i lize SEM, but its
 se h a s be en relat i vel y scarce since t hen. Me anwhile, t he
elds of ecology and mole cu lar biology have con tin ued

o use these m eth ods to great effect ( Kaplan and Phi l lips
006 ; Lan g erhan s 2009 ; Ei senh auer et al. 2015 ; Fan et al.
016 ; Igolkina and Samsonova 2018 ; Grotzinger et al.
019 ). 

Funct iona l morp ho logy and b io mecha nics a re b ase d
n the idea that biolog ica l systems can be explained us-

ng cl assic a l me cha nics a n d first prin cip les of p hysics.
his me ans t hat a hierarchical un derstan ding of th e

e lations hip betwe en interact ing biolog ica l st ructures
s an implicit part of the field. Ther efor e, we be-
ieve th at SEM i s a n a tural sta t ist ica l fram ewor k to
t i lize in these fields. We s ugges t two main ad-
ant ages of t he t ec hnique that a re pa rticula rly apt
or the biome chanica l ana lysis of int raspe cific vari-
tio n and p resent a n exa mple of how SEM can
ield insight into th e re lations hip between form and
unction. 

First, SEM a l lows the use of in termedia te variables,
it her in ser ies or in p ara l lel , t o h e lp fin d corre lations
hat would otherwise not be observable. Un li ke clas-
ica l mu lt iple-reg ression m eth ods, SEM a l lows one to
n tegra te th eir kn owledge of th e m ech ani stic relation-
 hip am ong a l l t he var iables in t he st at ist ica l m ode l. This
e ans t hat var iation which ot h er m eth ods wou ld on ly

ee as noise is inst ead account ed for by these interme-
i ate vari ab les, gi ving us stronger estimates of stat ist ica l
ffects that would otherwise be obscure d. A se cond ma-
or advantage of SEM is the ability to include la ten t vari-
 bles, varia bles that are inferr ed fr om other measured
ar iables. Of tentimes f unct iona l morp ho logi sts h ave a
t rong me ch ani stic un derstan ding of a given system but
re unable to measure a l l of the com ponen ts. By mea-
uring s e veral proxy variables, we are able to m ode l un-

easure d t rai ts wi thin a lar g er m ode l of th e wh ole sys-
em. In addi tio n to est imat ing t ra its that a re difficult
o measure experimenta l ly, la ten t vari ables c an be used
 o estimat e m ore abstract be haviora l t ra its that a re ex-
e cte d to a ffect perf orma nce. For insta n ce, it is we ll es-
ablis h ed that fe e ding perf orma nce in fish decreases as
 hey re ach s a tia tio n. Unfo rtunate ly, m otivation is n ot
 discretely measurable trait that is easily included in
 any stati st ica l m ode ls. By m e asur ing related var iables

uch as the amount of fo o d alre ady e aten an d tim e to
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Fig. 2 A structural equation model used to find the effect of 
fibrosis on C-start escape performance in stickleback fish, both in 
terms of angular velocity at the beginning of the escape and linear 
velocity at the end of the escape. We hypothesize that fibrosis 
aff ects esca pe perf ormance b y changing body curvature, both 
through increased body stiffness and through behavioral changes 
(r epr esented as a direct ar ro w from fibrosis to curvature). 
Ad ditionall y, the eff ect of stiffness on body curvature was regulated 
by an interaction with the tr eatment, r epr esented by the box 
labeled “TM ∗ST.” We found no effect of this treatment on angular 
velocity but did find that control fish displayed variation in body 
stiffness that accounted for as much as a −0.6 mm ms −1 change in 
linear velocity . Conflictingly , fish with induced fibrosis had an 
increase of 0.1 mm ms −1 on average, despite having stiffer bodies 
o verall. Blue ar ro ws r epr esent positiv e eff ects and orange ar ro ws 
r epr esent negativ e effects. Data from Matthews et al. (2023) . 
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approach the fo o d, mot ivat ion can be est imate d and in-
cluded in SEM analyses. 

