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Synopsis Biology as a field has tra nsf orm ed sin ce th e tim e o f i ts foundatio n fro m an o rganized enterp r ise cat a log ing the di- 
versi ty o f the natural wo rld to a quanti tati vel y rigorous science seeking to answer co mplex questio ns abou t the functions of 
or ganism s and their interactions with each other and their environments. As the m athem at ica l rigor of biolog ica l ana lyses h a s 
im proved, quan tita tive m ode l s h av e been dev eloped to describe mu lt i-me ch ani s tic sys tems and to test complex hypotheses. 
How ev er, a pplica tio ns o f quanti tative m ode l s h ave been uneven across fie lds, an d m any biologi sts lack the foundat iona l t rain- 
ing necessary to app l y them in their r esear c h or t o int erpr et their r esul ts to info rm b iolog ica l p roblem-solving effo rts. This gap 
in scientific training h a s created a false dic hot o my o f “b iologists” an d “m ode lers” that on ly exacerb ates the b arrier s t o w orkin g 
biolog ists se eking addit iona l t raining in quan tita tive m ode ling. Here, we make the argument that a l l biolog ists are m ode lers 
a nd a re capa ble of usin g sophist icate d quant itat ive m ode ling in th eir wor k. We hig hlig ht four benefits o f co nd ucting b iolog ica l 
r esear ch within the framewo rk o f quanti tative m ode ls, identify th e potent ia l p rod ucers and co nsumers o f info rmatio n p rod uced 
by such m ode ls, an d make recomm en datio ns fo r strategies to overcome bar r ier s t o t heir widespre ad im plemen ta tion. Im proved 
un derstan ding o f quanti tative m ode ling could guide the p rod ucers o f b iolog ica l informat ion t o bett er app l y bio log ica l measure- 
ments through an alyses th a t evalua t e mec h ani sms, and a l low co nsumers o f b iolog ica l informat ion to bet ter j udge the qu alit y 
and a pplica tio ns o f the info rmatio n they receive. As our explanations of biolog ica l ph en om ena in crease in co mplexi ty, so too 
must we embrace m ode ling as a foundat iona l ski l l. 
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Stat ist ica l thin king wi l l one day be as necessary for 
efficient ci tizenshi p as the ab ili t y to read and w rit e . 

—Wi l ks (1951) p araphrasing H.G. Wel ls (1903) 

One of the most va luable, sig nifica nt, a nd also useful at- 
tribu tes o f h uman though t genera l ly, is i ts ab ili ty to reveal 
a nd expla in t he fabr ic of re a lity. … Pre dict ion–even perfe ct, 
universa l pre dict ion–is simp l y n o su bsti tu te fo r explanatio n. 

—Deutsch (1998) 

Biolog ists, inde e d scient ists genera l ly, ar e incr eas-
ngly ca l le d u po n to p rov ide expl anatio ns o f natural
h en om en a ba sed u po n a tho rough un derstan ding of
h e m ech ani sms th at dr ive t hem ( D auer et al. 2021 ;
ayes et a l. 2022 ). E cosystem biolog i sts are a sked for
xplanatio ns o f h ow lan dscapes wi l l respond to chang-
ng climatic co ndi tio ns ( Edwa rds 2011 ; Rehf eldt et al.
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012 ; Pal ub ic ki et al . 2022 ); po p ulatio n b iologists are
sked to explain th e like ly impact of ecosystem chan g es
 nd ma nag ement decision s ( Faust et al. 2004 ; García-
íaz et a l. 2019 ; Ba k er a nd Bode 2020 ); p hysio logists
 re ask ed to expla in the imp act of ext rem e con ditions
 n individ ua ls ( Serg io 2018 ); an d m ole cu lar biolog ists
 re ask ed to expla in h ow th e interactions am ong th e
ole cu lar co mpo nents o f cells drive responses to drugs,
nvironmenta l st imu li, or oth er ce lls ( Iy en gar 2009 ;
e Novere 2015 ; Zewde 2020 ). Inevitab l y, greater and
reater accuracy is expected in the explanations scien-
ists provide , whic h h a s led to increa sed u se of quan-
 itat ive m ode ling in biology ( Mog i lner et al. 2006 ). At
 he s ame time, how ev er, the demand for accuracy, and
 ttendan t ma thema t ica l o r co mpu tatio nal co mplexi ty,
ave amplifie d b ar r ier s t o le ar ning and app l y ing qu an-
 itat ive m ode ling wi thin b iology. Such bar r iers le ad to
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the perception that m ode ling is only for a subset of
p racti tio n ers, “th e m ode lers,” wh o are distin ct from
the rest of “u s biologi sts.” Not only i s thi s view an
inacc urate depic tion of biology, it i s al so detrimen-
tal to the field’s advancement and inde e d to its abil-
i ty to p rovide exact ly t hose explanation s w e desperately
ne e d to address my ri ad cha l len g es ( Gunawardena 2014 ;
Joshi 2022 ). 

In our vie w, e very biologi st i s a m ode ler, a n expla iner
o f reali ty. W h eth er or n ot wor king o n co m plex ma th-
emat ica l or com puta t iona l m ode ls, we a l l create mod-
els of the world in our t eac hing, our r esear ch, and in
the r epr esen ta tion s w e use t o int erpret the work of oth-
ers and comm unica te am ong ourse lves. Desp i te the uni-
versal a pplica tio ns o f m ode ls, th ere is, of cour se , a con-
tinu um o f the deg re e t o whic h eac h biologist inc ludes
quan tita ti vel y rigorous m ode ls wit hin t heir r epertoir e.
It is our view that many biologists can benefit fro m in-
cre asing t he quantit ative r igor in t h eir own wor k, th eir
own un derstan ding of th e wor ld, an d th e way th ey con-
sume info rmatio n p rod uce d by their col leagues. Unfor-
tunate ly, th e perceived dic hot omy between “m ode lers”
and “us” serves as a bar r ier a gains t indiv idu als mov ing
along that con tin uum by expanding an un derstan ding
of the relevance of models and modeling for their own
wor k ( Jos hi 2022 ). 

