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Synopsis Thro ugho u t their lives, o rgani sms mu st int egrat e and maint ain st ab ili ty across co mplex develop mental, mo rp ho log- 
ical, and p hysio logical systems, all while responding to chan gin g internal and external environments. Determining the mech- 
anisms un der lying organi sm al responses to environmental chan g e and dev elopment is a major cha l len g e fo r b iology. This is 
p art icu larly im portan t in the face of the rapid ly chang ing glob a l c limat e , increasing human po p u lat ion s, and ha b i tat destruc- 
tion. In Ja nua ry 2024, w e or ganize d a symposium to high light some current efforts to use m ode ling to un derstan d organi sm al 
responses to s h ort- an d long-t erm c hanges in their internal and externa l environments. O ur go a l was to faci litate col laborat ion 
and comm unica t ion betwe en m ode lers an d organi sm a l biolog i sts, which i s o ne o f the majo r aims o f the Organi sm al Systems- 
typ e Mo deling Research Co o rdinatio n Netwo rk, OSyM. Acco mp anying this int roduct ion are a series of papers that are aimed 
to enha nce resea rch a nd e ducat ion in lin kin g or gani sm al biology and modeling and co ntribu t e t o building a new co mmuni ty 
of scientists to tackle im portan t questions using this approach. 
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Introduction 

Or ganism s are comp lex, li vin g system s, con st ructe d of
mu lt iple interconne cte d elements (modules; Csete and
Doyle 2002 ), opera ting a t m u lt iple sp at ia l and tempo-
ra l sca les. Un derstan ding th e m ech ani sms th at un der lie
organi sm a l funct ion an d deve lopm ent an d th eir inter-
action s is ur g ently ne e de d be cause of the dema nd f or
scientists to accurately predict the response of organ-
isms to s h ort- an d lo ng-term enviro nmental chan g es
an d to un derstan d im portan t lin ks betwe en genotypes
a nd orga ni sm al ph en otypes. How ev er, obtainin g this
info rmatio n remains a major o bs tacle f or orga ni sm al bi-
ology. Thi s inform ation i s n ot only n e e de d for a b asic
un derstan ding o f b iolog ica l systems, but a lso be cause
aroun d th e wor ld, anim al s, in cluding th ose that humans
depend o n (e.g., fo r dietary p r otein, cr op pol linat ion,
ecosystem services) face un preceden ted pres s ures from
expa nding huma n po p u lat ion s, ha bitat dest ruct ion and
fragmen ta tion, ocean acidifica tion, and clima te chan g e.
But our ability to predict the features of complex inte-
g rate d systems that make anim al s resilient or inflexible
t o c han gin g environments is p o or ly deve loped. 
A dvance A cces s publication Augus t 5, 2024 
C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
One of the g rand cha l len g es in organismal biol-
ogy that has been identified is how animals wa l k the
t ight rop e b etw een sta b ili ty and chan g e ( Schw en k et a l.
2009 ). A cent ra l p aradox in biology i s th at to m ain-
t ain f unctio n, o r ganism s m ust main t ain t he in tegra tion
o f co mplex develop mental, mo rp ho log ica l, and physi-
olog ica l sys tems (s tab ili ty) bu t simul tan eous ly respon d
and adapt to continuou sly ch an gin g internal and exter-
n al environments. Thi s inc ludes c han g es through de-
ve lopm ent an d ontog eny, as w ell a s in ca ses of ph en o-
t ypic pl asticit y, acclimation, or ada pta tion ( Fig. 1 ). Un-
derstan ding h ow or ganism s ma inta in the b a lance be-
twe en integ rate d stabi lity and adaptive flexib ili ty (both
s h o rt-term acco mmodatio n and lo n g-term ev ol u tio n-
ary ada pta tio n) is o f growing impo rtance. 
System s-lev e l approach es to studying function are al-

ready used in several fields of biology. Systems m ode ls
hav e lon g be en use d in e cosystem and co mmuni ty ecol-
ogy t o under st and t he co mplexi ties o f ecosystem func-
tio n, nu trient cy clin g, a nd f o o d webs (e.g., C arp enter
et al. 1987 ; DeAn g e lis an d Gross 1992 ) an d to pre-
dic t impac ts o f invaders o n ecosystems and co mmuni-
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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Fig. 1 The largest box on the left depicts the organism and the boxes within depict the component modules (systems) that are integrated 
to produce whole organism properties. Each module has internal dynamics and f eedbacks. Ho w ev er, each module operates within the 
integrated whole, and thus has the potential to influence, and be influenced by, all other modules/systems within an organism. Such 
complexity is typically beyond individual research programs. The box on the top right depicts possible emergent responses of organisms 
that result from the complex dynamics among and within component modules that may affect evolutionary fitness. The two boxes on the 
bottom right depict biotic and abiotic factors external to the organism that impact the function and responses of internal modules that 
then affect whole organism responses. Systems-type models provide a means of dealing with internal module dynamics, while 
sim ultaneousl y allo wing simplification of components and deal with the complexity of the entire system. 