The hierar chical natur e o f S EM, while c arry ing many
advant ages, also br ings an increased risk of s tatis ti-
ca l mu lt iple comp arison problems. As the number of
variables in a m ode l in creases, th e possi ble number of
p ath topolog ies in creases expon ent ia l ly. Therefore, even
a well-in ten tioned r esear ch er wh o views th e data be-
fore defining the structure of their model wi l l li kely be
able to find a significa nt effect. The best way to avoid
such a type I error is to use p rio r knowledge of the
f ocal orga nism t o creat e hypothesize d st ructura l mod-
e ls an d th en t o t est only th ese m ode ls after col le ct-
ing the data. This approach ensures that the r esear ch
question is well grounded in the funct iona l, e colog i-
cal, and evol u tio n ary hi sto ry o f the orga nism, a nd aga in
hig hlig h ts the im po rtance o f u t i lizing a s tudy sys tem
th at h a s be en wel l studie d to minimize the chance of
mis taking random s tatis tic al signific a nce f o r b iological
significance. 

Here, w e demon strate the efficacy of this m eth od us-
ing a study on the effect of immune responses on es-
cap e p er for mance in t hrees pine s t ickleb ack ( Gas t eros-
teu s aculeatu s ; Matthews et al . 2023 ). Freshwat er stic k-
leback are often infe cte d with a tapeworm parasite that
can be letha l. Whi le many po p u lat ion s hav e an im-
mune response in which they fibrose the tis s ues in
th eir coe lo m, so me po p u lat ions act i vel y su pp ress this
response ( Vrtíle k an d Bolnic k 2021 ; Weber et al . 2022 ).
Thi s led u s to a s k wh eth er th ere is a loco moto r cost as-
soci ated w it h t h e fibrosis immun e response that could
h e lp explain th e su pp r essed r esp onse. We hyp othesized
that in ducing fibrosis would a ffect escap e p er for mance
by chan gin g th e animal’s be havior an d th eir b o dy stiff-
n ess ( Fig. 2 ). Th en, we in duced fibrosis in experim ental
fish with an immune adjuvant and me asured t he s e ver-
i ty o f fib rosis, b o dy s tiffnes s, and b o dy curvature during
an escape. We al so mea sured both linea r a nd a ngula r
escap e velo ci ties to rep res ent es cap e p er for mance. We
comp are d these values to fish that were inj e cte d with
saline as a control. 

We first a ttem pted to conn ect fibrosis s e verity to es-
cap e p er for m ance u sing mu lt ivar iate line ar r egr essions.
Th ese m ode ls in dica ted tha t fibrosis does not signif-
icantly predict either linear ( P = 0.851) or angular
( P = 0.509) escap e velo ci ties. However, when we co n-
d uct S EM an alysi s wit h t he s a me va ri ables ( Fig . 2 ), we
find that there is a significant effect o f fib rosis o n lin-
ear velocity during an escape behavior. Interestin gly, w e
found that fish with fibrosi s h av e improv ed linear escape
per for mance comp are d to cont rol fis h. Furth erm ore, we
ca n sepa rate the causa l p aths fro m fib rosis to perfo r-
ma nce to lea rn th at pa ssive b o dy s tiffnes s onl y p lays a
sma l l p art in determining escap e p er for mance . Inst ead ,
we found that other behaviora l me ch ani sms such a s ac-
t ive modu lat ion of b o dy s tiffnes s cause the increased
per for m ance. Thi s example s h ows h ow SEM a l lows us
to build in a mech ani s tic unders tanding of the rela-
tio nshi p between our variables to uncover a n effect that
would be unmeasurable with any single r egr ession. 

Biological robotics 

One t ec hnical approac h that was not available 40 years
ago ( Arnold 1983 ) fo r eval uating perfo rma nce a nd test-
in g hypotheses a bout the relatio nshi p between mo r-
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Fig. 3 Robotic methods allow us to measure small changes in 
perf ormance b y granting fine scale control o ver the motion 
patterns of our models and allowing us to record the resulting 
differences with high-resolution force transducers. In this example, 
natural variation in stiffness of the caudal peduncle in fish (A) is 
r ecr eated in a simple biomimetic model (B), then actuated using a 
robotic apparatus (C). This allows small differences in performance 
metrics such as efficiency and thrust to be measured and compared 
across different models at various swimming speeds, demonstrating 
that there is no one set of parameters that maximizes all 
performance metrics (D). Data from Matthews et al. (2022 ). 
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 ho logy a nd perf orma nce is the use of robotic m ode ls
 f o r ganism s [recently di scu ssed in the co ntext o f co m-
 arat i ve bio logy by Lauder (2022) ]. Organi sm al phe-
otypes are comp lexl y int erconnect ed and altering an