In this paper, we seek to focus a tten tio n o n th e u biq-
ui ty o f m ode ling am o ng b iologi sts by examining wh at
m ode ls an d m ode ling are, h ow th ey ar e curr ently used
an d un der st o o d in our fie ld, an d h ow an d w hy we mig ht
expan d th eir a pplica tio ns. Addi tio n ally, we focu s atten-
tio n o n the impo rtance o f quanti tative m ode ling an d
why it plays a unique role among other types of mod-
eling within biology. We re cog nize that every biologist
does not play the same role within the social or bu-
rea ucra t ic inst i tu tio ns that guide s cientific dis covery,
an d th er efor e does not interact with m ode ls, quanti-
tative or oth erwise, in th e sam e way o r fo r the same
reaso ns. Co nse quently, st rateg ies fo r overco ming bar-
riers and en gagin g w ith qu an tita tive m ode ls will vary
gre at ly a mong differen t comm unit ies of pract ice. Nev-
erth e less, th er e ar e cle ar t h em es fo r imp roving facil-
it y w ith qu an tita tive m ode ls. Con sequently, w e sugg est
specific guide lin es that we h ope wi l l exp and both ap-
pre ciat ion of quant itat ive m ode ling’s crucial role in bi-
ology, an d th e ab ili ties o f p racti tio n ers wh o serve in di-
ver se roles t o en gag e more effe ct i vel y w ith qu an tita tive
m ode ling. 

Scientists use models in everything they 

do 

Ma ny a n sw er s exist t o the questio n, “W h at i s a m ode l?”
Th e comm on t hre ad wit hin biology is that a m ode l
is a simplifie d descript ion of a subset of ph en om-
en a th at occur in natur e ( Or eskes 2003 ; Mog i lner
et al. 2006 ). This clear ly en comp asses a l l quant ita-
tive m ode l s, which are ba sed u po n a col le ct io n o f
m athem at ica l quant it ies an d th eir interactions. How-
ever, this defini tio n also enco mpasses labo rato ry and
fie ld experim ents, which examin e a su bset of th e spa-
t ia l and tempora l diversi ty o f life. Perhaps less in-
tuiti vel y, this definit ion a lso encomp asses our vari-
ous verb a l, menta l, and v isu al expl anatio ns o f nat-
ural ph en om en a ( Cowan 2010 ; Gru szka and N ęcka
2017 ). 
If a l l of the a f o rementio ned exa mples a re m ode ls,

t hen t he act of modeling is simp l y the process of
cre ating t hem. Mo re p recise ly, m ode ling is th e pro-
cess o f mapp ing po rtio ns o f nature o nto the sim-
pler conceptual spaces that we use to depict it ( Rosen
1991 ; Joshi 2022 ), with the go a l o f imp roving under-
standing of how t he cor responding natural phenomena
would respon d un der an alogou s, th ough m o re co mplex,
circumstances. 
Biologists do this type o f mapp ing a l l the t ime, of-

ten wi thou t ev en realizin g it beca use h uman s in g eneral
hav e ev o l ved to do thi s m a ster f u l ly. Th ere is n o such
thing as a group of biologists who “model” and another
who does not. Like wis e, th ere s h ould be n o expe ctat ion
that “m ode ling” is a domain of activ it y unto itself and
separate from biology. 

Quantitative models have distinct 
benefits over informal modeling 

frameworks 
Whi le a l l biolog ists are m ode lers, it i s al so cle ar t hat
not a l l biolog i sts u se quan tita tive m ode l s a s part of
t heir dat a an alysi s r epertoir e. Thi s i s unfortun ate, be-
c ause qu ant itat ive m ode ls o ffer impo rtant and poten-
t ia l ly unique benefits. Here we identify four benefits of
p art icu lar va lue. 

(1) Formal d edu cti ons in crease c onfid en c e in predi cti ons
abo ut co mp lex natural p heno mena 

Hum an mind s are in ept at th e tas k of determin-
ing th e n e cessary conse quences o f a set o f p redicates.
Th at i s to say, w e are not g o o d at pre dict ing the out-
co me o f pheno men a ba s ed on obs erved co ndi tio ns, es-
pe cia l ly if those co ndi tio ns ar e numer ous or if they in-
terac t. This reflec ts we ll-kn own cognitive biases and in-
accuracies of judgmen t, presen t even in t raine d pro-
fession al s, wh en h euristics are used in problem solv-
in g ( Tv ers ky an d Kahn eman 1974 ; Korte ling an d Toet
2020 ). Q uant itat ive m ode ls of a l l sorts, inde e d a l l of
m athem atics, h av e emer g ed as the most efficient way
to develop rules to rigorously measure the mech ani sms
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or how phenomena operat e . Q uant itat ive m ode ls can
e const ructe d to conta in ma ny more obj e cts than hu-
a ns ca n possib l y con sider, y et w e remain confident

n their accuracy because they are built on a founda-
io n o f fo rma l de duct ion, which can be sca le d and ad-
ust ed t o handle co mplexi ty. They imp rove u po n fal-
i ble m enta l log ic wi th a fo rmal p rocess o f ded uctio n,
hereby dete ct ing p atterns an d in creasing confiden ce in
re dict ions. 

2) Quan tita tiv e mo d el s re veal co unt erint uit ive o ut co mes
th at m ay oth erwise go un de t ect ed 

The results of quan tita tive m ode ls comp are d to p rio r
xpe ctat io ns o ften reveal that p rio r expe ctat ions and ex-
ert judgment are (at least p art ia l ly) incorre ct ( Al lesina
 nd Ta ng 2012 ; Holden a n d Elln er 2016 ); th at i s, coun-
erintui tive ou tco m es are n ot un comm on. A lloc atio n o f
i l lio ns o f dolla rs, yea rs o f wo r k, an d in terna t iona l pol-

