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Synopsis Pursuin g cuttin g edg e question s in organi sm al biology in the future wi l l re quire n ove l approach es f or tra ining the 
n ext gen eratio n o f o rgani sm a l biolog ists, in cluding kn owledge an d use of systems-typ e mo deling co mb ined wi th in tegra tive 
organi sm al biology. We link agendas recomm en din g chan g es in science e ducat ion and practice across three lev els: B roadenin g 
th e con cept o f o rgani sm al b iology to p ro m ote m ode lin g or ganism s as system s interactin g with high er an d low er or ganiza- 
t iona l levels; en han cing un dergraduate scien ce ed ucatio n to imp rove a pplica tio ns o f quanti t ative re asoning an d m ode ling in 
the scientific process; and K-12 cur r icu la b ase d on Next Generat ion Scien ce Stan dard s emph a sizin g dev e lopm ent an d use of 
m ode ls in th e co ntext o f explanato ry s cience, s ol u tio n design, and eval uating and co mm unica ting informa tio n. Ou t o f each 
o f these ini t iat iv es emer g es an emph a si s o n rou tine use o f m ode l s a s tool s for hypothesi s test ing and pre dict ion. The quest ion 
remain s, how ev er, what is the best app roach fo r training the next generation of organi sm al biology students t o facilitat e their 
un derstan ding an d use of m ode ls? We address this question by proposing new ways of t eac hing a nd lea rnin g, includin g the de- 
ve lopm en t of in teractiv e w e b-ba sed m ode ling m odules that lower bar r iers for scientists approaching this new way of imagining 
an d con duct ing integ rat iv e or gani sm al biology. 
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ntroduction 

rgani sm al biology h a s under g one a sea chan g e in the
ast 15 years, resu lt ing in a fortunate synergy between
-12 e ducat ion (Core Ideas, Scient ific and Eng ine er-
ng practices, and Crosscutting Concepts defined by
h e Next Gen eration Scien ce Stan dards, NGSS); un-
erg raduate e ducat ion (C ore C ompetencies for biolo-
 ists ident ifie d by th e Am eric an Associ atio n fo r the Ad-
an cem ent of Science, AAAS’s Vision and Chan g e doc-
m ent) an d r esear ch (grand cha l len g es in or gani sm al
iology as art icu late d by the Society for In tegra tive and
om para tiv e B iology, S I CB an d oth ers). We n e e d to
ak e adva ntage of this synergy to train the next genera-
io n o f o rgani sm a l biolog ists. 
p  

 dvance A ccess publicat ion Ju ly 5, 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
rand challenges in organismal biology 

uring P resident Ba rack Oba ma’s fir st t er m, t he W hi te
ouse Office of Scien ce an d Techn o logy Po licy ca l le d
 po n co mpa nies, resea rc h univer sit ies, foundat ions,
 nd phila nthrop ists to jo in him in identifying and pur-
uing th e gran d cha l len g es of the 21st century. G rand
ha l len g es a re a mb i tio us b ut achieva ble g o a l s th at wi l l
arn ess scien ce , t ec hn ology, an d inn ovation to so l ve
m portan t na t iona l or glob a l problems, cata lyzing ad-
ances in science , t ec hnology, and other n ation al pri-
 ri t ies whi le capturing the public’s im agin ation to gain
u ppo rt. Organized p r imar ily t hrough t he S I CB, dis-
ussions by organi sm a l biolog ists cu lminate d in a pa-
er ( Schwenk et al. 2009 , shared first au tho rshi p) ar-
 Society for In tegra tive and Com para tiv e B iology. This is an Open 
o n License ( ht t ps://creat ive co mmo ns.o rg/licenses/by/4.0/ ), which 
ovided the orig ina l work is properly cit ed . 
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t icu lat in g fiv e g rand cha l len g es in or gani sm al biology:
(1) un derstan ding th e organism’s role in organism–
environment linkages; (2) ut i lizing t he f unct iona l diver-
si ty o f o r ganism s; (3) in tegra tin g livin g and physical sys-
tems an alysi s; (4) un derstan ding h ow gen om es p rod uce
or ganism s; an d (5) un derstan ding h ow or ganism s wa l k
the t ight rop e b etw een sta b ili ty a nd cha n g e. 

This p aper spurre d a wide ran g e of scientists and
ed ucato rs to create ne w res ea rch f oci addressing sci-
entific and societal needs in the 21st century. In a
2010 S I CB wo r ks h op Implem entatio n o f Grand C ha l-
len g es in Organi sm al Biology, two majo r p rio ri ties were
ident ifie d: (1) r esear ch ar e as t hat invo l ve interdisci-
plinary co op eratives to m ove beyon d stan dard m ode l
or ganism s, m eth odologies, an d data analyses; an d (2)
e ducat ion at a l l levels (high sc hool , undergraduat e ,
graduat e , p ost-do ct oral , and t enure-trac k faculty), and
comm unica ting the importance of organi sm al biol-
ogy t o legislat or s, grantin g ag en cies an d th e pu blic.
This began a nat iona l discussio n amo ng o rgani sm al bi-
ologi sts of idea s an d recomm en datio ns in whi te pa-
pers, wor ks h ops, an d pu blis h e d art ic les (e .g., Tsukimura
et a l. 2010 ; St i l lman et a l. 2011 ). Furth er wor ks h ops
spe cifica l ly focuse d on a r esear ch agenda for address-
ing the g rand cha l len g e ques tion, unders tanding how
or ganism s wa l k the t ight rop e b etw een sta b ili ty and
chan g e, resu lt ing in a white paper, a n a rticle pu blis h ed
in BioScience ( Padi l la et a l. 2014 ), an d th e Organis-
mal Systems Modeling Research Coo rdinatio n Netwo rk
(OSyM). 

