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Synopsis Microb ial co mmuni ties play pivotal roles in ecosystems across different scales, from glob a l e lem ental cyc les t o 
h ouse h old fo o d fer ment atio ns. These co mp lex assemb lies co mp ri se hundred s or thou sand s of microbial species whose abun- 
da nces va ry over time a n d space. Unrave ling th e prin ciples that guide their dynamics at different levels of biolog ica l organi- 
zatio n, fro m individ ua l spe cies, their interact io ns, to co mplex microb ial co mmuni ties, i s a m ajor ch allen g e . To what ext ent 
a re these different levels of or ganization g ov erned by separate p rinci ples, an d h ow can we connect these levels to develop pre- 
dictive m ode ls for th e dyna mics a n d fun ctio n o f microb ial co mmuni t ies? Here, we wi l l di scu ss recent advances th a t poin t 
towards p rinci ples o f microb ial co mmuni ties, roo ted in vario u s di sci plines fro m physics, b ioch emistry, an d dy namic al systems. 
B y con siderin g t he mar ine carbon cycle as a concrete example, we demonstrate how the in tegra tio n o f levels o f b iolog ica l orga- 
nizatio n can o ffer deeper insights into the impact of increasing tem pera tures, such as those associ ated w ith clim ate ch an g e, on 
e cosystem-sca le processes. We argue that by focusing on principles that transcend specific microb io mes, w e can pav e the way 
fo r a co mp re h en siv e un derstan ding o f microb ial co mmuni t y dy na mics a n d th e deve lopm ent of pre dict ive m ode ls for diverse 
ecosystems. 
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Main text 
Microb ial co mmuni ties are ub iqui tous across a l l e cosys-
tems on th e plan et an d play crucial roles in various
e cosystem funct ion s. They cy cle e lem ents such as car-
bo n and ni t rogen in e cosystems from the oceans to
soi ls ( Fa l kowski et a l. 2008 ); they imp act anima l and
plant he alt h, and t hey are import ant fo r ind ust ria l pro-
cesses, from fo o d (e.g., fer ment atio ns) to b io fuels. Un-
ders tanding micro b ial co mmuni ties at a deeper level is
essent ia l for pre dict in g their respon se to environmental
chan g es (e.g., climate chan g e), to design interv ention s
to improve human he alt h, and const ruct ing communi-
ties from scrat c h for specific purposes like enhancing
the flavor of plant-b ase d meats. 

Modern se quencing cap abi lit ies and exten siv e
sa mpling effo rts, incl uding de dicate d ocean cruises
( Sunagawa et al. 2015 ) and lar g e-sca le col laborat ions
A dvance A ccess pu blication Jun e 6, 2023 
C © Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
Access article dist ribute d under the terms of the Creative Co mmo ns Attribu t
per mits unrestr ict ed reuse , dist ribut ion, and r epr oduction in any medium, pr
like the Earth Microb io me Proj e ct ( Tho mpso n et al.
2017 ) an d th e Human Microb io me Proj e ct ( Turnb augh
et al . 2007 ; Proct or et al . 2019 ), have provided
unpre ce dente d insight into the co mposi tio n o f micro-
b ial co mmuni ties. How ev er, co mmuni ty co mposi tio ns
obtained by metageno me o r amplico n sequencing o nly
pr ovide r elativ e a bun dan ce dat a, offer ing litt le infor-
matio n abou t the trai ts and activi ty o f the observed
or ganism s, their interaction s, an d h ow th eir col le ct ive
action s driv e th e fun ctio n o f a given co mmuni ty. To
address this limi tatio n, we p ropose a synerg ist ic ap-
p roach o f invest igat ing co mmuni t ies at thre e different
levels of organization: indiv idu a l t raits, interact ions,
and complex communities. 
I n the follo w ing , we w i l l di scu ss recent advances in

our un derstan ding o f microb ial co mmuni ties fro m a
p ersp e ct ive of community metabolism. We wi l l argue
 Society for In tegra tive and Com para tiv e B iology. This is an Open 
io 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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hat efforts must be dire cte d towards discov erin g princi-
l es , con cepts that ar e r ooted in physics or biochemistry
n d th er efor e t ranscend spe cific microb io m es. Th ese
 rinci ples may be specific t o eac h level of organization,
nd we wi l l ther efor e go on a journey through the scales,
ro m individ ual po p ulations to whole communities. 