cy may be a ffe cte d by inade quat e under standin g ov er-
ur ned by counter int uitive q uant itat ive m ode ls. Ma-
 ine turt les w ere lon g thought t o be in dec line mainly
s a result of pre dat ion occur r in g on nestin g beaches;
ow ev er, ca reful a n alysi s of their entire life cycle re-
ea le d morta lity at sea to be more im portan t in caus-
ng decreases in po p ulation ab un dan ce ( Crouse et al.
987 ; Crowder et al. 1994 ; Heppel et al. 1996 ). Con-
eq uently, t urtle excl usio n devices to p revent acciden-
 al de at h of turt les associ ated w ith fishin g w ere dev el-
ped , and int ern ation al treaties now r equir e their use
y shrimpers and other fishers serving the US fish mar-
et ( U.S. Public Law 101 –162 , se ct ion 609). Such re-
ults are a direct indicatio n o f fail ure o f human men-
a l de duct ion of consequences from predicates, but this
ail ure is o nly evident after quan tita tive m ode ling re-
eal s previou s ly un det ect ed re lations hips ( Allesina an d
ang 2012 ). Furth er, in co rrect p rio r expe ctat ions may
e h e ld stron gly, ev en by experts, and ov er lon g p erio ds
 f time. Fo r example, i t is widely expe cte d th at Fi s h e-
i an sexu a l sele ct ion ( Fi sher 1930 ; Hensh aw and Jones
020 ) is a strong driver of, and hence a potent explana-
io n fo r, elabo ra te ma ting displays and other traits in-
o l ve d in pre-mat ing isolat ion. In rea lity, how ev er, this
river is much we aker t han expe cte d ( Gre enfield et a l.
014 ) and may actua l ly prog ressi vel y dis appe ar from
o p u lat ions ( de Servedio and Bürger 2014 ). Interac-
io ns amo ng different lif e-his tory s ta ges can lead to un-
xpe cte d ou tco mes such a s domin ance by a species that
s both a worse competitor and less able to avoid preda-
ion ( de Roos 2020 ). While the effect of m easurem ent
rro r o n inference h a s be en studie d for over a century
 Kumm e l l 1879 ; Fu l ler 1987 ; Stefanski 2000 ; Alt man
n d Krzywins ki 2024 ), its complex effects remain un-
 pprecia ted by p racti tio ner s ( Brac kenhoff 2018 ; S haw
t al. 2018 ; Innes et al. 2021 ). Contrary to expectation,
 hen predic tor error is present, our ability to identify
orrect m ode l s of n ature m ay decrea se, n ot in crease,
it h incre asing effect size a nd sa mple size ( Ma nthey
t al. 2023 ). Furt her mor e, incr e asing s ample size may
e less effe ct ive for improving inference than reduc-
n g heterog eneit y ( R os enbaum 2005 ). Thes e and sim-
la r exa mples i l lust ra te tha t re lian ce o n info rmal ver-
 a l, menta l, or v isu al m ode l s m ay com e at th e cost of
ncorre ct ness and even result in m a ssi vel y misdire cte d
 esour ces. 

3) Quan tita tiv e mo d els p er mit r i go ro us as ses s ment of
un c ertainty 

One p ro minent reaso n that informal (i .e ., not explic-
 tly quanti tative) m ode ls yie ld in corr ect r esults i s th at
um an mind s are inept at inco rpo ra ting uncertain ty, as
s w idely ev ident fro m the wo rk o f Daniel K ahneman o n
 he ir rat iona lity of many human de cisions, espe cia l ly in
he face of uncertainty ( Tversky a nd Kahnema n 1974 ;
arner 1982 ; Sc hust ek and Moreno-Bot e 2018 ). All
on-triv i al m ode ls (i .e ., complex enough t o not have ob-
io us o u tco mes) invo l ve uncertainty ( Heisenberg 1927 ;
a mpourakis a nd McCa in 2020 ; Korbel a nd Wolpert
024 ). Th ey are su bsets of nature, so fact or s left out may
an d gen era l ly do) have an imp act o n the ou tco me. Ad-
i tio nally, the rep resen ta tio n o f th e su bset th at i s in-
luded may be inaccurate and lead to even more uncer-
ain ty. Th us, b iology p racti tio n ers n eed ways to quantify
h e leve l of un certaint y w ithin a ny given a n alysi s. More
m portan tly, we ne e d ways to t rack and prop agate un-
ert ainty t hrough every st age of analyses to determine
ts impact on the u lt imat e out come . This can only be
one effe ct i vel y t hrough t he use of quan tita tive mod-
ls of st oc hastici ty. The impo rtance o f qu antify ing un-
ertainty is espe cia l ly evident in cases that r equir e con-
rete decisions to be made. The US Fish and Wi ld life
ervice h a s a m andat e t o ma inta in stable po p u lat ions
f wi ld life whi le a lso a l lowin g on g oin g harv est, either
urposefu l ly or incidenta l ly, even when crit ica l p a ra m-
t er s suc h as survivor s hip an d fecun dity rates are highly
ncerta in. For exa mple, as ses sment of a l lowable har-
est of golden eagles ( Aquila chrysa e tos ) in the western
nit ed Stat es depends crucia l ly on quant ifying uncer-
ainty in the a l lowa ble harv est limit ( Mi l lsap et a l. 2021 ).
i thou t explici t qu antific atio n o f h ow un certainty in
any demographic pa ra met er s a ffects the uncertainty

n the harvest limi t, i t would b e imp ossible to ar r ive
t cle ar per mitting guide lin es that a l low, f or exa mple,
in d en er gy dev e lopm ent. It wou ld a lso be difficu lt to
e cog nize that even though the po p u lat io n o f golden ea-
les appears stable and h a s been for decades, it is un-
ikely to be resilient in the face of increased harv estin g

https://www.federalregister.gov/documents/2013/07/26/2013-18019/certifications-pursuant-to-section-609-of-public-law-101-162
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( Mi l lsap et al. 2021 ). Our ab ili ty to reason informa l ly
about such complex situations is woefu l ly inade quate
to t he t ask, so quantit ative m ode ls of un certa inty a re
essent ia l. 

(4) La ten t v ari abl es of grea test in terest can be inferred in
quan tita tiv e mo d els 