ndiv idu al element tends to a ffect ma ny other compo-
ents. D ue to pleiot ropic genet ic effe cts durin g dev elop-
 ent an d th e m e chanica l conne ct ion s amon g the com-

o nents o f co mplex b ioc hemical syst em s in or ganism s,
 t is difficul t if n ot impossi b le to iso late a nd ma nipu-
ate an individual e lem ent in an organism to determine
ts effect on per for ma nce. For exa mple, if we a re in-
 erest ed in the perf orma nce effects of cha n g es in fish
 o dy s tiffnes s d uring o ntogeny o r differences in b o dy
 tiffnes s among fish species, it is effecti vel y impossib le
o exper iment a l ly a lter st iffn ess with out simultan eous ly
han gin g many other aspects of th e ph en otype an d al-
ering conne ct ion s amon g e lem en ts. Com para ti ve p hy-
ogenetic studies of b o dy stiffness do not reso l ve this
roblem, as they a re conf oun ded by th e many oth er un-
ont rol le d chan g es tha t accom pany evol u tio nary diver-
ification. 

The use of robotic systems h a s been proposed as a
om para tive m eth od that can be used to both tease apart
t herwise cor rela ted elemen ts and to direct ly me asure
rit ica l perf orma nce va riables such as the efficiency
n d en er gy con sumpt ion of a lternat i ve morp ho logies
 Lauder 2022 ). Robotic systems a l low the experimenter
o modify only the trait of interest (impossible in liv-
ng anim al s), and to propose hypo theses abo u t co m-
 lex p h en ot ypic systems that c an then be t est ed in living
r ganism s, an approach termed “ro botics ins p ired b i-
logy” ( Gravis h an d Lauder 2018 ). Furth erm ore, using
ob otic mo dels a l lows the dire ct measurement of energy
se, efficiency, a nd k ey perf orma n ce m etrics such as the

o rces p rod uced by moving me chanica l systems. 
One recent example that i l lust rates this approach is

he use of me chanica l models of the fish c aud a l reg ion
hat vary in s tiffnes s at the base of the tail ( Matthews
t al. 2022 ). By using mu lt i-materia l 3D print ing to
 rod uce physical m ode ls of th e tai l reg io n o f fish th at
ary in s tiffnes s an d th en actuating th ese m ode ls with
 robotic system in which we could measure swim-
ing forces an d efficien cy, it was possi ble to demon-

trate the co mplexi ty o f the interactio n betwe en st iffness
nd swimming per for mance; t here was no one stiff-
ess that maximized two key per for man ce m etrics (effi-
ien cy an d thru st, Fig. 3 ). Each wa s m aximized at dif-
erent co mb inatio ns o f m ovem ent an d stiffn ess. G iv en
he co mplexi ty o f o rgani sm a l me cha nics a nd interac-
io ns amo ng co mpo nents in the phenot ype, we c an ex-
ect t hat t here m ay be m any such t rade offs betwe en
er for man ce m etr ics ( Care au and Wilson 2017 ), and it
ay not be possible to simu ltane ou sly m aximize mu lt i-

le per for mance var iables. Such t rade offs are extrem e ly
ha l leng ing to demonst rate in living anim al s but can be
nvest igate d and teste d dire ctly using me chanica l mod-
ls ( Fig. 3 ). Res ults s uch a s thi s one th at a re obta ined us-
ng robotic systems s h ow h ow complex interactions be-
ween ph en otypic e lem ents can be thereby accen tua ting
ow cha l leng ing it is t o t ease apart causal re lations hips
etw een g en otype, ph en otype, an d per for mance. 