ndividual species 

o establish a co mp rehen siv e theo ry o f microb ial co m-
uni ties fro m the botto m u p, i t i s n atural to be-
in by examining the traits of indiv idu a l spe cies.
h ese traits in clude a wide ran g e of c haract eris-
 ics, including g rowth rates under various co ndi tio ns,
 io film fo rmatio n, motili ty, antib iotic resistance, ni-
 rogen fixat ion, a nd ma ny oth ers. Th e spe cific t raits
f interest depend on the microbiome under study.
ere, we focus on th e m etabolism an d p hysio logy
f bacteria an d oth er h eter otr ophic micr obes. We
hoose this focu s becau se metabolic interactions are
t the heart of microbial communities, and metabolic
iochemist ry fol lows universa l p rinci ples, such that
t arting wit h knowledg e a bou t microb ial metabolism
rov ides a found ation f or understa nding microbial
o mmuni ties. 
A key go a l o f microb ial p hysio logy is to exp lain

h e differen ces an d comm ona lit ies betwe en or ganism s
n terms of fun dam ental prin ciples. Ph en om en ologi-
al m ode ls capture p hysio log ica l p rocesses in terms o f
o arse-g raine d features of th e ce ll s, such a s th e re lative
 l locat io n o f different kinds of enzymes and their quan-
 itat ive effe cts on the mole cu lar co mposi tio n in terms
 f p rotein, RNA, a nd D NA, o r the rate o f swi t c hing be-
ween s ubs trates ( Scott et al. 2014 ; Basan et al. 2015 ;
 asan 2018 ; B asan et al. 2020 ). These models are b ase d
n a few simple p rinci ples, such as a fixe d tota l amount
f enzymes per cell and a cel lu lar obj e ct ive of maximiz-
ng growth rat e . Th ese prin ciples em er g e from quantita-
ive experiments that carefu l ly cont rol a l l environmen-
 al var iables, and appe ar to be universal across many mi-
ro bes tes ted ( B rugg eman et al. 2020 ). 
How ev er, ev en for wel l-studie d microbes, many de-

ai le d observat ions, such as the abundances of individ-
 al metabolic enzy mes as a function of growth condi-
ions, rema in unexpla ined ( Mori et al. 2021 ). Complex-
ty incre ases f urt her when co ndi tio ns dev i ate from b a l-
nce d g r owth, a car efu l ly cont rol le d state where a l l bi-
log ica l pr ocesses ar e in s teady-s tat e . Gene exp ressio n
egu lat ion, which is often not fu l ly under st o o d (even
n E. coli , the ar gua bly best under st o o d o rganism o n
h e plan et, Be lliveau et al. 2021 ), leads t o diver se cellu-
 ar behav iors under different env iro nmental co ndi tio ns
 nd tra nsient behavio rs u po n enviro nmental chan g e,
ossib l y varying among c lonal member s of the same
o p u lat ion. 
Furt her mor e, micr obes in the wild differ s ubs tan-

 ia l l y from E. c oli and each other in various ways, mak-
ng it unclear which p rinci ples learned fr om E. col i can
e directly applied to o ther, po tent ia l ly dist ant ly re-
ated microbes. Two primary ways provide insight into
h e m eta bolic capa b ili ties and p hysio logy o f no n-model
icr obes: dir ect ph en otypic c haract erization (lar g ely
est ricte d to cu lturable microbes), a nd inf er ence fr om
enomic data. 
Direct ph en otypic c haract erizatio n o f diverse mi-