t  

o  

c  

l  

g  

e  

a  

o  

r  

h  

t  

t  

S  

s  

a  

c  

p  

i  

t  

a  

r  

f  

t  

i  

2  

p  

m  

(  

i  

t  

i  

M  

S  

f  

o  

t  

s  

D
 

o  

d  

i  

s  

r  

n  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/3/900/7727803 by LIU

 Library user on 02 O
ctober 2024
 ies ( Padi l la et a l. 1996 ). Mole cu la r a n d ce l lu lar biol-
gi sts u s e systems-le ve l approach es to un derstan d th e
o mplexi ty o f functio nal systems at the sub-organi sm al
evel . “Syst ems biology” in this context encompasses en-
 ine erin g and modelin g appro aches use d t o under stand
mer g ent properties of systems focused on metabolic
n d ce l l sig na lin g netw o rks ( Ki tano 2002 ) or immunol-
gy ( Cap p uccio et al. 2015 ). Th e fie ld of systems n eu-
os cience us es systems-le ve l approach es to un derstan d
 ow n eural circuits gen era te coordina t ed mot or o utp uts
o p rod uce co mp lex and co h erent be havio rs in respo nse
 o c han gin g sen so ry inpu ts ( G rant 2003 ; Sen gupta and
amuel 2009 ). System model s h ave al so been u sed to an-
w er question s a bou t animal co mm unica tion ( Hebets et
l. 2016 ). Less co mmo n, bu t so rely ne e de d, is the appli-
atio n o f system s-lev e l m ode ling an d engin eering ap-
roaches in organi sm al anim al systems that int egrat e
nfo rmatio n across b iologic al sc ales to address ques-
io ns o f stab ili ty a nd cha nge ( Cowa n et a l. 2014 ; Padi l la
nd Tsu kimura 2014 ; Padi l la et a l. 2014 ). Through a se-
ies of wor ks h ops an d col laborat ion s, includin g an NSF-
un ded wor ks h op focused on the grand challen g e ques-
io n o f how anim al s wa l k the t ight rop e b etw een sta bil-
ty and chan g e ( Padi l la and Savado 2013 ; Padi l la et a l.
014 ), scientists from a wide ran g e of biolog ica l disci-
lines ca l le d f or efforts to advance the field of organis-
 al anim al biology by usin g system s-lev e l approach es

 Padi l la and Tsukimura 2014 ; Padi l la et al. 2014 ). Sim-
 larly, scient i sts h ave art icu late d th e n e e d for integ ra-
 ion and col laborat ion t o tac kle b ig questio ns in o rgan-
 sm al anim al biology (e.g., Denny an d He lmuth 2009 ;
ykles et a l. 2010 ; Tsu kimura et a l. 2010 ; Ang i letta and
ears 2011 ; St i l lman et al. 2011 ). Thi s h a s included a call
or greater interdi sciplin ary col laborat ion betwe en bi-
 logists, app lied m athem aticia ns, a n d engin eer s t o in-
 egrat e new analytical and modeling approaches into
tudies o f o rgani sm al anim al biology (e .g., Cset e and
oyle 2002 ; Cohen 2004 ; Cowan et al. 2014 ). 
To an sw er these ca l l s for interdi sciplin ary collab-

 ratio n and address the g rand cha l len g e, w e hav e
eveloped a r esear ch coor dination n etwor k, Organ-
 sm al Systems-type Modelin g, OSyM (or gani sm al-
ystem s.or g), to mov e r esear ch f orwa rd a nd provide f o-
ums for biologists an d m ode ling experts to develop
e cessary col laborat ion s, as w e ll as th e training n e e de d
 o pur sue n ew an d ex citin g ways to explo re cu tting-
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e dge quest ions in this emerging, but vit al are a of re-
search on how anim al s balance maintaining stab ili ty
whi le accommodat in g chan g e. The tw o g o a ls of OSyM
are to: (1) provide mech ani sms to build and broaden the
co mmuni ty o f o rgani sm a l biolog i sts, m athem aticians,
m ode lers, co mpu ter scientists, and engineers using in-
teg rat iv e, system s-lev e l approach es to investigate stabil-
ity a nd cha n g e in or gani sm al anim al systems, and (2) fa-
cili tate develop ment o f effe ct i ve co l laborat ions and the
ex chan g e o f app roach es, s ki l l s, and idea s am ong m em-
bers of this community. 