im ultaneous m ulti-modal data collection 

any in tegra tive studies o f o rgani sm al per for mance are
o nd ucted by independently me asur ing separate levels
 f b iolog ica l organizat ion (e.g., m orph ology, kin emat-

cs, a nd perf orma n ce), th en co mb ining them d uring the
n alysi s. Thi s h a s t he advant age t hat met hods from in-
iv idu al fields c an be u sed a s-i s but al so creates a situa-
ion in which the correlation between each level h a s not
e en dire ct ly me asure d. It wou ld o ften be p referable to
easure mu lt iple per for man ce m et rics simu ltane ously,

 hough t his can be t ec hnically c hallen gin g. 
F or exam ple, we know tha t d uring suctio n fe e ding in

s h, th e kin ematics of the jaws are highly consequential
n determining fe e ding per for mance. Per for mance, in
ur n, is of ten me asured as suctio n p r essur e or the result-
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in g flow v elocity ( Ferry-G raha m a nd Wa inwright 2002 ;
Higham et al. 2006 ; Wainwright et al. 2007 ; Holzman et
al. 2012 ; Matth ews an d Al bertso n 2017 ). Both o f these
per for man ce m etrics can be mea sured u sing particle
imag e v e locim etry (PIV), a m eth od in which n eut ra l ly
buoya nt pa rticles a re s us pen ded in th e water, i l lumi-
nat ed , an d th en t racke d in the resu lt ing vide os. Whi le
ther e ar e mu lt iple ways to i l luminate the p art icles,
including a laser sheet ( Drucker and Lauder 1999 ), in-
frare d b acklight ing ( Le e et a l. 2022 ), or fiber o p tic vis-
ible lights ( Dial and Lauder 2020 ), a l l of these meth-
ods r equir e over exposur e of the p art icles in order for
them to be ana lyze d. Unfortun ately, thi s often overex-
poses the fish a s well, m aking it impossible to track jaw
kinematics dur ing t he s a me f e e ding st ri ke. Sett ing up a
secon d cam era n ext to th e first would n o t be an o p-
t ion be ca use the accura te m easurem ent of distan ces,
an d th er efor e velocities, r equir es videos to be captured
exactly in th e plan e of the fe e din g ev ent. It is ther efor e
impossible with t radit iona l m eth ods to simu ltane ously
me asure bot h kin ematics an d per for mance in such a
system. W hile i t can be useful to me asure t h e kin emat-
ics and per for mance of the organism independent ly, t he
t wo c ann ot be corre late d un less we k now which k ine-
mat ic va lue p airs wit h e ach per for mance ou tco me. 

One way to avoid this conflict is to r ecor d thr ough
a semi-si lvere d mirror, a lso known as a beam splitting
mirro r o r a o ne-way mirro r. A semi-si lvere d mirror is a
co ate d pie ce of glass that reflects so me o f the light that
reach es it an d transmits th e rest of th e light. Th e ex-
act ratio of reflectance to transmission depends on the
co at ing, bu t o ften ran g es from 30:70 to 50:50. We can
tak e adva ntage of this by r ecor ding both pathways that
t he light t akes, wit h on e cam era r ecor ding the r efle cte d
light an d th e oth er r ecor din g the tran smitted light ( Fig.
4 ). We ther efor e have two cameras r ecor ding the exact
sam e scen e an d can control the exposure of each inde-
penden tly. F or in stance, w e can overexpose one cam-
era to r ecor d PIV data and lower the exposure on the
oth er cam era to r ecor d jaw kinem atics during fish fe e d-
ing ( Fig. 4 ). If t he exper im enter wis h es to capture differ-
ent v iews w i thou t chan gin g th e s hutter spe e d, aperture,
or ISO, t hen t hey can a lternat i vel y p lace an IR-p ass filter
o n o n e cam era an d an IR-cut filter on the other camera.
Th en, th e y can s eparate ly adjust th e am ount of visi ble
lig ht and IR lig ht t o ac hieve the ap pro priate exposure
f or each ca mera. While thi s i s o nly o ne example o f how
mu lt iple data types can be col le cte d simu ltane ously, we
believe t hat t he use o f mul ti-mod al d ata collection w ill
be valuable in many study systems, and that b io mecha-
nists s h ould p rio ri tize m eth od s th at a l low for such data
col le ct io n effo rts. 