robes h a s led to th e deve lopm ent of lar g e data bases
 f microb ia l t raits b ase d on exper iment al c haract eriza-
ion ( B arb erán et al. 2017 ; Madin et al. 2020 ; Heinken
t al. 2023 ). How ev er, t hese dat abases suffer from sev-
ral is s ues. They lac k complet en ess, as n ot every trait
 s mea sured for every spe cies. Further, t ra its a re not
 lways measure d using sta nda rdized methods. For in-
ta nce, tra it databases may conta in inf ormation on suit-
ble growth s ubs trates for a given species, but infor-
atio n o n which s ubs trat es were t est ed is oft en un-
vai lable. Fina l ly, quant itat ive data, such as growth rates
n d th eir depen den ce o n enviro nmenta l p a ra met er s, is
a rely ava ilable. Theref ore, exper iment al character iza-
io n o f no n-model o r ganism s remain s an im portan t pil-
ar of microbial ecology. 
Exper iment al c haract erizatio n o f wild microbes can
n cover un der lying prin ciples guiding th e evol u tio n
f metabo lic p henotypes. F or exam ple, a recen t study
 haract er izing t he growt h cap abi lit ies of 186 diverse
arin e h eter otr ophic bacteria on 140 carbon sources

 Gra l ka et al. 2022 ) revea le d a c andid ate p rinci ple in
he co ntext o f carbo n cat abolism: t he carbon cat abolic
t rateg ies of heterot rophic b acteri a c a n be summa rized
n terms of their pr efer ences fo r ei ther sugars o r acids.
his pr efer ence arises fr om distin ct m etabolic enzym es
nvo l ved in gl yco l ysis and gl uco neogenesis and the con-
icting nature of these act ivit ies in the cell ( Basan et
l . 2020 ; Sc hink et al. 2022 ). B y annotatin g commu-
i ty co mposi tio n s in term s of th e m etabolic prefer-
n ces of th eir co nsti tuents, hyp otheses can b e generated
b out p otent ia l interact ions and the dominant carbon
atab olic pro cesses wi thin a given co mmuni ty. Thus,
o arse-g raine d metabolic t raits roote d in the princi-
les of microbial p hysio logy m ay en a ble in sigh t in to the
etab olic pro cesses inside co mmuni ties. 
In p ara l le l to experim ental c haract erization, certain

ra its ca n be inf err ed fr o m geno mic info rmatio n. These
en otype-to-ph en otype mappings build u po n experi-
ental c haract erization s and ena ble trai t p re dict ions

or species that have not (yet) be en cu lture d . Suc h pre-
iction s ena ble t he f unct iona l annotat io n o f co mmu-
ities using m etagen omic dat asets. Met abolic differ-
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ences between wel l-studie d organisms are captured in
gen om e-scale m etabolic m ode ls (GEMs) by assembling
a l l known metabolic reactions into a m ode l. GEMs
provide deep insight into the p hysio logy of indi vid-
ua l spe cies, includin g g ene essent ia li ty, metabolic fluxes,
o r p re dicte d excret io ns. Co nsequently, GEMs are a vi-
tal tool in both basic and applied microbiology. How-
ever, whi le init ia l m ode l const ruct ion is now mostly
au to mat ed , accurat e m ode ls r equir e exten siv e curation
( Machado et al. 2018 ; Heirendt et al. 2019 ; Bekiaris and
Kla mt 2020 ; Ka rp et a l. 2021 ; Seaver et a l. 2021 ), ma king
th em gen era l ly unavai lable for a g iven spe cies. How ev er,
by inco rpo rat ing avai lab le p h en ot ype d ata an d kn owl-
edge from closely relate d spe cies, curate d gen om e-scale
m etabolic m ode l s h ave now been developed for numer-
ous bacteria ( Poyet et al. 2019 ; Heinken et al. 2023 ). 