Padi l la et a l. (2014) art icu late d the importance of
un derstan din g livin g or ganism s as mu lt isca le modu lar
syst ems int eracting a s dyn amic n etwor ks in tim e an d
sp ace that re quire m ode ling approach es from math e-
matics and en gineerin g to provide insights into stab ili ty
a nd cha n g e, includin g the causes a nd effects of ph en o-
t ypic pl asticit y and sensitiv it y of or ganism s to chang-
ing environments. In p art icu lar, Padi l la et a l. (2014) fo-
cused on the potential of pre dict iv e system s-typ e mo d-
els to address cent ra l quest ions in areas such as climate
chan g e im pacts, h uman he alt h, and t he f undament al
mech ani sm s regulatin g ev ol u tio nary p rocesses. In this
cont ext, “syst ems-typ e mo dels” are mo dels whose con-
ceptua lizat ion and implementat ion refle ct the struc-
tural an d fun ctional re lations hips bot h wit hin and
across o rganizatio n al level s (e.g ., organs w i thin o rgan-
ism s; or ganism s within hab i tats), used to quan tita ti vel y
un derstan d an d pre dict agg regate dy namic a l propert ies.
Syst ems approac hes are t radit iona l ly m ore comm on in
mole cu lar biology and ecosys tems s tudies than in or-
gani sm al biology ( Brown e ll et al. 2014 ). Or ganism s lie
in the middle of a con tin uum from sma l ler size and
fas ter proces ses (mole cu les, genes, cells, c hemical int er-
actions) to the larger size an d s lower scale of ecosys-
tems (size and structure of po p u lat ions, imp acts o f b io-
div ersity, mov ement, and b a lance o f nu trients in a sys-
tem; Brown e l l et a l. 2014 ). Organi sm a l t rai ts and p ro-
cesses (e.g., p hysio logy, p h en otyp e, resp onses to the en-
vir onment) ar e less fr equen tly a pp roached wi th systems
m ode ls or thin king. Padi l la et a l . (2014) not ed that it wi l l
r equir e training new organi sm a l biolog ists in new ways
of thinking and asking questions to im plemen t effe ct ive
uses of systems-type m ode ls, an d, m o re b ro ad ly, to in-
co rpo rate m ode ling as a core m eth od in organi sm al bi-
ology (see fig. 1 in Padilla et al. 2014 ). We are still in the
e arly st ages of determining how best to approach this
training. 

Vision and Change 

Co ncurrent wi th di scu ssio ns o f g rand cha l len g es in or-
gani sm a l biology, e ducat or s fr om acr oss the country
w ere dev elopin g new ideas abou t mo re effe ct ive ways
t o t eac h scien ce at th e un der graduate lev el. In 2009,
more than 500 biology educat or s and other stakehold-
er s att ende d a nat iona l conference t itle d “Tra nsf orm-
in g Under graduate B iology E ducat ion: Mobi lizing the
Co mmuni ty fo r Chan g e.” As a result of this conference
and con tin ued di alog , th e AAAS pu blis h ed Vision an d
Chan g e in Undergraduate Biology Ed ucatio n, A call to
act ion, ident ifying core concepts essent ia l to biolog i-
cal literacy: (1) Evolution an d th e diversity of lif e-f orms
th at h av e ev o l v ed ov er time t hrough mut at ions, sele c-
tion, an d gen etic chan g e; (2) structure and function, in-
cluding the basic units of biolog ica l st ructures that de-
fin e th e fun ctio ns o f a l l livin g thin gs; (3) info rmatio n
flow, ex chan g e and s tora g e, includin g the influence of
genetics on the control of the growth and behavior of
or ganism s; (4) pathways and t ransformat ions of energy
a nd matter, a nd the ways by which chemical tra nsf or-
mat ion p at hways and t he laws of t her modynamics gov-
er n t he growt h a nd cha n g e o f b iolog ica l systems; and
(5) syst ems, whic h inc ludes the ways by which living
things ar e inter conne cte d and interact wi th o n e an oth er
(Americ an Associ atio n fo r th e Advan cem ent of Scien ce
Vision and chan g e in under grad uate b iology ed ucatio n:
a view for the 21st century, w w w.vi sion andch an g e.or g
[access ed 12 /12/2023], Bre wer and Smith 2011 ) ). Vi-
sion a nd cha n g e a lso ident ifie d co re co m petencies tha t
ar e r equir ed fo r b iological li teracy and to practice sci-
en ce (1) th e ab ili ty to app l y the p rocess o f science; (2)
the ab ili t y to use qu an tita tiv e reasonin g; (3) the a b ili ty to
use m ode ling an d sim ula tio n; (4) the ab ili ty to tap into
the interdi sciplin ary n ature of scien ce; (5) th e ab ili ty
to comm unica te and collabora te wit h ot h er disciplin es;
and (6) the ab ili ty to understand relatio nshi ps between
scien ce an d society. Thu s, Vi sion and Ch an g e refle cte d
a b road co n sen sus amon g ed ucato rs that undergrad uate
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iology students ne e d more experience with modeling,
im ula tion, system s-lev e l approach es, an d use of lar g e
atabases. 

GSSs and a framework for K-12 science 

ducation 

t about the same time, the Nat iona l Academies and
at iona l Research Council recomm en ded co mp re h en-
iv e chan g es in K-12 science e ducat ion (in A frame-
o rk fo r K-12 science ed ucatio n. Prac tices, crossc utting
on cepts, an d core idea s; Nation al Research Council
012 ), which are genera l ly kn own as th e N GSS. N GSS
mer g ed from an increased demand for standards for
 eac hing K-12 science in the US to reflect recent ad-
ances e ducat ion, scien ce, an d engin eering. Th ese n ew
ays of t eac hing r ely on what ar e defined as thr ee
imen sion s of le ar ning, e ach of which pr ior itizes t he
mpo rtance o f quanti t ative re aso ning: Co re ideas are
eld-specific, many of which invo l ve quan tita tive crit-
ca l thin king. Scient ific and eng ine ering pract ices cross
 l l fie lds an d in clude deve lopm ent an d use of m od-
l s; an a lyzing and interpret in g data; usin g ma thema t-
cs and co mpu tatio nal thinking; and obtaining, eval-
 ating , and communic at ing informat io n. Crosscu tting
on cepts in clude iden tifica tio n o f patt erns; det ermining
ause a nd effec t throug h mech ani sms a nd expla nations;
cale, p ropo rtio n, a nd qua ntity; systems a nd systems
 ode ls; en ergy an d matt er flows, cyc les and conserva-

 ion; st ructure an d fun ction; an d stab ili ty a nd cha n g e. 