All areas of biology, including many aspects of
organi sm a l biology, are rapid ly be coming more quan-
t itat iv e. B iologi sts mu st deal regul arly w i th b ig data
sets and be able to draw co ncl usio n s a bou t co mplex
system s functionin g across mu lt iple sca les from single
gen es to wh ole gen om es an d from in div idu al systems
wi thin o r ganism s to the entirety o f co m plex in tegra ted
organi sm al systems (e.g., the nervous system and the
functio ning o f individ ual neuro ns to mapp ing the hu-
ma n bra in). In this cont ext, under stan ding wh eth er an d
how or ganism s respond to short- and long-term envi-
ronmental chan g es ar e pr essing ne e d s. To do thi s, we
ne e d better knowledge of the system s-lev el attributes
o f o r ganism s th at m a ke them resi lient or ro bus t, or
convers ely s ensi tive o r frag i le , t o int ernal and ext ernal
environmenta l perturb at ions. 

Thro ugho u t their lives, o rgani sms mu st int egrat e
a nd ma inta in stab ili ty across co mplex develop mental,
m orph olog ica l, and physiolog ica l systems, a l l whi le re-
sponding t o c hanging int ernal and ext ernal environ-
ments. D eter mining t he mech ani sm s underlyin g or gan-
i sm al responses to environmental chan g e and develop-
ment is a maj or cha l len g e for biology. This is p art icu-
la rly importa nt in the face of the rapidly chan gin g global
c limat e , increasing human po p u lat ion s, and ha b i tat de-
st ruct ion. The col le ct io n o f papers fro m this sympo-
sium hig hlig h ts recen t efforts to using m ode ling to un-
dersta nd orga ni sm al responses to s h ort- an d long-term
chan g es in their internal and external environments.
Co ntribu tio ns to this symposi um incl uded wo rk across
a ran g e of system s and or ganism s, and many of these
co ntribu tio ns are by young scientists that r epr es ent ne w
r esear ch at the front of this emer gin g area of scientific
col laborat ion. O ur go a l is to i l lust rate how col laborat ion
and comm unica t ion betwe en m ode lers an d organi sm al
biologi sts i s being applied to an sw er question s in the bi-
ology of or ganism s in environments that chan g e. 

Symposium overview 

Our symposium hig hlig hted new cuttin g-edg e r esear ch
wh ere m ode ling h a s been u sed to address questions
abou t o rga nisms a n d th eir responses t o c han g e. This
r esear ch appr oach can be useful across a broad ran g e
o f top ics an d su b-disciplin es within organi sm al biol-
ogy. A rticles in thi s i s s ue detai l re cen t efforts tha t de-
scri be m ode ling efforts that include big data, how en-
vironment al var ia bles actin g acr oss differ en t tem poral
and sp at ia l sca les a ffect orga nisms, their po p u lat ions,
t he import ance of f unct iona l morp ho logy and b io me-
ch anics, a s well a s t eac hing students t o co nd uct such re-
search. 
Sea son a l environmenta l fact or s can have lar g e effects

on species and are likely to impact or ganism s differ-
en tly. As clima tes chan g e, s eas ona l p attern s in w e at her,
and espe cia l ly we at h er extrem es, a re lik ely to be f elt by
a wide ran g e o f o r ganism s. Le Sag e (2024 ) used mod-
eling to explore s eas onal respons es of frogs to fungal
pathog en s ( Le Sag e 2024 ). The impacts of chan g es in en-
vironmenta l p a ra met er s can have po p u lat ion level im-
pacts on or ganism s. These w ere i l lust rate d by chan g es
in po p u lat ion genet ics b y work b y Wada et al. (2024) .
Wada et a l. examine d how the respo nses o f zeb ra finch
po p u lat ions a re a ffe cte d as a funct io n o f tem pera ture
a nd f o o d avai labi lity. 
Layered on top of any s eas on al ch an g es, microcli-

mates are of spe cia l interest for sma l ler or ganism s, and
can be at the crux of un derstan ding ada pta tions and re-
spo nses o f o rgani sms th at ca n tak e adva ntage of micro-
c limat e differences in a l andsc ape. Wang et al. (2024)
provide a n exa mple of u sing microclim ate inform ation
t o det ermin e be havior an d imp acts of inse cts. Levy and
Sh ah ar (2024) offer an insight into how we can use big
data and art ificia l intel ligence (AI) appro ac hes t o en-
han ce our un derstan ding of microc limat es and animal
be haviors un der chan gin g climatic co ndi tio ns. They
also s ugges t tha t advanced da t a-dr iven approaches can
inf orm a nd enha nce co nservatio n st rateg ies. 
Fo r whole o rganism b io m echanics, m ode ling across