The ab ili ty to simul tan eous ly r ecor d mul ti ple data
types and co mb ine them in a single SEM an alysi s opens
the door for studies on the sma l ler effe cts that wou ld be
expe cte d fro m evol u tio na rily releva nt cha n g es in dev el-
opment. How ev er, s ucces sfu l ly sep arat ing these sma l l
effects from the noi se a ssoci ated w it h me asurement er-
ror an d be hav ioral vari ation also r equir es lar g e datasets.
Funct iona l morp ho logy h a s cla ssica l ly be en a field of
sma l l sample sizes in part due to limitations imposed by
the unfortunate overlap of unco op erat ive anima ls and
the many t ec hnical c hallen g es of qu antify in g or ganis-
ma l funct ion. Lucki ly, in th e m odern age o f digi tal cam-
eras and ample dig ita l s tora ge, t his bar r ier h a s fa l len.
Yet the sheer effort r equir ed to digitize videos still pre-
vented many studies from attaining lar g e sample sizes.
How ev er, there h a s recently been a push for the use of
deep le ar ning in studies o f o rgani sm al per for man ce an d
beh avior th at m ay we ll rem ove thi s fin a l hurd le ( Mathis
et al. 2018 ; Lauer et al. 2022 ; Pereira et al. 2022 ). For
exa mple, a n on g oin g be havioral an d kin ematic study
of fish negot iat ing complex flows ut i lizes dig ita l vide o
r ecor dings of 12 fis h un der t hree exper iment al condi-
tions at 10 Hz for 10-min bo uts, to taling 216,000 frames
to dig it ize. By t raining a deep le ar ning sof tware , suc h
as DeepLabCut (DLC; Mathis et al. 2018 ) or SLEAP
( Pereira et al . 2022 ), t o trac k three m orph olog ica l fea-
tur es of inter est fo r each individ ual ( Fig. 5 A) o n a subset
of t he dat aset (1000 frames tot al; Fig. 5 B), we are able to
obtain 648,000 sets of sp at ia l co ordinates—a numb er of
points unfeasible to track by hand. We thereby gener-
ated a d ataset w ith both high tempo ral resol u tio n and
a long duration ( Fig. 5 C), a l lowing for a more complete
descri ptio n o f sw imming behav ior th an wa s previou sly
pract ica l l y achievab le. 

A case study: performance effects of a 

developmental manipulations 

To i l lust rate h ow it is possi ble to co mb ine so me o f the
m eth od s di scu ssed a bov e to an sw er question s a bout the
adapt ive va l ue o f sin gle dev e lopm enta l p athways, we in-
t egrat e past resul ts o f the genetic ba si s o f develop ment
in fish with semi-silver mirror vide o re cording, de ep
le ar ning vide o ana lysis, and st ructura l e quat ion m ode l-
ing to measure th e fun ct iona l im plica t ions of modu la-
tion in th e can onical Wnt signaling pa thway. Wn t sig-
n aling i s a wide-reac hing and cont ext-dependent de-
ve lopm enta l t ransduct ion p at hway t hat plays a myr-
iad of roles in both embryos and adult vert ebrat es, no-
tab l y in cluding th e determinatio n o f cell fate and mor-
ph ogen esis ( Moon et a l. 2004 ; Mi lat and Ng 2009 ).
Al teratio ns in t his pat hway are thought to be an im-
porta nt mecha nism by which fish have diverged from
a gen eralist an cestor fe e ding in the midwa ter in to a
benthic fe e ding spe cia list ( Parsons et al. 2014 ). Wnt
sig na ling is a strong c andid ate fo r functio n al an aly-
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Fig. 4 Filming through a semi-silv er ed mirror allows two cameras to simultaneously record the exact same scene. Changing the exposure 
between the two cameras allows for different types of data to be recorded in two synchronized videos. In this case, one camera has a 
higher exposure and thereby visualizes algae particles suspended in the water. These particles can be tracked, converted to a velocity field, 
and the water velocity over time calculated (upper row of panels). The other camera (lower row of panels) has a lower exposure allowing 
machine learning algorithms to track landmarks on the head throughout the video. These landmarks can then be used to calculate feeding 
kinematic variables. 
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is since u p regu lat ion and dow nregul ation is sufficient
o ph en ocopy m orph olog ies se en in the a lt ernat e ecol-
gy, imp l ying that this deve lopm ental m ech ani sm con-
 rols a sig nificant port ion of ad aptive craniofaci al vari-
tio n ( Parso ns et al . 2014 ). S in ce fis h fe e ding me cha-
isms are wel l-studie d models of complex biomechan-

cal systems ( Westne at 1990 ; Wainwr ight et al. 2007 ;
r sc hic k et al. 2013 ), we are able to hypothesize a mech-
nist ic p ath to conne ct a l l le vels from de ve lopm ent t
 per for mance. 