raining the new generation of organismal 
iology students 

s noted by Clemmons et al. (2020) , Vision and Chan g e
nd NGSS a lig n in addressing many of t he s ame is-
ues with similar p rio ri t ies, espe cia l ly with r egar d to the
mpo rtance o f quanti t ative re asoning, m ode ls, an d sys-
 ems approac h es. If recomm en datio ns fro m NGSS and
i sion and Ch an g e are follow ed, y oun g scientists, es-
e cia l ly upper level undergraduates and graduate stu-
ents, wi l l b e b et ter eq uipped to think about and use
ystems m ode ls to address questions in in tegra tive or-
ani sm al biology. Increa sed co mpu ter po wer no w avail-
ble to s tudents, es pe cia l ly o pen so urce and clo ud-b ase d
 esour ces that foster interactions by students at a l l lev-
ls with active learning c urric u la desig ne d by subj e ct
atter experts, wi l l a lso g re at ly facilit ate t heir ab ili ty to
se quan tita tiv e thinkin g im plemen ted in systems mod-
ls to explain natural ph en om ena an d un derstan d th eir
ontext in fun dam enta l biolog ica l principles. Thus, we
ropos e s om e n ew st rateg ies for t eac hing th e n ext gen-
ratio n o f r esear c her s in organi sm al biology th at wi l l
a ke dire ct advant age of t h e n ew ways of t eac hing and
e ar ning from K-12 through undergraduate studies. In
 art icu lar, we high light the develop ment o f training
odu les that wi l l enable ne w s cien tists to a pproach new
ays of imagining an d con duct ing integ rat iv e or gan-

 sm a l biology studies, p art icu larly studies th at u se sys-
ems m ode ls. 

rganism-centric models are the nexus 
etween molecules and ecosystems 

e v iew systems-t yp e mo dels center ed ar ound organ-
 sms a s th e n exus in tegra ting higher and lower levels
 f o rganizatio n. An ill ustrative co ncrete example co mes
r om plank ton dynamics in rapid ly chang ing polar
ceans. The p tero pod Lim a cin a h elicin a a nta rct ica a nd
 ts co n g en ers are num erica l ly and t rophica l ly im portan t
o mpo nents o f m any m a rine f o o d webs. Pterop o ds cap-
ure diverse phyt oplankt on and other sma l l s us pended
rga nic pa rticles u sing mucu s net su spension fe e ding
 nd a re them selv es key prey for diverse zooplankton,
sh, seabird s, and m amm al s. Pterop o d s h ave thin arag-
 ni te s h e lls an d ar e r egar de d as indicator spe cies for
cea n acidification a n d oth er s tres s es. The y co ntribu te
 ubs tant ia l ly to oceanic carbon se quest rat ion by pro-
 ucing rap id ly sin king fe ca l pel lets an d s h e lls ( Kn echt
t al. 2023 ). 
The key roles of p tero p o ds in marine fo o d webs,

n d th e immin ent possi b ili ty t hat oce a n cha n g e wi l l
ramat ica l ly a lter th ose roles, have m ot ivate d stud-
es of p tero p o ds acr oss scales fr o m gene exp ressio n to
ioge ochemica l dynamics. To cite a few recent exam-
les: Gardner et al. (2023) investigated L. h. a nta rctica ’s
ife history and po p u lat ion st ructure in t he Sout her n
 ce an. Johnson et a l. (2019) measure d near-ice sea-
ona l t ransit ions in the expression of genes indicative
f ma tura tion and r epr o duction, asso ci ated w ith env i-
onmenta l sig na ls such as increased tem pera ture, ligh t,
 nd f o o d avai labi lity. Mi l ler et a l. (2023) invest igate d
 orph olog ica l features inv olv ed in protecting ptero-
 o d s h e l ls from ocean acidificat io n-ind uced dissol u-
io n. Co nroy et al. (2020) quantified diel vertical migra-
ion b y L. h. a nta rctica in response to vert ica l dist ribu-
io ns o f p hytop lan kton. Sp at ia l and temporal variations
f wat er t emperature , phot osy nthetic all y acti ve radia-
ion, p hytop lankto n p rod uctivi ty, a nd ma ny other per-
in ent environm enta l p a ra met er s a re k ey resul ts o f b io-
e ochemica l models of polar regions, which in tegra te
cean physics with fluxes o f limi ting nu trients such as
i trogen, carbo n, and iro n thr ough plank to n functio nal
ypes such as viruses, bacteria, and s ubclas ses of phyto-
la nkton a nd zoopla nkto n ( Aumo nt et a l. 2015 ; Ismai l
n d Al-Sh e hhi 2023 ). 
Organism-cent ered syst ems m ode l s h ave potent ia l

 o int egrat e across a l l thes e divers e s cales, f or exa m-
le by qu antify in g the effects of v ert ica l m ovem ents
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Fig. 1 Example of a hypothetical gene network. The interactions of 
individual genes and gene products (mRNAs and proteins) are 
needed to understand the functioning of a cell. 
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on exposure to va riable a mbient conditions and envi-
ronmenta l st resses to predict chan g es in gene expres-
sion and p hysio logy that determine effects on r epr o-
d uctio n and po p ul ation dy namics. Furt her more, t he
mot ivat io ns fo r many o f these studies implici tly an-
t icip a tes their a pplica tion in in tegra ted systems mod-
el s th at can explo i t their quanti tat ive resu lts to ob-
tain b roader interp retatio ns and p re dict ions: A just ifi-
catio n fo r invest igat ing A be cau se it h a s im portan t im-
pacts o n B o r is an im portan t co nsequence o f C im-
plies that, now or in the foreseeable future, a m eth od
exists for making th ese conn ectio ns explici t a nd qua n-
t itat ive. 

Empow erin g fu ture o rgani sm a l biolog ists wit h t he
mot ivat ion and ski l ls to undertake in tegra tive m ode l-
ing of this type is cha l leng ing b ut, in o ur view, feasible
an d n ecessary . T wo p ersp e ct ives un der lie o ur o p timism.
First, a s we di scu ss in more detai l below, plat f orms f or
col laborat ive interact ive m ode ling have pr ogr essed dra-
mat ica l ly in re cent years, g r eatly r elaxing r equir ements
fo r co mpu tin g pow er and codin g ski l ls. Se cond ly, many
of th e m os t useful sys tems m ode ls, from gen e n etwor ks
Fig. 2 Within organisms are a variety of nested interaction networks th
development, and other processes. Organisms develop phenotypes, have
that then affect those internal processes, and result in feedbacks with ot
are similarly nested within ecosystems that influence responses of local
t o c limat e c han g e, are bewilderin g and com plex a t first
glance, bu t o n closer examinatio n ar e aggr egatio ns o f
simple, easy to un derstan d parts ( Fig. 1 ). 
F or exam ple, fluxes of limit ing nut rients betwe en

plan kton funct iona l types in bioge ochemica l models
u sed in clim ate pre dict ion are t ypic a l ly g ov erned by
sim ple Monod regula t ory mec h ani sms, where n utrien t
u ptake o r the intensi ty o f a t rophic interact ion is spe ci-
fied by a maximum rate and an init ia l slope parameter
( Aum ont et al. 2015 ). Th e Mon od regulatory fun ctions
(essent ia l ly e quiva lent t o Mic h aeli s–Mento n functio ns)
a re intuitive, a nd to a tra ined student would provide a
st raight forward p a th to im plemen t labora tory an d fie ld
observatio ns wi t hin t he co ntext o f co mmuni ty-level
m ode ls. Pursuing th e example above, a biologist could
embed a L. h. a nta rct ica orga nism-sp ecific mo del within
a bioge ochemica l circu lat ion m ode l, an d th en use th e
tempo ral p r ogr essio n o f amb ient co ndi tio ns d urin g v er-
t ica l mig rat ion t o under st and t he dynamics of gene net-
works imp act ing r epr oduction ( Fig. 2 ). 