Interestin gly, v erbal , mental , and v isu al m ode ls are
of ten f u l l of quant it ies that cannot be observed directly
but are genera l ly of most direct interest. These are de-
scribed as la ten t vari ables ( Skrond al a nd Rabe-Hesk eth
2007 ; Blei 2014 ; Bartolucci et al. 2022 ) and are natu-
ra l ly, a lmost unthin kingly, include d in the qua litat ive
m ode l s th a t h um ans u s e to des cri be our wor ld. In con-
trast, t hey are of t en exc l uded fro m quanti tative m ode ls.
This practice diminis h es th e ut i lity of quan tita tive mod-
e ls an d can contri but e t o inaccurat e pre dict ions. La ten t
vari ables c an, how ev er, be included exp licitl y and effec-
ti vel y in quan tita tive modes. F or exam ple , cancer s can
be c haract erized by m ode l s th at exp licitl y ascribe pat-
ter ns of microar ray dat a, gen om e sequen ces, an d tran-
scri pto me counts to un der ly ing , but unobserved, that
is, la ten t, tumor types ( Mo et al. 2018 ). Th e un observ-
able, b ut obvio usly im portan t, sta te o f heal th can be
quant ifie d ( Hyland et al. 2014 ). F ea tures ch aracteri s-
tic of v ocalization s can be identified as la ten t factors
( Sainburg et al. 2020 ). In l andsc ape genetics, l a ten t fac-
t or s c an c apture genetic vari ation expl ained by, for ex-
am ple, demogra phic history, pa tterns o f ancestry, o r en-
viro nmental facto rs no t o t herwise me asured ( Fr ichot
et al. 2013 ). In fis h eries an d wi ld life biology, s tate-s pace
an d re lated m ode l s are u se d to quant ify unmeasurable
pa ra met er s of crit ica l scient ific or m an agemen t im por-
tan ce ( Th o rso n and Minto 2015 ; Westcott et al. 2018 ).
Th e un observed bu t explanato ry la ten t variables in-
cluded in th ese m ode ls are generally informed by mul-
ti ple co ntribu ting me asured var ia bles, ev en if they are
measur ed in differ en t units, a t differen t times, or using
different sa mpling sch em es. Import ant ly, a l l of these ex-
am ples ca pture exp licitl y the t ypes of qu ant it ies that of-
ten occur in th e con ceptual m ode l s we u se a s explan a-
tio ns bu t are n everth e less beyon d th e reach of m easure-
ment. Ma ny qua nt itat ive m ode ls in comm on use, h ow-
ever, do n ot in c lude lat ent va riables a nd ca n be misled
by m easurem ent error ( Brackenh off 2018 ; Shaw et al.
2018 ; Innes et al. 2021 ). Thi s i s a ca se in which non-
quan tita tive m ode ls are in som e s ens e better than s ome
quan tita tive ones, beca use a t le ast t h ey do in clude th e
unobservable , lat ent variables of interest. How ev er, this
is not an indica tion tha t quan tita tive m ode ls s h ould n ot
be used or that th ey cann ot in c lude lat ent variables. In-
de e d, they can, a s the previou s examples s h ow an d as
is well known from t he ar ray of hierarchical and struc-
tura l e quat ion m ode l s th at h ave been u sed with s ucces s
( G race 2006 ; Lan g rock et a l. 2014 ). Inste ad, t he lack of
la ten t variables in co mmo n ly use d m ode ls, f or exa m-
ple, most r egr essions, is an indication that when biol-
ogists turn to quan tita tive m ode ls, th e y often us e ones
that can be misleading rather than try to capture the
nuances already developed in the informal ones. This
tr end dir ectly su ppo rts our t hesis t h at biologi sts wi l l
benefit fro m incre asing t he r igo r o f their quanti tative
m ode ling s ki l l s so th at they can re cog nize these prob-
lems an d see k sol u tio ns t hat alre ady exist, b ut are no t
cur rent l y widel y use d ( Bracken hoff 2018 ; Shaw et a l.
2018 ; Innes et al. 2021 ). 
Clea rly, qua n tita tive m ode ling offers ma ny benefits,

in cluding th ose that cann ot be pro vided b y a lternat ive
m ode ling approach es. To re ap t h ose ben efits, b iologists
would p ro fit fro m incre asing t he r igo r wi t h which t hey
approach their modeling . A l l biolog ists are modelers,
and a l l can benefit fr om impr ov ing their qu an tita tive
m ode ling s ki l l s so th at their explan atio ns o f b iolog ica l
ph en om ena are better. 

Models are experiments for testing 

hypotheses 
Modeling , like l abo rato ry an d fie ld act ivit ies, is best
c haract erized as an experiment. In the lab or field, one
identifies a set of fact or s t o control an d oth er s t o vary
in hopes of rev ealin g that the latter, not the f ormer, a re
respo nsible fo r o bserved res ponses. Often, s uch an ex-
perim ent is un dertaken t o det ermine whic h of s e veral
possible fact or s h a s t he gre a test im pact on the observed
resp onse. Mo de ling s h ould be r egar ded in t he s ame way.
Th at i s, it s h ould be r egar de d as an endeavor se eking
t o det ermine whic h of s e vera l potent ia l fact or s leads t o
t he gre a test im provemen t in our understanding of the
respo nse(s). Fi tting a single m ode l to data is rarely the
most ap pro pria te pa th to this en d; rath er, competing
mu lt iple m ode l s i s a s im portan t as en tertaining m u lt iple
w orkin g hyp otheses ( Chamb erlin 1890 ). Researc her s
s h ould defin e two or m ore m ode ls (or m ode l families)
co rrespo nding to distin ct hypoth eses r egar ding h ow th e
natural ph en om en on might wor k, an d th en compare
t hem in t he face of the data obtaine d ( E dwards 1972 ).
Th e re leva nt questions a re: which m ode l is bes t s up-
ported by the avail able d a ta and wha t is its ran g e of ap-
plicab ili ty ( Lawing et al. 2021 ; Proust et al. 2021 )? Be-
cause the models differ systemat ica l ly by desig n in un-
der lying hypoth esized m ech ani sms, th eir re lative sup-
port can an sw er the questions. This process can, in turn,
lead to better exper iment ation. The en suin g fe e db ack
b etween explicit mo deling of a lternat ive hypoth eses an d
eva luat ion of g iven data can lead to a much improved
un derstan ding of th e m ech ani sm s inv o l ve d in natura l
ph en om ena. 
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very biologist needs a working 

nowledge of quantitative modeling, 
egardless of their field or the role they 

lay 

 n the abo ve se ct io ns, we ou tline an argument for the
enefits o f couching any b iolog ica l quest io n wi thin a
 ode ling fram ewor k an d addressing the resu lt ing hy-
otheses using exp licitl y quan tita tive m ode l s. Biologi sts
ho play myriad roles in biolog ica l r esear ch, r esour ce
 an agemen t, im plemen ta tion, and policy creation ben-
fit fro m a stro ng un derstan ding of math emat ica l ly rig-
rous m ode ling ( Le N ovére 2015 ; H olden an d Elln er
016 ; Murphy a nd Weila nd 2016 ; Ea rl et a l. 2017 ; Fu l ler
t al . 2020 ). Here , w e sugg est benefits fo r b iologists
 lassified int o two grou ps that b ro ad ly encomp ass the
ossib le ro les they might play, r egar dless of their field
 f interest: p rod ucers and co nsumers o f info rmatio n.
rod ucers o f info rmatio n incl ude r esear ch ers wh o de-
e lop n ove l m eth od s a s well a s r esear c her s who use
stablis h ed m eth ods with a specific (often mandated)
cope confined by their scientific focu s, th at i s, molecu-
ar pat hway, t ax on, g eogra phical region, a pplica tion, etc.
onsumers, in this context, are the pract it ion ers an d
olicymakers who im plemen t “best science” to address
pe cific applie d prob lems ( Murp hy a nd Weila nd 2016 )
nd int erest e d laype ople wh o do n ot wor k on a p art icu-
 ar biologic al system p ro fessio na l ly, but have a vested in-
erest in the an sw ers to biolog ica l quest ion s. We believ e
hat p rod ucers can benefit fro m o r ganizin g their exper-
m ental wor k into m ode l s th at exp licitl y quantify the
ech ani sms th at dri ve p h en om ena, th eir interactions,
n d th e un certaint y w ithin the measurements. In this
ay, they wi l l b e b ett er able t o descr ibe t h e nuan ces of
n d un cert ainty sur rounding t heir co ncl usio ns ( Holden
n d Elln er 2016 ). Pract it ion ers wh o pr imar il y p lay the
om plemen tary role of consumers may or may not ne e d
 o creat e the quan tita tive m ode l s th at inform their work,
ut do r equir e a w orkin g un derstan ding of th eir compo-
 ents, m easurem ents o f erro r a nd va ria nce, a nd nua nce
n in terpreta tion. Of cour se , no biologi st i s an expert in
very aspect of biolog ica l r esear ch, an d th er efor e, our
ndiv idu al roles shift depending on the topic of interest.