To test the funct iona l im plica t ions of modu lat ion to
he Wnt sig na ling p athway, we raise d ze brafis h ( Dani o
erio ) in the presence of sma l l mole cu les that u p regulate
LiCl) or dow nregul ate (IWR-1) the pa thway. F ollow-
n g esta blis h ed m eth ods ( Par sons et al . 2014 ; Powder et
 l. 2015 ), we raise d the fish under these co ndi tio ns fo r
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Fig. 5 (A) Deep learning program DeepLabCut (DLC) was trained to digitize the snout tip and eyes of individual fish, then successfully 
tracked 648,000 points in an ongoing behavioral study on swimming in complex flows. (B) DLC generates an output of x –y coordinates for 
each point tracked for each frame, which are displayed relative to the study’s filming chamber and show head orientation (total points 
6000). (C) The study used the positional data to generate a spatial time budget for each of several individuals across several experimental 
conditions—an experimental design that would not have been feasible if not for deep learning digitizing programs. 
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35 days, t hen fed t hem live Artemia in front of a semi-
si lvere d mirror filming a ppara tus to ca p ture bo th kine-
matics a nd f eeding perf orma n ce ( Fig. 4 ). We th en eu-
t hanized t h e fis h, ph otograph ed th em, an d con ducted
2D ge omet ric mo rpho met ric ana lysis ( Fig. 6 A and B)
using the StereoMorph and GeoMorph packages in R
( O lsen an d Westn eat 2015 ; Ba ken et a l. 2021 ; Adams
et al. 2022 ). We analyzed jaw kinematics by tracking
5 points on the head through the entire prey capture
st ri ke ( Fig. 6 C) using the SLEAP deep-learning software
( Pereira et al. 2022 ). These points were ana lyze d with a
custo m scri pt in R t o trac k jaw p rotrusio n, hyo id de-
p ressio n, gape, h ead e levation, as we ll as th e tim e that it
took from the beginning of t he str ike to re ach t he max-
imum val ue o f each kinemat ic t ra it. We then a na lyze d
the water flow velocity produced during suction fe e ding
using p art icle imag e v e locim etry data using t he D aVis
an alysi s software (v. 7.3, LaVi sion Inc.). Thi s provided
the maximum fluid velocity in front of the fish’s mouth
dur ing t he suct ion fe e din g ev ent, our measure of fe e d-
ing per for mance ( Fig. 6 D). Fina l ly, we co mb ine d a l l of
t hese dat a into an SEM m ode l b ase d on our un derstan d-
ing of fe e ding me cha nics ( Fig. 7 ) a n d in c luded a lat ent
var iable t hat r epr esents fe e ding effort b ase d on t imes to
pea k kinemat ics. This SEM m ode l th er efor e conne cte d
deve lopm ent → m orph ology → kin ematics → perfor-
mance. 

Through t his exper iment, w e w ere a ble to find a di-
re ct effe ct of deve lopm ental m odu lat ion on fe e ding per-
f orma nce. Spe cifica l ly, downregu lat io n o f Wnt sig na l-
ing through an IWR-1 t reat ment de crease d fe e ding per-
f orma nce ( Fig. 7 A). Notab l y, h ead e levation was n ot af-
fe cte d by either t reat m ent. Th e fact t hat t his import ant
aspect of cranial kinesis in suction feeding was able to
fun ction n orma l ly indica tes tha t in tegra tio n and co ntrol
of the fe e ding me ch ani sm in developmenta l ly manip-
u late d fish was lar g e ly intact, an d that de crease d fe e d-
ing per for m ance wa s not cau sed by a complete dis-
ru ptio n o f thi s mech ani sm. Addi tio nally, by examining
the separate paths throug h w hich the t reat ment con-
ne cts to fe e ding per for mance ( Fig. 7 B, blue and or-
an g e), w e are able to find the specific funct iona l me ch-
anisms by which this deve lopm enta l manipu lat ion a l-
t er s per for man ce. Nam e ly, th e decrease in perf orma nce
is driven primarily by a decrease in jaw p rotrusio n ( Fig.
7 B, blue ar rows), wit h a sma l ler port ion of the chan g e
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Fig. 6 A variety of methods w er e used to analyze developmentally modulated zebrafish. (A) Each fish was μ-CT scanned and then a 
screenshot was captured from a lateral view. A total of 12 landmarks were placed on each skull using Stereomorph (V1.6.7). (B) Landmark 
data w er e pr ocessed using a generalized pr ocrustes anal ysis in Geomorph (V4.0.4). The allometric scaling component was remo ved from 