Towards improved teaching of quantitative 

skills for organismal biologists 

We note thre e st rateg ies that we believe would h e lp em-
power th e n ext gen eratio n o f o rgani sm a l biolog ists to
use m ode ling m o re b ro ad ly and with g rea ter im pact. 
Organi sm al biology students s h ould be ta ugh t why

quan tita tive critical think ing sk ills gen erally, an d math-
emat ica l m ode ling in p art icu lar, are usefu l and em-
pow erin g in their own r esear ch. Many biology students
do not r egar d m ode ling as re levant to th eir studies
becaus e the y do not re cog nize ways that m ode ling is al-
ready embe dde d in their dai ly wo rk. Fo r example, sta-
t ist ica l hypothesis tests are b ase d on m ode ls of outcome
p robab ili ties. Many m easurem ent t ec hniques are b ase d
at include genetic networks, physiological performance, 
 behaviors and form populations. They are found within habitats 
her organisms within a habitat. Local environments and habitats 
 systems as well as feedbacks on the larger scale processes. 

user on 02 O
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n s ens ors th at u se ele ct rica l c haract eri stics a s proxies,
onvert ed t o environmenta l p a ra meter values through
 ode l s. More focu se d inst ruct io n o n h ow to un der-
ta nd a nd u se model s, including model s a lready p art of
out ine scient ific act ivit ies or tha t studen ts read about
n their ev ery day liv es, w ou ld increase student effe c-
iveness both as biolog ica l spe cia li sts and a s commu-
icat or s t o other scientists and citizens. Students who
n gag e in t ranslat ing from a heuristic or conceptual
 ode l to a m athem at ica l one are forced to consider

 pecific as s um ptions a t a level of detail that almost in-
ariab l y, in our experience, reveals gaps in their un-
erst anding of dr iving mech ani sms an d th e pa ra met er s
hat un der lie th ose m ech ani sms. Simp l y writing math-
mat ica l m ode ls, even if th ey are never so l ved , c larifies
tudents’ thinking about their or ganism, ev en in sys-
ems th ey kn ow we ll. Mode l s are al so go o d to ols for
nfer r ing c haract eristics of biolog ica l systems that we
ann ot m easure. F or exam ple, mo rtali ty rates o f most
r ganism s are difficult or impossible to measure di-
ectly in the field; they t ypic a l ly must be inferred us-
ng m ode ls from po p u lat ion-lev el chan g es. Models of-
er students a way to specify biologic al qu a ntities a nd
rocesses in a l angu age-in depen den t way, comm uni-
at ing pre cise mea nings a mong spe cia lists in differ-
n t scien tific disciplin es wh o often have different in-
erp retatio ns o f th e sam e termin ology. Fina l ly, empiri-
al wo rk o n o r ganism s is o ften co nfine d to sma l l win-
ows in time at pa rticula r locations, a nd r equir es r e-
ources for t ravel, e quipmen t, sam ple s tora ge , et c. Dis-
overy through m ode ling is essent ia l ly fre e, a nd is ava il-
ble anytime, anywhere. 
Students s h ou ld be int roduce d to re cent o pen so urce

n line plat for ms t hat lower bar r ier s t o entry for high-
evel biolog ica l m ode ling. Th e scien tific com puting
o mmuni ty h a s h e lpe d st imu late deve lopm ent of free,
 pen-so urce tool s th at tra nsf orm the ways by which
um erical m ode ls can be deve loped, s ha red, a nd used
n organi sm al biology t eac hing a nd resea rch. An ex-
mple is the coding l angu age Python ( ht t ps://www.
ytho n.o rg/ ) that is desig ne d to be intuitive and easy
o le ar n, bu t is no netheles s s ui table fo r many ad-
anced co mpu ter m ode ling an d data an alysi s ta sks.
ython is an int erpret ed l angu age (in contrast to
o mp i le d l angu a ges s uch as C or FORTRAN), de-
ig ne d to be used in interactive sessions that fa-
ilita te studen ts’ un derstan ding of cause an d effect
n m ode led organi sm al syst ems. Jupyt er not eb o oks
 ht t ps://j u pyter.o rg/ ; Kl uyver et al. 2016 ) provide a
re e plat f orm f or embedding execut able Pyt hon code
alo ng wi t h t he st at ist ica l p ackage R a nd ma ny other 
o mpu tatio nal r esour ces) wi thin b rowser pages that
rovide students with b ackg round, inst ruct ions, use
ases, and links to addi tio nal r esour ces. Jupyt er not e-
 o oks can be stored and di ssemin ated u sing a free
itHub account ( ht t ps://gi thub.co m/ ). Model s sh ared
s Jupyt er not eb o oks o n Gi tHub can be execu ted in the
 loud , aga in f o r free, o n Binder ( ht t ps://myb inder.o rg/ ).
he E xe cutab le Boo k Proj e ct pr ovides fr e e ut i lit ies to
o mp ile as sembla ges o f Ju pyt er not eb o oks an d oth er
on ten t in to ele ct ronic b o oks cont aining f unctioning
um erical m ode ls (see ht t ps://ex ecuta bleb o oks.org/en/
atest/ga l lery/ f or exa mples). Cumu lat i vel y, these and re-
ated deve lopm ents in softwa re a n d onlin e r esour ces
rovide a venue, free to anyone with an internet con-
e ct ion, to access knowledge, in the form of ex ecuta ble
 ode ls, of m e chanisms, p a ra met er s, con cepts, an d key
uest ions share d by spe cia lists in diverse areas of bio-
og ica l r esear ch. 
Students s h ould be ta ugh t how sca ling ana lysis,

 on dim ensional numbers, an d dy namic simil arit y en-
ble them to as ses s and predict dominant mechanisms
 ffe ct in g or ganism s. Scalin g an alysi s i s th e study of h ow
rgani sm al ch aracteri stics, an d th e re la tive im portance
f mech ani sms cont rol ling their dyn amics, ch an g e in
 ropo rtio n to basic pa ra met er s suc h as size (for ex-
mple, b o dy m a ss a s th e cu be o f length). No n dim en-
ional numbers are ratios of pa ra meter co mb inatio ns
 ith simil ar uni ts. Fo r example, in ep idemiology, the
asic r epr o duction numb er 