ll researchers benefit from organizing their 
ork within the framework of quantitative 

odels 

he p rod ucers who use quanti tative m ode ls to th e
reat est ext ent are those who develop new methods
r wh o see k to identify previous ly unm easured m ech-
ni sms th at drive trend s in bio logy. Mo le cu lar biolo-
ists app l y quant itat ive m ode l s to identify previou sly
nkn own ce ll ular p r ocesses, fr o m the scale o f spe-
ific mole cu lar act ions to ent ire cel lu l ar-sc ale behav iors
 Mog i lner et a l. 2006 ; Iy en gar 2009 ; Le Novére 2015 ).
hermal p hysio logi sts increa singly re cog nize the value
 f quanti tative m ode ls to track organi sm al responses
o heat s tres s that g o bey o nd cri t ica l therma l limits
o inco rpo rate p hysio log ica l an d environm ent al var i-
 bles ( Fen g et a l. 2019 ; Gam liel et a l. 2020 ). Po p ula-
io n b iologists develop quanti tative m ode ls to improve
h eir un derstan ding of the mech ani sms th at determine
o p u lat ion sizes an d gen etic conn e ct iv it y across time
nd space ( Balkenhol et al. 2016 ; Milligan et al. 2018 ;
et er son et al. 2019 ; Rohde 2022 ). Biologists who seek
o identify and quantify mech ani sms th a t drive rela tion-
 hips at high er o rganizatio n al level s, such a s communi-
 ies and e cosystems, embrace d quant itat ive m ode ling,
nd in p art icu lar m ode l s th a t include la ten t variables,
 arlier t h an biologi sts from oth er fie ld s ( Canh am et al.
003 ; Grace 2006 ; Bondava l li et al . 2009 ; Wart on et al .
015 ; how ev er, see Prit c hard et al. 2000 for an early ex-
mple from po p u lat ion genet ics) and cont inue to de-
e lop m ode ls o f greater co mplexi ty as co mpu tatio nal
 ower p ermits ( Sho ema ker et a l. 2019 ; Pol lock et a l.
020 ; Tho mpso n et al. 2020 ; Pałub ic ki et al . 2022 ). 
Researc her s who work wit hin t he co nstraints o f so me
re define d scope using establis h ed m eth ods are the
ost p rolific p rod ucers wi thin b iology. They cre ate t he
 ost pu blis h ed data an d th eir wor k like ly h a s t he gre at-
st direct influence on policy and im plemen ta tion de-
i sions becau se i t co mposes most o f wh at i s consid-
red “best available science.” Best available science is
 he st a nda rd by which many g ov ernm ent an d policy-
akin g or ganization s mak e a nd def end im plemen ta-

io n, co nservatio n, o r m an agement deci sio ns ( Do remus
004 ; Murphy a nd Weila nd 2016 ; L inds ay 2020 ). The
erm is most co mmo n ly use d in r efer ence to envi-
o nmental p rote ct io n and resto ratio n actio ns ( L inds ay
020 ), but is, in pract ice, e qua l l y app lied in consumer-
ocused biology, such as fo o d an d m e dica l science ( Chiu
t al. 2023 ). There is no single legal defini tio n o f best
vai lable science (Oi l a nd Haza rdous Substa nce Liabil-
ty, 33 U.S. Code § 1321(a) (27) ; 50 C.F.R. § 600.315
at iona l Sta nda rd 2- Scientific Inf o rmatio n; The En-
an g ere d Spe cies Act, 16 U.S.C. §§ 1531 et se q.; The
lean Air Act 42 , U.S.C. 7401 et se q.; Su l livan et a l.
006 ; Ryder et al. 2010 ; L inds ay 2020 ). St a nda rds va ry
 ase d on field, jurisdiction, and pract it ioner interpre-
 ations ( D oremus 2004 ; Su l livan et a l . 2006 ; Esc h et
l. 2018 ; L inds ay 2020 ), which h a s often led to liti-
ation (i .e ., Southwest Cent er for Biolog ica l Diversity
. Babb i tt, 215 F.3d 58 2000 ; American Wi ld lands v.
empt hor ne, 530 F.3d 991 2008 ; San Luis and D elt a- 
endota Water Au tho ri ty v. L o c ke , 776 F.3d 971 2014 ).

n practice, best available science is often defined by
 he major ity con sen sus of a b o dy of scientific literature