the data, which was then subjected to a principal components analysis. This analysis r ev ealed that IWR-1 treated fish (Wnt ↓ ) were 
morphologically distinct from control fish. (C) SLEAP software was used to track 6 points in the kinematics video during each recorded 
feeding strike. UJ—upper jaw. LJ—lower jaw. (D) PIV videos of water flow velocity were processed in DaVis software to quantify water 
flow in front of the mouth (red color indicates maximum velocities). The blue box r epr esents the area from which the maximum value was 
recorded to represent peak performance in the given frame. 
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ttr ibut able to decre ased gape ( Fig. 7 B, oran g e arrows).
o nversely, u p regu lat io n o f Wnt sig na ling wit h L iCl did
ot a ffect f eeding perf orma n ce. This is per haps n ot sur-
ri sing becau se increa se d Wnt sig na ling i s a ssociated
ith diminis h e d jaw prot rusion in cich lids ( Parsons et

l. 2014 ) and juvenile ze brafish already h ave minim al
aw p rotrusio n ( Ga lindo et a l. 2019 ). We believe t hat t his
xa mple clea r ly dem onstrates th e pow er of usin g this
 eth odolog ica l co mb inatio n to not o nly fin d th e fun c-

 iona l im plica tion s of dev e lopm ent al var iatio n, bu t also
dentify indiv idu al c au sal mech ani sms by which perfor-
 ance i s a ffe cte d. Comp arable m eth ods cou ld simi larly

e used in other systems to mo re p recise ly m e asure t he
er for mance effects of genetic and developmental vari-
t ion, a l lowing us to better un derstan d th e m ech ani sms
riving fitn ess differen ces between in divid uals o r pop-
 lat ions. 

onclusion 

rnold in 1983 focused the a tten tio n o f evol u tio nary b i-
logists on the value of in tegra ting per for mance into
tudies of ada pta tion and also introduced the idea of
 ath ana lysis to p art it ion the effe ct of different va riables

n the an alysi s o f mo rp ho logy, per for man ce, an d fitn ess.
n recon siderin g t he Ar nold (1983) rese a rch progra m
0 year s lat er amid th e post-gen omics era ( Rich ard son
nd Stev en s 2015 ), w e find th at hi s fram ewor k h a s
ot been fully extended to include genetics ( Fig. 1 ;
r sc hic k et al . 2013 ) desp i te significa nt adva n cem ents
n our un derstan ding of th e gen et ic b a si s of adapta-
ion ( Krat oc hwil and Meyer 2015 ; Bomblies an d Peich e l
022 ). Addi tio nally, the ab ili ty to use genetic manipula-
 ion as wel l as deve lopm ental an d h orm onal m odula-
ion to r ecr eate evol u tio na ry va r iation in t he l ab c ar r ies
he p ro mise o f tractable m ode ls on which fun ct iona l ef-
 ects ca n be t est ed . We believe t hat t he las t s tep neces-
 ary to re alize t his in tegra tiv e framew ork is the creation
f a new suite of m eth ods in funct iona l morp ho logy that
 l lows for hig h-acc uracy and hig h-p recisio n measure-
ents of animal per for mance . Here , w e hav e provided

xamples of m eth od s th at we are using to achieve this
o a l in the hopes that they wi l l spur further method de-
e lopm ent an d inspire a n ew gen eratio n o f functio nal
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Fig. 7 Structural equation modeling allows for complex mechanistic models to be created, in this case linking developmental modulation 
to fish suction feeding performance. (A) Her e, w e giv e an example in which w e cr eate a model connecting dev elopment to static 
morpholog y, static morpholog y to feeding morpholog y (e .g., jaw protrusion), and f eeding morphology to suction f eeding perf ormance. We 
also include a latent variable (oval) that r epr esents effort, which is modeled based on several kinematic traits since slow feeding strikes are 
mor e r epr esentativ e of lo w eff ort than of limited ability. The total eff ect of do wnr egulating Wnt signaling with IWR-1 tr eatment is to 
decrease feeding performance by 1.10 mm s −1 , from a mean performance of 23.2 mm s −1 in control fish. (B) Indirect effects can be used to 
understand the mechanism by which developmental manipulation affects performance. We find that IWR-1 primarily decreases feeding 
performance through decreased jaw protrusion (blue ar ro ws, −0.76 mm s −1 ), while there is a smaller effect through gape (orange arrows, 
−0.40 mm s −1 ). These indirect effects are composed of the individual regressions between each variable, which have been omitted for 
clarity. 
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m orph ologists to fram e th eir wor k in a microevol u tio n-
ary context. 