R 0 = 

number of new infe ct ions 
infe ct ious cases 

s n on dim ensiona l be cause th e den o minato r and the
 umera tor have the same units. Estimates of R 0 invo l ve
act or s suc h as the number of contacts between conta-
iou s and su scepti ble h osts, an d th e p robab ili ty o f in-
e ct io n d ur ing e ach cont act ( Mah a se 2020 ). Becau se R 0 
s the key parameter determinin g on set of an epidemic
n many m ode ls, different dis eas e s cenar ios wit h t he
ame r epr o duction numb er a re dyna mica l ly simi lar—
h at i s, th ey follow th e sam e tim e course an d inten-
i ty, when app rop ri ately sc a le d. Informat ive n on dim en-
ional numbers are found in a l l areas of organi sm al bi-
logy, a nd a re a ba si s fo r interp reting and p re dict ing
omp lex d ynamics in a tractab le and intuiti ve way. For
xample, the R ey nolds number ( R ), an indicator of the
elat ive mag ni tudes o f inert ia l and vi scou s effects, i s a
 ey pa ra meter in b io m echanics. Th e drag on a swim-
in g or flyin g or gani sm i s a co mplex functio n o f many
aria bles; how ev er, i t can o f ten be ne at ly enc apsul ated
s a function of R ( Vogel 2013 ). Like wis e, the effe ct ive
vai labi lity of p at c hy r esour ces to f oraging a nim al s can
e est imate d using the Frost number, 

F r = 

search time 
patch d u ration 

https://www.python.org/
https://jupyter.org/
https://github.com/
https://mybinder.org/
https://executablebooks.org/en/latest/gallery/
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( Urmy et al. 2022 ). Because it invo l ves organi sm a l t raits
such as m ovem ent spe e d and turning rate along with re-
source pat c h c haract er istics, t his n on dim ensional num-
ber s ugges ts or ganism-lev el r equir ements for s ucces sful
f oraging in differ ent envir o nments. In each o f these ex-
amples, n on dim ensional numbers prov ide t wo key ben-
efits: They co ndense mul ti ple pa ra met er s int o a muc h
sma l ler set of me chanist ica l ly meaning fu l indicat or s,
an d th ey prov ide guid a nce f or rel ating dy namic a l ly
simila r orga ni sm al systems and concisely summarizing
their properties. 

A proposed a g enda for organismal 
biology teaching 

How could these three strategies for improved quantita-
t ive ski l ls t eac hing co ntribu t e t o training a more quan-
t itat i vel y empowered generation of students and to a
more imp act fu l and integ rat ive fu ture fo r o rgani sm al
b iology? We co nsider this questio n in light o f tradi tio nal
t eac hing approac hes t o quan tita tive critical thinking.
We r egar d these appr oach es as admirable in con cep t b ut
w e believ e t hat t hey have, in a pplica t ion, fa l len s h ort
of their go a ls. These t radit iona l appro aches are typi-
ca l ly roote d in t ra ining in releva nt a rea s of m athem at-
ics (e.g ., c a lcu lus, different ia l e quat ions, linear a lgebra)
and co mpu t er t ec hniques (e .g ., coding , numeric a l ana l-
ysis). Cours e wor k in th ese t opics, t oget her wit h dis-
ci plinary knowledge, p rov ides students w it h t he back-
groun d to con ceive an d implem ent math emat ica l mod-
els of organi sm al systems th at ar e rigor ous a nd inf or-
mat ive. The fai l ure o f this app roach lies in t he facts t hat
too f ew orga ni sm al biology s tudents purs ue training in
quan tita tive skills through this whole pr ogr ession, and
t hat t h e m ost useful con ten t co mes o nly at th e en d of
t he cur r icul um. Fo r example, m athem at ica l t raining a l-
most invariab l y proce e ds from a lgebra and functions,
to ca lcu lus, linear a lgeb ra, o rdina ry different ia l e qua-
t ions (relat ing rates and states as functions of a single
in depen dent variable , suc h as tim e) an d fina l ly p art ia l
different ia l e quat ions (relat ing rates and states as func-
tio ns o f mul ti ple in depen dent variables, such as tim e
and space). This sequence reflects the order of t ec hnical
difficulty—so l ving p art ia l different ia l e quat ions is the
m ost difficult, an d r equir es m athem at ica l tools from or-
dina ry different ia l e quat ions, linear a lgebra, and ca lcu-
lus. 

Fro m a b iologis t’s pers pe ct iv e, how ev er, this order
i s backward s. Natural systems occur, and humans per-
ceive them, as functions of mu lt iple in depen dent vari-
ables. C hemica l concent rat io n wi thin tis s ue, m orph o-
log ica l chan g es through dev e lopm ent o r d urin g mov e-
men t, imm une system resp onses, p o p u lat ion dist ribu-
tion, and countless other topics in organi sm al biology
ar e inher ent ly f unctio ns o f t ime, sp ace, size, s ta ge, and
other fact or s—in ot her words, t hey are most straight-
f orwa rd ly describe d by p art ia l different ia l e quat ions. It
is t hrough f urt her lay ers of a bst ract io n, fo r example,
est imat ing infe ct ions by an implicit m ode l for contact
rates, or discretizing time into day- or y ear-lon g steps,
tha t an in tui tive bu t m athem at ica l ly cha l leng ing p ar-
t ia l different ia l e quat ion scen ario i s sim plified in to an
ordina ry different ia l e quat io n o r matrix m ode l th at i s
more tractable but less dire ctly comp arable to the real
world. 
The vast majo ri ty o f o rgani sm al biology students do