b o dy size to determine how to ma inta in mecha nical ad-
va ntage ca n h e lp us un derstan d trade-offs an d evol u tio n
o f loco moto r perfo rma nce. Polet a nd Labonte (2024)
explo re loco motio n an d h ow ge ar ing in musculos ke le-
t al systems maint ains f un ction across size, in cluding in
lar g e v ert ebrat es. At a sma l ler size sca le, O’Nei l et a l.
(2024) used abla tion experimen ts to understand con-
trol of locomotion in water striders, and the ab ili ty to
mo dify b ehavior to accommodate limb loss and main-
ta in a n d recover locom otor ability. 
Movin g to v ery sma l l sp at ia l sca les, espe cia l ly in vis-

cou s fluid s li ke seawater, C han and Ko (2024) took on
the cha l len g e of m ode ling fert i lizat ion kinet ics in a ma-
rine invert ebrat e under differ ent envir o nmental co ndi-
t ions associate d with c limat e c han g e. Bey ond fert i liza-
tion, ear ly deve lopm ent is a time when ener g etic inv est-
ments can be espe cia l ly im portan t for buffering organ-
i sms th at a re pa rticula r ly vuln erable to environm ental
s tres sors and chan g e. Hunt v o n Herb ing (2024) address
thi s by u sing a m ode l system, ze brafis h ( Dani o reri o ) to
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nvestigate th e en ergetics of ear ly deve lopm ent an d re-
po nses to enviro nmenta l st ressors, espe cia l ly those as-
oci ated w ith c limat e c han g e. 
In addi tio n to th e n ew cha l len g es p osed by L evy and

h ah a r (2024) rega rding fu l ly using big data and the
 rospects o f develop ing AI to h e lp in corporate micro-
 limat e m ode ling into un derstan ding an d pre dict ing or-
ani sm al responses to chan gin g environments, Milligan
n d Roh de (2024) address the big question of why bi-
logi sts mu st em brace q uan tita tive m ode ling h ead on.
hey i l lust rate the va l ue o f in creased in co rpo ratio n o f
 ode ling an d in crease d quant ifie d me ch ani stic rela-

io nshi ps in all aspects of organi sm al biology. Fin a l ly,
adi l la and Grünbaum (2024) address the cha l len g es
 f p repar ing t h e n ext gen eratio n o f o rgani sm al biol-
g ists g iv en this new len s o f increased impo rtance o f
uan tita tive m ode ls. Given th e ever-in creasing quanti-
a tive na t ure of our science, st udents ne e d to be able
o use and conceptua l ly understa nd different m ode ling
pproach es, use m ode ls to construct and test quantita-
ive hypotheses about im portan t mech ani sms, and con-
t ruct meaning fu l a nd inf orma tive scien tific studies us-
ng m ode ls. Students n e e d to le ar n how to comm unica te
ffe ct i vel y abou t quanti tat ive log ic and resu lts. The au-
hors lay out on e possi ble approach that will, hopefully,
 e lp students get there. 

hallenges and outlook 

o s ucces sfu l l y app l y systems-typ e mo dels to organis-
 al biology, cross-di sciplin a ry interactions a r e r equir ed
mo ng o rgani sm a l biolog ists, eng ine ers, applie d math-
maticia ns, a n d m ode lers, wh o are a l l int erest ed in ad-
ressing similar system s-lev el question s. One challen g e
 f wo rking across field s i s th at jar g on, term s, and defi-
i tio ns are often field-specific. Comm unica tion can be
ifficul t wi th cross-disci plinary interactio n s and ev en
nteractions acros s dis parate fields within animal biol-
gy, bec ause j ar g on, term s, and defini tio ns are o ften
eld-spe cific. Eng ine ers, organi sm a l biolog i sts, m ath-
maticia ns, a n d m ode ler s oft en use different words to
escr ibe t he s ame processes or use the same words to
ea n very different t hings, hinder ing our ab ili ty to ef-

e ct i vel y comm unica te and collabora te ( Padi l la et a l.
014 ). To foster these cross-di sciplin ary interactions,
e ne e d addit iona l forums, li ke this SICB symposium,
o r develop ing and in tegra tin g knowledg e across sys-
ems, for le ar ning to app l y m athem at ica l and eng ine er-
ng approaches to so l ve similar problems, and for train-
ng the next generation of scientists to be adept at these
 ew approach es fo r o rgani sm al anim al studies. 
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