https://www.govinfo.gov/app/details/USCODE-2011-title33/USCODE-2011-title33-chap26-subchapIII-sec1321
https://www.govinfo.gov/content/pkg/CFR-2011-title50-vol10/pdf/CFR-2011-title50-vol10-sec600-315.pdf
https://www.govinfo.gov/content/pkg/USCODE-2020-title16/pdf/USCODE-2020-title16-chap35-sec1531.pdf
https://www.epa.gov/laws-regulations/summary-clean-air-act
https://caselaw.findlaw.com/court/us-dc-circuit/1013683.html
https://caselaw.findlaw.com/court/us-dc-circuit/1217210.html
https://digitalcommons.du.edu/cgi/viewcontent.cgi?article=1227&context=wlr
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that addresses a specific taxon or problem of concern
( Lowe ll an d Ke lly 2016 ); f urt her mo re, i t o f ten var ies in
completen ess am ong a pplica tions ( Dorem us 2004 ). If
thi s i s t he st a nda rd by which decisions a re m ade, it i s
im pera tive tha t the studies that inform that b o dy o f li t-
erature do not p erp etuat e over simplificatio ns o f systems
of s tudy, mis unders tandings of mech ani stic drivers, or
misr epr esen ta tion of confidence a round a n alyses th at
cou ld misinform downst ream act ions. Fol lowing this
logic, r esear ch biologists who publish the literature that
informs policy and im plemen ta t ion de cisions bear a
h eavy responsi bility to app l y the best availab le meth-
ods to their work. A l ar mingly, t hi s i s al so the category
of r esear c her s who are most likely to start a sentence
wit h t he phrase “I am not a m ode ler. . .,” p erp etuating
the fa lse expe ctat ion that w orkin g biology r esear c her s
belong in a sepa rate doma in from quan tita tive m ode l-
ers ( Joshi 2022 ). We do not argue that it is the respon-
sib ili ty o f all r esear c her s t o deve lop n ove l a pplica tions
o f quanti tative m ode ling, which would be counterpro-
ductive to pr ogr ess towar d solutions for specific biolog-
ical problem s; how ev er, it is the responsibility of a l l re-
searc her s t o under sta nd a nd tra nspa rently di scu ss the
limi tatio ns o f t he analyses t hat t hey per for m, to quantify
th e un certainty in their co ncl usio ns, and to le ar n about
and ado p t better m eth ods wh en th ey a re made ava il-
able ( Jackson et a l. 2000 ; Mog i lner et al. 2006 ; Sha f er
et al. 2015 ; Holden and Ellner 2016 ; García-Díaz et al.
2019 ; Jos hi 2022 ). A s hift toward a quan tita tive m ode l-
in g framew o rk fo r a l l biolog ica l r esear ch wou ld a l low
f or qua n tifica tio n o f mech ani sms th a t drive rela tion-
s hips, m easurem ents of true variables of interest (even
if they are la ten t), and quan tifica tio n o f uncertainty. Im-
port ant ly, hierarchic al qu an tita tive m ode l s al so provide
a means to measure the mech ani sms th at link r esear ch
per for med at each of many organizat iona l levels ( Zewde
2020 ; Perennes et al. 2021 ; Lu et al. 2023 ) to better in-
fo rm p re dict io ns o f o rgani sm al and sys temic res ponses
t o c han g e. 

Quantitative models improve interpretations 
of “best available science” for policy and 

implementation decisions 

Policymak ers a nd p racti tio n ers are th e p rimary co n-
sum ers of th e info rmatio n and m aterial s th at biologi-
cal r esear c her s creat e , as they are the biologists tasked
with using the “best available science” to improve or
defend a pplica tio ns o f that knowledge . S hort comings
in this knowledge may result in misapplied importance
being placed on r esear ch tha t em phasizes p art icu lar
m eth ods or biolog ica l me ch ani sms while others are ig-
n ored ( Heppe ll et al. 1996 ; Holderegger et al. 2019 ).
A s trong unders tanding of quan tita tive m ode ling pro-
vides a fram ewor k throug h w hic h policymaker s and
p racti tio ners can as ses s the ext ent t o whic h an exist-
ing b o d y of knowledge sufficientl y predicts th e m ech-
anisms of a biolog ica l system, the level of uncertainty
wit hin t hat b o dy of kn owledge, an d h ow i t info rms any
p art icu lar de cision ( Holden and El lner 2016 ; García-
Díaz et a l. 2019 ; Ba k er a nd Bode 2020 ; Mayes et al.
2022 ). Deci sion-m ak ers ca n app l y this knowledge in
two ways: first, by using it to as ses s the strength of
various p ieces o f evidence fo r o n e hypoth et ica l me ch-
anist ic relat io nshi p o r a nother, a nd second, by creat-
ing for mal met a-analyses of t he available pr imary re-
sea rch on a ny given topic ( Ga rcía-Díaz et a l. 2019 ; Ba ker
and Bode 2020 ). Formal quan tita tive m ode l s th at mea-
sure th e like lih o o d of coun terin tuitive rela tio nshi ps o r
iden tify ga ps in knowle dge cou ld re duce the imp act of
fa l li ble m enta l log ic in de ci sion-m akin g, improv e the
ou tco me o f im plemen ta tio n effo rts, and save mi l lions
of dollars spent on errant att empts t o implement in-
effe ctua l sol u tio ns to b iolog ica l prob lems ( Ho lden and
Ellner 2016 ). 
Ev ery human bein g is, in so me co nt ext, a layper son

with a vested interest in biolog ica l research and imple-
men ta tion. Even th e m ost high ly e ducate d biolog ists are
not experts, or even we ll-inform ed amat eur s, in more
tha n a f ew re lated fie ld s. As such, every hum an being
h a s an interest in bein g a ble to crit ica l ly ana lyze evi-
dence (or lack thereof) for or a gains t any decision based
o n b iolog ica l r esear ch, a t least a t a rudimen tary level
(th ough such un derstan ding ben efits fro m th e guidan ce
of t raine d experts). We have no expe ctat ion that laype o-
ple s h ould be a ble to con sume primary biolog ica l liter-
atur e; they ar e n ot th e inten ded audien ce fo r that wo rk
( Berenb aum 2001 ; Se dgwick et a l . 2021 ) and oft en do
not even have access to it ( Day et al. 2020 ; Racimo et
al. 2022 ). How ev er, laypeople are still im portan t con-
sumers o f b iolog ica l knowle dge thro ugh o th er m edia
( Roh de 2022 ), an d th eir interests in sol u tio ns to b iologi-
cal problems are e qua l ly va lid ( Day et a l. 2020 ; Se dgwick
et al. 2021 ). As such, laype ople ne e d t ra ining a nd tools
to as ses s the qu alit y of s eemingly s cientific claims. This
ab ili ty h a s becom e in cre asingly import ant, as t ec hnol-
ogy h a s improv ed w o rld-wide co mm unica tion to be
pract ica l ly inst ant an eous an d free-of-char g e, permit-
ting the distribu tio n and so met imes accidenta l or pur-
posefu l manipu lat ion of information ( Berenbaum 2001 ;
Da h lst rom 2021 ). We assert that, as consumers of bi-
olog ica l r esear ch, laypeo ple wo uld benefit fro m co n-
sider ing t he biolog ica l informat ion that they receive
t hrough t he lens o f quanti tative m ode ling because it en-
coura ges sys tema tic explora tion of the mech ani sms th at
driv e relation ships, t he uncert ainty sur rounding analy-
ses, an d ackn owledgem ent of th e co mplexi ty o f natural
ph en om ena. Similar ly to how a p ro fessio na l de cision-
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 aker m ay u se quan tita tive m ode l s to a s ses s the qu alit y
 f su ppo rt fo r hypoth esized m ech ani sms wi thin a b io-
og ica l system, informe d laype ople m ay u se them to dif-
eren tia te between we ll-su bstan tia ted scien tific co ncl u-
ions and claims with little or no support. 