not complete this quant itat ive t raining, be cau se it h a s
high o p po rtuni ty cost and li ttle r ewar d unt i l the con-
cl usio n o f a lo ng and difficul t sequen ce. Th e t radit iona l
quan tita tiv e trainin g, ther efor e , defer s i ts benefits to an
end po in t tha t mos t s tudents n ever reach an d as ks th e
least pr epar ed students to render their biolog ica l intu-
i tio n into the most simplified abst ract ion. 
We believe that these elemen ts—im proved under-

standing of the ways models can be usefu l; low-b arrier,
info rmative o nline platfo rms fo r high-level biolog ica l
m ode ls; an d m e chanist ic thin k ing sk i l l s u sing n on di-
mensio nal numbers—o ffer a strat egy t o flip quanti-
tat ive t ra ining f o r o rgani sm a l biolog i sts so th at it i s
mo re intui t ive and imme diately usefu l. In p art icu lar,
ex ecuta ble b o oks and mo dels emb e dde d in online
Jupyt er not eb o oks provide a way f or orga ni sm al bi-
ology students to exper iment wit h m ode ls to gain
quan tita tive skills and intui tio n, wi thou t r egar d to
the co mplexi ty o f th e un der lying math emat ica l te ch-
niques. We see this as analogous to “Driver’s Ed”
for m ode ling—ju st a s most people le ar n to use
ca rs sa f ely a nd effe ct i vel y with minima l knowle dge
of the interna l me chanisms of car engines, organ-
i sm al biology students could le ar n to app l y mod-
el s in rigorou s a nd inf o rmative ways wi thou t a de-
tai le d un derstan ding of code or com puta t iona l te ch-
niques. 
We propose to im plemen t this strategy with a li-

b rary o f co mmuni ty-level o nline models im plemen ted
in Pytho n, p resented wi th co ntext in Ju pyt er not eb o oks
an d descri be d in exe cutable ele ct ronic b o oks or equiva-
len t documen ts ( Fig . 3 ). Specific ally, we env ision a cur-
ric ulum w here studen ts iden t ify a quest io n o f interest,
an d wor k wi th o nlin e m ode ls to deve lop insigh ts in to
the roles of k ey mecha nisms that a re importa nt in ad-
dres sing that ques tion. This cur r icu lum wou ld empha-
size ena blin g or ganismal biology students to develop
the ab ili ty to 
(i) use and conceptua l ly understand (b ut no t pro-

gra m) different m ode ling approach es; 
(ii) use m ode ls to construct and test quan tita tive hy-

p otheses ab out imp orta nt mecha nisms; 
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Fig. 3 Conceptual structure for a library of online models, designed to function as a community-level distributed resource to facilitate 
experiential learning and quantitative research by organismal biologists. The key elements are a searchable database index that organizes 
library entries to facilitate finding models, activities, and background relevant to a given organizational level, organism, conserved quantity, 
mechanism, or computational platform of resources for students. Other elements of this online resource would include executable 
models, activities , and “quick explainers” of topics, which are brief summaries of jargon terms, concepts, or methods ref er red to in the 
executable models or activities. 
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(iii) le ar n h ow to construct m e aningf ul a nd inf orma-
 ive scient ific studies using m ode ls; 
(iv) le ar n how to comm unica te effe ct i vel y about
uan tita tive logic and results. 
In this vision, the online library would have four

ypes of r esour ces fo r students ( Fig. 3 ), co ntribu ted in
 he for m o f mod ules by a b road diversi ty o f the scien-
ific co mmuni ty. W hile we antici pate th e flexi b ili ty to
ncl ude variatio n s, the g enera l expe ctat io ns fo r a co n-
 ribute d modu le to this library would include: 
(i) E xe cutable m ode ls: Th ese ar e r elevant to or-

ani sm a l funct io n o r interactio ns o f o r ganism s with
igh er an d low er lev els o f b iolog ica l organizat ion. These
 ode ls would t ypic ally be im plemen ted in Jupyter note-
 o oks that provide self-guiding b ackg roun d in cluding
 ode ling as s umptions, usa ge ins t ruct ions, and lin ks to
ct ivit ies and useful r efer ences. Idea l ly, th ese m ode ls
ould be actual r esear c h t ool s u sed in (or at lea st ba sed
n) pu blis h ed lit erature , with c lea r a nd in tuitive in ter-
aces with minimal learning curves. 
(ii) Act ivit ies: In which students are guided through

xamples of systematic and informative ways to use a
p ecific mo del to generate and test hypotheses about or-
anism func tion. Ac tivities not only serve as demon-
t rat io ns o f a m ode l’s ut i lity, but a ls o pres ent open-
nded top ics fo r in depen dent in quiry an d quan tita tive
rit ica l thin king. 
(iii) Quick explain ers: Th ese are brief summaries of

ar g on term s, concepts, or m eth ods r eferr ed to in the
x ecuta ble m ode ls or act ivit ies. The go a l of quick ex-
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plainer s is t o p rovide co ncise b ackg round, wi th info r-
m ation th at i s co rrect bu t abb rev i at ed , with links and
r efer ences to more compre h en siv e t reat ments of rele-
vant subj e cts. Li ke “Tool Tips” in many a pplica tions,
the in ten t i s th at quic k explainer s get students “un-
stuck” when they encounter unfa milia r topics in the
pursui t o f a m ode ling activ it y but are s h ort en ough
in presen ta tion so as to minima l ly disrupt that activ-
ity. 

An addi tio nal e lem ent of this li brary would be a
roadmap table, a searchable databa se th at organizes li-
brary entries to facilitate finding models, act ivit ies and
b ackg r ound r elevant to a giv en or ganizat iona l level, or-
ganism, con serv e d quant ity, me ch ani sm, o r co mpu ta-
t iona l plat form. 

Examples of web-based models for 
organismal biology teaching 

We close with examples of Jupyter noteb o ok-b ase d
m ode l s th at i l lust rate some elements we envision for
mo re quanti tati vel y-orient ed t eac hing , draw n from t wo
very different su bdisciplin es within organi sm al biology.
These examples have several traits in common: 

(i) They present m ode ls actua l ly use d as r esear ch
tools. 

(ii) They have intuit ive p a ra met er s (and not too many
of them) as inputs. 

(iii) They have v isu a l ly clear g raphica l o utp uts as well
as in tuitive n umerical o utp uts (an d n ot too many of
them). 

(iv) They are im plemen te d on line a nd ca n be used on
any browser (including a tablet) through binder. 

(v) They descri be m ech ani sms th at link organism
function to higher and lower levels of biolog ica l orga-
nization. 

(vi) The y pres en t studen ts with a new invest igat ive
t ool t o syst emat ica l ly invest igate a lon g-standin g bio-
log ica l “big question.”