We hig hlig ht the use of robotics as a tool in com-
p arat i ve bio logy an d th e simultan e ous col le ct io n o f di-
vers e datas ets to a l low for me ch ani stic an alysi s through
st ructura l e quat ion m ode ls. Furth erm ore, w e sugg est
t hat t h ese m eth o ds can b e co mb ined wi t h exper imen-
ta l genet ic m eth od s such a s CRISPR and sm a l l mole cu le
deve lopm enta l manipu lat ion (e.g., Figs. 6 and 7 ) in or-
der to test t he f unct iona l im plica tions of evolutionar-
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ly releva nt va riation in fish. Addition a l ly, other g roups
re dev elopin g new methods that can similarly be inte-
 rate d wi th evol u tio na ry resea rc h t o app l y this frame-
ork in a gre ater var iety of m ode l systems. We believe

 hat t he con tin ued deve lopm ent of X-ray motion cap-
ur e ( Brainer d et a l. 2010 ) a l lowing for high ly accurate
D sp at ia l t racking and future deve lopm ents in fie ld
 ag g ing te chnolog ies carry p art icu lar p ro mi se a s new
pproac hes t o qu antify in g or gani sm al per for mance. 

Here, w e hav e pr imar i ly focuse d on the conne ct ion
etw een g en es an d per for m ance, but a s A rnold pointed
ut, fie ld m easurem ents o f fitn ess are a n eces sary s tep
 o under stand evol u tio nary ou tco mes. We believe that
he best approach is an extension of th e on e proposed
y Arnold (1983) , in whic h laborat ory experiments are
se d to conne ct gen otype → m orph ology → perfor-
a nce a nd sepa rate fie ld experim ents are used to con-

ect per for man ce → fitn ess. Alth ough it is outside the
cope of this paper, there h a s been con sidera ble ad-
an cem ent in fie ld m eth odolog ies that cou ld be ap-
lied to this r esear ch pr ogram. F or exam ple, there h a s
e en g r eat pr ogr ess in the ab ili ty to exper iment a l ly mea-
ure ad aptive l andsc apes ( Martin and Wainwright 2013 ;
rnegard et a l. 2014 ; Pol ly et a l. 2016 ; Mart in and
ould 2020 ; Patton et al. 2022 ), co nd uct field genealog-

ca l ana lysis ( Lópe z-Sepu lcre et a l. 2013 ; Re znick et al.
019 ), and replicate natural co ndi tio ns wi th mesocosm
xperim ents an d e colog ica l t ra nspla nts ( Re znick et a l.
990 ; Harmon et al. 2009 ; Bassar et al. 2010 ; Arnegard
t al. 2014 ; Travis et al. 2014 ; Moser et al. 2016 ). It will
e necessary to app l y th ese m eth ods to any per for mance
ar iation t h at i s foun d to be un der gen et ic cont rol in or-
er to complete the path from genes to fitness ( Fig. 1 ). 

While much of the presented work is on g oin g, w e are
onfiden t tha t these exam ples demonstra te tha t func-
 iona l m orph ology can be used to examine intraspe-
ific traits with re lative ly sma l l va ria n ce in th e con-
ext o f develop ment and genetics. As we con tin ue this
 ork, w e hope that other grou ps wo rking o n a diverse

et of or ganism s wi l l j oin us t o int egrat e b io mechan-
cs and funct iona l morp ho logy into the post-genomic
ra. We believe that such col laborat ive effo rts p ro mise
o bring con sidera b le ad van ces in our un derstan ding of
he co mplexi ty o f o rgani sm a l desig n and ada pta tion. 
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