pportunities to develop a biological 
orkforce and citizenry with a working 

nowledge of quantitative modeling 

 iologists who w ork in any field wi thin b iology must
e t raine d in m athem at ica l and modeling concepts
 hat for m t h e foun datio n o f quanti tative m ode ling. Un-
 i l now, forma l biolog ica l t raining h a s imp licitl y fos-
ered the “us biologis ts” vers us “them modelers” world-
iew ( Joshi 2022 ). Due to this misguided p ersp ective,
any p racticing b iologists never received this founda-

 iona l t raining ( Io annidis et al. 2014 ). This perceived di-
 hot omy is exacerbat ed by the often rigorous and time-
on sumin g cha l len g e of buildin g m ode l s th a t accura tely
 epr esen t com plex na tural ph en om en a. Biologi sts with-
ut this necessary training might try to form collabo-
atio ns wi th scientists wh o “are m ode ler s” as a way t o
pp l y t hese r igorou s an alyses t o their syst ems of int er-
st wi thou t le ar ning how t hey ar e cr eat ed or how t o in-
erpret their uncertainties. Such partn ers hi ps o f b iolog-
cal system experts an d m ode ling experts may be pro-
uctive in some cases but m ay al so lead to mistakes in
he pa ra meterizatio n o f m ode ls if th e creator does n ot
n derstan d th e biolog ica l system w ell. Conv ersely, er-
o rs o f m ode l in terpreta tion on the part of the biolog-
cal systems experts could lead to miscomm unica tion
h en th e y pres ent their resul ts to co n sumers. Colla b-
 ratio n s hav e the potent ia l to increase the a pplica tion
 f quanti tative m ode ling fram ewor ks to complex bio-
og ica l p roblems, bu t th ey are m ost effe ct ive when a l l
 esear c her s invo l ved have enough foundat iona l knowl-
dge t o under st and t he co mpo nents and ou tpu ts o f the
 ode ls. 
Biologists with m ode ling expertise s h ould wor k with

 heir colle agues to build wor ks h ops an d oth er training
 p po rtuni ties to h e lp fill this training gap within our bi-
log ica l wo rkfo r ce. Her e we must acknowledge that the
eve lopm ent an d implem entatio n o f such training op-
o rtuni ties rep resen t a h uge task fo r b iologists whose
 andates m ay often r equir e ot her for ms o f p rod uctiv-

 ty, such as li tera ture publica t ions ( Kun 2018 ; van Da len
021 ) or m an agemen t of im plemen ta t ion act ions. We
a l l on universities an d agen cies to recognize the im-
o rtance o f this wo r k an d to accept th e training tools
 rod uced by i t as e qua l ly va l uable co ntribu tio ns to their
a ndates a nd their fields. As b iologists wi th m ode ling
xpertis e de v elop trainin g t ools t o h e lp th eir colleagues
mprove un derstan ding an d in crea se u se o f quanti ta-
ive m ode ls wit hin t h eir fie lds, p racti tio n ers wh o play
i verse ro les wi thin b iology mus t a g re e to en gag e with
hose training o p po rtuni ties. Wi thou t en th u sia st ic p ar-
 icip at ion from a l l biolog ists, quant itat ive m ode ling is
ikely to remain underut i lize d. 
A long w ith training the current biolog ica l workforce,

 econdary s chools and universities must inco rpo rate
h e foun dat iona l co ncepts o f quanti tative m ode ling into
heir biology c urric ula ( Dauer et al. 2021 ; Mayes et al.
022 ). Any student b o dy that is sophist icate d enough to
i scu ss hypothesi s testing within th e fram ewor k of th e
cientific m eth od could also le ar n t h e foun dat iona l con-
ep ts that sup port quan tita tive m ode ling. Such lessons
 h ould focus on t he import ance of la ten t variables,
dent ifying me ch ani sms th at dri ve bio log ica l relat ion-
 hips, an d qu antify ing uncertaint y. Once this founda-
ion is establis h ed, m ore advan ced classes could intro-
uce sp ecific mo delin g framew orks that best address
he questions of interest in diverse fie lds. Th e addi tio n
f this training to the c urric ula of secondary biology
ourses a nd f oundat iona l genera l e ducat ion courses at
niversit ies, whi le im portan t, may r epr esent a p art icu-
ar cha l len g e because cur r icula in t hes e cas es are con-
 rol le d to varying extents by state-run leg islat ive au-
 hor ities wit h com peting in terests ( Park et al. 2020 ).
pper-divisio n b iology cur r icu la at universit ies, how-
ver, ar e dir e ctly cont rol le d by faculty. This educa-
 iona l fre e dom presents a re lative ly un en cumbere d p ath
o improve col leg iate biolog ica l e ducat ion in quant ita-
ive m ode ling by in co rpo rating this training through-
u t the b iolog ica l cur r icul um, incl uding in r equir ed bi-
log ica l stat ist ica l courses for undergraduate students
nd in r equir ed disci pline-specific quanti tative mod-
ling courses for gradua te studen ts, wh eth er in class-
oo m settings o r thr ough dir ect ment or ship. The ad-
i tio n o f quanti tative m ode ling to ear l y bio log ica l e d-
cat ion wou ld circumvent, to some extent, th e n e e d for
u ture generatio ns o f b iolog ists to se ek addit iona l t rain-
ng in th ese con cep ts o utside of t heir for ma l e ducat ion
 Mayes et al. 2022 ). 
Fina l ly, r esear c her s who develop novel models or
ew a pplica tio ns o f existing m ode l s mu s t enga ge with
ther p racti tio ners beyo nd publicatio ns o f scientific li t-
rature to improve the uptake of these method s. Thi s
n gag em ent in cl udes p rod ucing fre ely avai lable, user-
r iendly sof twa re a nd tu to ria ls. Once again, we re cog-
ize that the development of these tools r epr esents a
uge effort that may be underva lue d relat ive to other
o rms o f p rod uctivi ty. We ca l l on agen cies an d universi-
ies to recognize th e deve lopm ent of user-friendly soft-
are that facilitates the uptake of quan tita tive mod-
 ling m eth od s a s a val uable co ntribu tio n to b iology.
 revious exa mples of m ode ling fram ewor ks that con-
inue to be used include maxim um en tropy m ode ling
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t o estimat e s pecies dis tribu tio ns and spatial densities
( Phi l lips et a l. 2006 ; E lit h et a l. 2010 ; Phi l lips et a l.
2017 ), genet ic st ructure ana lysis to map genetic diver-
sity across landscapes ( Prit c hard et a l. 2000 ; Gui l lot et
al. 2005 ; Ea rl a nd von Holdt 2012 ; Besnier and Glover
2013 ), mu lt iva riate a na lyses of e colog ica l data ( McCune
and Grace 2002 ), mu lt ivariate non-p aramet ric reg res-
sions ( McCun e 2006 ), an d gen eral m ode l structures
( de Val p ine et al. 2017 ; Po nisio et al. 2020 ). In all
of thes e cas es, free or low-cost us er-friendly s oftware
(MaxEnt, STRUCTURE, GENELAND , PC-ORD , Hy-
perNic he , a nd NIMBLE) a nd exten siv e documenta-
t ion and t raining materia ls increase d t he upt ake of t he
m eth ods. 