Each of these traits is significant in making these
noteb o o ks suitab le for en gagin g and empow erin g or-
gani sm al biology students. 

The first of these examples is a b io mechanics inves-
t igat io n o f t he swimming per for mance of early s ta ge
m arine inverte brate larvae. Several lines of evidence,
including both hab i tat-le vel analys es of pre dat ion risk
an d deve lopm ental studies of ce ll lin ea ges, s ugges t that
sw imming—specific ally, the ab ili ty to ma inta in orien-
tation and upwards m ovem ent—is a key trait in larval
deve lopm ent. Swimming per for m ance i s stro ngly influ-
enced by larval size and morp ho logy, linking it to fun-
da mental lif e history tra its such as egg size a nd r epr o-
ductiv e inv estments, feedin g , pred ato r avo idance, de-
ve lopm ent tim e in th e pla nkton, a nd tra nsport by cur-
rents durin g dev e lopm ent within and between habi-
tats. Ma ny la rvae develop complex and fa scin ating mor-
p ho logies that students find compelling. This model
hig hlig hts to students t hat e arly st ag e embry os and
la rvae must perf orm ma ny of t he s ame t asks wit h
onl y simp lified morp ho logies, such as bl astul ae and
gast ru lae. 
Most early stage larvae are sufficiently sma l l and slow

t hat t heir swimming i s ch aracterized b y lo w R ey nolds
numbers ( R ), ena blin g a fluid dynamics m ode l th at i s
co mpu tatio nall y tractab le enough to be used in expe-
rient ia l learning by students. Th e m ode l as s umes, ad-
di tio n ally, th at la rvae a re au to mato n s (lackin g behav-
io ral respo nses to o r ient ation), t hat cilia act to gener-
ate a tan g ent ia l velocity c haract erized by a “ciliary ve-
locity” pa ra meter, a nd f o r simplici ty that mo rp ho lo-
gies can be constr ucted f ro m “chimeras” o f jo ined
s emi-spheroids. A ke y attribute of this m ode l is that
its im plemen ta tion in a Jupyter noteb o ok makes it
self-explana tory, in tuitive to opera te and v isu a l ly en-
gaging ( Figs. 4 and 5 ). For example, the morp ho l-
ogy of a bl astul a or gast ru l a c a n be mimick ed with
on e chim era o f this type rep resenting i ts ou ter sur-
face a nd a nother chimera r epr esenting its blasto-
coel. 
Students b egin mo deling act ivit ies by con siderin g

mot ivat ing quest ions such as: 
(i) Which features of larvae and eggs reflect mechan-

ica l const ra ints on swimming perf orma nce? 
(ii) Which features reflect other biological r equir e-

men ts? F or exam ple: Habita t sele ct ion (spe e d, or ient a-
t ion), fe e ding, encoun ter ra te with predat or s (or sperm
if an egg), energy usag e, ener gy storag e (a mount a nd
ma terial), respira tion (diffusive transpo rt), o r hydrody-
n amic sign aling. 
(iii) What t rade offs ar e ther e in larva l desig n th at m ay

reflec t conflic ting r equir ements? 
Students are init ia l ly aske d to consider met rics of

swimming s ucces s mos t relevant to a la rva, a nd to use
th eir ch osen m etrics to as ses s t he swimming per for-
mance of a default larval m orph ology: How does it
per for m acros s sys tema tic varia tion in in tensi ty o f vo r-
tici ty o r s h ea r? Students a r e then pr ov ided w ith esti-
mates of turbu lent intensit ies in different environments
(deep oce an, ne ar-sur face , et c.) expressed in t erms of
c haract erist ic vort icity and shea r, a nd a re ask ed to dis-
c uss w ha t their observa tion s sugg est a bou t enviro n-
ments in which the default shape can or cannot swim
s ucces sfu l ly. Students can then consider the impacts of
size, by isomet rica l ly in creasing an d de creasing larva l
size, a nd exa mining t he per for mance of these lar g er
and sma l ler indiv idu a ls in rotat ing an d s h ear flows in
the context of other effects of size (e.g., a size—number
t rade off in m atern a l a l locat ion). Fina l ly, students are in-
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Fig. 4 Examples of graphics and other content presented to students by the embryo swimming model, as implemented within Jupyter 
notebooks. In particular, this montage shows screenshots of what a student sees when using this notebook—self-contained background 
and usage instructions, simple interfaces for selecting parameters and visually engaging presentation of numerical results—all of which 
facilitate active learning and acquisition of modeling skills by organismal biology students. Some text may be difficult to read without high 
magnification, but even at low magnification the contrast of the Jupyter notebook framework with traditional command line inputs and 
outputs is clear. Elements of this user interface for simulating swimming in shear and rotating flow are shown, including the textboxes for 
specifying flow (in this case, pure rotation) and other simulation parameters (duration, ciliary velocity, initial orientation). At the bottom is 
the model output, including visualizations of larval trajectory, position, and orientation (that are played as a movie in real time), and 
numerical metrics of position, orientation, and velocity. In this example, the larva is able to maintain an inclined but stable orientation as it 
is advected in the rotating flow. 
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it ed t o design new larval sh apes, ba sed on exi sting lar-
ae from specific habitats or hypothet ica l larvae that are
 ot kn own to exist, con siderin g h ow th ese larvae might
efle ct spe cia lizat io n (o r lack o f i t) fo r cha l leng ing envi-
o nmental co ndi tio ns. 
o  
xploring cholera disease dynamics and 