Motivations and barriers to a systemic 

shift toward quantitative modeling 

The primary mot ivat io n fo r a univers al shif t toward
t he quantit ative m ode ling fram ewor k within biology
s h ould be that it improves the c apacit y of scientific anal-
yses to address im portan t biolog ica l quest ions and re-
duces the instances of erroneous conclusions that could
be unin ten t iona l ly har mf ul to human societies and nat-
ura l e cosystems. Regard less of th e disciplin e within bi-
ology, there is an in terna t iona l ly accepte d, if not a l-
ways exp licitl y defin ed, eth os th at dem and s integrity,
p ro fessio nal co mpet ence , and p ro fessio n al di scipline
fro m wo rking scient ists ( Weinb aum et a l. 2019 ). This
is the same ethos that r equir es rigor ous self- and peer-
re vie w of any scientific findings and a pplica tio ns o f
“best avail able science” in policy and r esour ce m an age-
ment decisio ns. As co mpu tatio n al power increa ses and
improved m eth ods of data col le ct io n o r an alysi s are de-
v eloped, w orkin g scienti sts h av e an ethical respon sibil-
ity to le ar n and inco rpo rate those advances into their re-
sear ch wher e app licab le. We a ssert th a t recen t advances
in co mpu tatio n al power h ave m ade the a pplica tio n o f
quan tita tive m ode ling to complex biolog ica l quest ions
feasible. As a resu lt, a l l biolog ists s h ou ld st rive to im-
prov e their a bi lit ies to reap the benefits o f quanti tative
m ode ling, which in clude harn essing th e power o f fo r-
m al rea soning , identify ing co rrect bu t coun terin tuitive
ou tco mes, qu antify ing uncertaint y, and focusing on la-
tent var iables, of ten t he main t ar g ets of interest; a l l these
benefits lead to im proved explana tio ns o f the natural
world. 

We a lso re cog nize, how ev er, t hat t her e ar e significant
bar r ier s t o entry for shifting from a we ll-kn own fram e-
wo rk o f an alysi s to a n ove l on e. Wor king biologists an d,
perhaps to a lesser extent, biology students have de-
man ding sch e du les that may not permit intervals of re-
d uced p rod uctivi ty to acco mmoda te in ten siv e trainin g
events like the ones that would be r equir ed to create a
syst emic c han g e in ana lyt ica l pract ices. This sche du ling
conflict is probab l y even more extreme for the quantita-
t ive scient ists who wou ld ne e d t o develop suc h training
events and tools. Addi tio na l ly, in many cases, there is
not cur rent ly a finan cial in centive to in co rpo rate quan-
t itat ive m ode ling into r esear ch grant pr opos als, t he pr i-
mary source of funding for many biologists. In fact,
there may be a disincent ive be caus e thes e pr oposals ar e
re vie wed by peer scientists who may also be unfa milia r
w ith qu an tita tive m ode ling, an d r esear c h indicat es that
p roposals wi th fa milia r m eth ods are m ore like ly to be
f unded t han propos als wit h n ove l on es ( Phi l lipps and
Weißenbo rn 2019 ; Franzo ni et al. 2022 ). Neverth e less,
these cha l len g es are not unique to quan tita tive m ode l-
ing; th ey are comm on to any im portan t shift in scientific
pract ice ( Ku hn 1962 ) an d n e e d to be embrace d by ev-
eryo ne, p rod ucers and co nsumers o f b iolog ica l knowl-
edg e as w ell as funding agen cies an d j ourna ls, for sci-
ence to pr ogr ess. The r elati vel y few bio logists w ho c ur-
ren tly a pply quan tita tive modes in their work face a l l of
these cha l len g es and pers e vere. Rat her t han identifying
these p racti tio ners as s omething s eparate from “us biol-
ogists,” th ey s h ould be embraced as role m ode ls an d in-
cent ivize d to guide others to improve their understand-
ing and a pplica tio ns o f quanti tative m ode ls. 

Conclusions 
In this paper, we have laid out a n a rgument f or shifting
the domina nt pa radigm of biolog ica l r esear ch, applica-
t ion, and t raining fro m o ne th at i s often highly depen-
dent on mental logic, which h a s been demonstrated to
be often biased or flaw ed ( G ruszka and N ęcka 2017 ),
to one of exp licitl y quant ifie d me ch ani st ic relat io nshi ps.
We p rod uced examples o f t he advant ages o f quanti ta-
tive m ode ling to p rod ucers and co nsumers o f b iologi-
ca l informat ion sp a nning ma ny fields a nd levels of bi-
olog ica l organizat ion. D espite t he ma ny adva ntages of
quan tita tive m ode ling for biolog ica l r esear ch and prac-
t ice, biolog i sts mu st overcome pract ica l b ar r ier s t o its
a pplica tion an d possi bly personal biases a gains t its use
before we can rea son ab l y expect it to be widely ado p ted.
Neverth e less, re lian ce on explanations for increasingly
comp lex p h en om ena in biology r equir es impr ovement
in t he quantit ative and modeling ski l ls o f b iologists.
We outlined s e v eral actiona ble steps that can be taken
by r esear c her s and insti tu tio ns to increase the applica-
tio n o f quanti tative m ode ling: fo rm collabo ratio ns be-
twe en biolog ica l systems experts and biologists fa milia r
w ith qu an tita tive m ode ling , prov ide resources and sup-
po rt fo r th e deve lopm ent o f wo r ks h ops an d tra inings f or
w orkin g biologists to le ar n foundat iona l concepts, re-
vis e s cientific cur r icula in secondary schools and uni-
ver sities t o educat e t he f u ture b iolog ica l wo rkfo rce, and
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r ovide r esour ces and su ppo rt fo r t he cre atio n o f user-
r iendly sof tware t hat facilit ates t he use o f quanti tative
 ode ling. 
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