itigation strategies 

ur other example is an epidemiolog ica l invest igat ion
f cholera dynamics in humans, b ase d on estimates
f p erio ds o f immuni ty a fter inf e ct io n, asympto matic
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Fig. 5 The Jupyter notebook interface for the embryo swimming model, showing tools provided to students enabling them to “design”
early larval shapes by mimicking traits of extant species or inventing hypothetical ones. The notebook also presents a 3D rendering of the 
embryo morphology and, as an option for interested students, the numerical gridpoints used in the fluid dynamics calculations (not 
shown). This notebook enables students to investigate effects on swimming performance of specific changes in the size , morpholog y, and 
composition of early stage larvae. Students use this notebook in conjunction with the notebook in Fig. 4 , to vary larval traits in the context 
of environmental variations (e.g., turbulent near-surface habitats vs. quiescent deep-water habitats). Working with this model helps 
students to understand scenarios under which swimming r equir ements impose benefits or constraints on larval size and shape, and to 
speculate about implications for life history evolution, species ranges, and other large time/space scale processes. 
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rat ios, st rain depen den ce, an d oth er fact or s, from
Koel le et a l. (2005) using data from Matla b, Ban gladesh
( Fig. 5 ). These estimates were derived using pa ra me-
ter fitting fo r an ep idemiolog ica l m ode l. Th e Jupyter
noteb o ok we used for t eac hing r ecr e ates t his m ode l in
a form that facilitates explo ratio n by students of di sea se
dy namics w i th al ternative pa ra met er s. Aga in, the effec-
tiven ess of th e m ode lin g ex ercise stem s from g raphica l
o utp ut ( Fig. 6 ) that imm ediate ly an d intuitive ly presents
the im plica tio ns o f o therwise o paque m athem at ica l
f unctions. In t he act ivit ies, s tudents are firs t asked to
consider th e possi bility that pa ra met er estimat es by
Koel le et a l. (2005) are slightly (or even wi ld ly) erro-
neou s. Thi s motivates an initial sensi tivi ty an alysi s, a s-
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Fig. 6 Screenshots of graphics and numerical output presented to 
students by the cholera model from Koelle et al. (2005) , as 
implemented within a Jupyter notebook. The top plot shows key 
results from a cholera simulation scenario: Time series of infected 
and susceptible individuals (note different axes) across rapid 
seasonal variations and decade-scale “climatic” changes roughly 
corresponding to El Niño Southern Oscillation fluctuations. After 
studying and understanding these time series with default 
parameters, students consider the underlying environmental and 
physiological mechanisms. The middle plot visualizes how immunity 
(K i ) decays over time in individuals who have recovered from a 
cholera infection, an intuitive graphical presentation of a concept 
from epidemiology (“immune period”) that students often find 
confusing and mathematically complex. The lower plots show how 

fluctuations due to precipitation variations on seasonal and 
climatic timescales impact total transmission rate ( β t ), which 
corresponds to the environmental contribution to the basic 
r eproductiv e number, R 0 . Students complete the exercise by 
manipulating these driving mechanisms, considering the potential 
effects of alternative mitigation strategies, such as increasing the 
immune period by improving general health or reducing 
transmission by improving sanitation. 
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essing how much the magnitude and timing of cholera
u tb r eaks ar e alter ed by the immune p erio d, and by
uctuatio ns o f transmissio n ( R 0 ) across s eas ons and
u lt iyear “climat ic” fluctuat ions such as El Niño an d La
iña. 
Students are then asked to report to a hypothet ica l
GO about th e re lative m eri ts o f thre e potent ia l inter-
 ention s: I mpro ving s anit at ion to re duce t ransmission
ur g es; vaccinat ion to re duce the p o o l of susceptib le
eople; o r, imp roving nu tri tio n and basic he alt h to ex-
en d th e immun e p erio d . For eac h int ervention, stu-
ents a re ask e d to const ruct quant itat ive est imates of re-
 uctio ns in cholera ca seload s, given a s s umption s a bout
he impacts of mit igat ion on the relevant epidemiolog-
ca l p a ra met er s. 

onclusions 
 ur go a l here h a s be en to high ligh t a fortuna te syn-
r gy betw een science ag endas at three levels: Core Ideas,
cient ific and Eng ine ering Pract ices and Crosscutt ing
on cepts defin ed for K-12 e ducat ion by the NGSS; core
o mpetencies fo r b iolog ists ident ifie d by the AAAS’s Vi-
ion and Chan g e docum ent; an d gran d cha l len g es in or-
ani sm al biology a s art icu late d by the S I CB and others.
ach of th ese agen das embraces an emph a si s on quan-
 itat ive crit ica l thin king, p art icu larly on understanding
nd cor rect ly u sing m athem at ica l m ode l s a s tool s for
 eneratin g and testin g hypotheses, for makin g infer-
n ces an d pre dict ions, a nd f or comm unica tin g betw een
iverse co mmuni t ies that frame quest ions differently
nd h ave di stinct v oca bu laries. As scient ific knowle dge
 a s exp ande d at the low est lev els o f b iolog ica l organi-
ation (e.g., gen e n etwor ks) an d at th e high est leve ls
e .g., ecosyst em s), this knowledg e h a s increa singly been
odified, comm unica ted, and explo i ted usin g system s-
yp e mo del s. Organi sm al biology—the study of the or-
ani sms th at car ry t hes e low-le v el system s and operate
it hin t h e high-leve l systems—h a s, by compari son, in-
es ted les s in sys tems m ode ling. We argue that there is
uc h t o be gained , in t erm s of advancin g th e scien ce of
r ganism s and of making our knowledge more bro ad ly
seful in other fields, by deepening this investment. 
We pres ent s ome s ugges tion s a bout im plemen ta tion

f m ode l-inform ed t eac hing approac h es for th e n ext
 eneration s of organi sm a l biology students. O ur sug-
 estion s stem in part from the expe ctat ion th at, a s stu-
ents ar r ive wit h long-ter m exposure to cur r icula in-
uenced by NGSS and Vision and Chan g e, they wi l l be
etter pr epar ed to conceive and comm unica te their own
 esear ch and t eac hin g in modelin g term s. We hig hlig ht
 he suit abi lity of re cently develope d o pen so urce, on-
ine platf orms f or we b-ba s ed s cien tific com puting such
s Pytho n, Ju pyt er not eb o oks, and ex ecuta ble b o oks.
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These plat forms ma ke it possible, for the first time , t o
envision a community-driven library of systems-type
m ode ls o f o r ganism s, p resented in co ntext o n b rowser
pages with information about the model, usage instruc-
tio ns, addi tio nal r efer en ces, an d guided activities for
le ar ning. In p art icu l ar, these pl at forms ma ke it possi-
ble for indiv idu a l invest igat or s t o post their own re-
search m ode ls in a n o-cos t, highly acces sible format
that can be used by anyone with a browser and an
intern et conn e ct ion. Such m ode ls, an d th e context in
which they are embe dde d, en able u sers to interact with
and crit ica l ly as ses s m ode ls const ructe d and presente d
by experts. By removing the pr er equisite for advanced
coding or m athem at ica l ski l ls, a model library of this
sort could mitigate one of th e m ost limiting aspects
of m ode ling f or ma ny orga ni sm a l biolog ists—the long
t ec hnical tra ining a n d tim e r equir ed to de vis e thes e
m ode ls from scrat c h. 
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