At p resent, i t remain s v ery cha l leng ing to accu-
ra tely estima te a given species’ metabolic and behav-
io ral reperto ire fro m i ts geno me alo ne. This difficul ty
stems at least in part from the fact that sma l l genotypic
chan g es can give rise to lar g e ph en otypic chan g es. For
example, in the a bov e-ment ione d exper iment al charac-
terizatio n o f 186 bacteri a, indiv idu al growth capab ili ties
wer e not pr edict able, but t he pr efer ence for gl yco l ytic
versus gl uco n eogenic su bst rates cou ld be pre dicte d
fro m geno me co n ten t, even fo r o r ganism s not directly
c haract erized . This hig hlig hts a rec ur r ing t h em e: while
cert ain det ails (e.g., exact ph en otypes from gen om es,
but also abun dan ces of spe cies, se e below) may be prac-
t ica l ly or even fun dam enta l l y impossib le to p redict, p re-
dictab ili t y c an be r estor ed by focusing o n app rop riately
co arse-g raine d descri pto rs o f individ ual o r co mmuni ty
c haract eris tics, s uch as general metabolic pr efer ences or
th e abun dan ce of cert ain f unctions in t he co mmuni ty. 

Bottom-up view of interactions and 

communities 

Interaction s betw een micr obes ar e foundat iona l to their
co mmuni ties. Therefo re, i t is im portan t to find effec-
tive ways of un derstan ding th e prin ciples that under-
lie t hem, infer r ing t h em from gen omic data, an d pre-
dicting h ow th ey chan g e wit h t h e environm ent. Mod-
els of species interactions can be bro ad ly g roupe d
into t wo c ategories: m ode ls with fixe d, dire ct interac-
tio ns (e.g., Lotka-Vol terra m ode l), an d m ode ls with ex-
p licitl y r esour ce-me diate d interact io ns (e.g., co nsumer-
r esour ce m ode ls). 

Dire ct spe cies-spe cies interact ions are characterized
as posi tive, neu tral, o r negative (fo r ei th er partn er),
resu lt ing in six interaction ar chetypes ( Gr oßkopf and
Soyer 2014 ; Amor and Bello 2019 ). The interactions
are t ypic a l ly as s ume d to be p airwise (a lthoug h hig her-
o rder interactio ns can be consider ed; Bair ey et al. 2016 ;
Gri l li et al . 2017 ; Ludingt o n 2022 ), co nstant over time,
an d in depen dent o f enviro nmental co ndi tio ns. Orig-
ina l ly develope d fo r macroscop ic e colog ica l commu-
nities, these simplifying as s umption s ena b le anal ytical
pre dict ion s a bo ut vario u s a spects o f the co mmuni ties,
such as t he st ab ili ty o f the co mmuni ty ( May 1972 ), the
number of surv iv in g species in un sta ble co mmuni ties
( Serván et al. 2018 ), or the prevalence of mu lt ip le stab le
states ( Bunin 2017 ). 
It is very t empting t o ado p t p airwise interact ion mod-

els to describe microbial communit ies. Inde e d, Lotka-
Volterra m ode l s h ave been u sed s ucces sfully to pre-
dic t aspec ts o f microb ial co mmuni ty dynamics and re-
sponses to environmental chan g e in complex commu-
ni ties ( Ab reu et a l. 2019 ; Lax et a l. 2020 ; Hu et a l. 2022 ).
F or instance, recen t work h a s s ugges ted that, r egar d-
less of the species or environmental con ditions, high er
tem pera tures fav or slow er-growin g species ( Lax et al.
2020 ; Ab reu et al. 2022 ), o r t hat t he av erag e interaction
strength can alter the nature of the community dynam-
ics in a predictable way (stable vs. chaotic) ( Ratzke et al.
2020 ; Hu et al. 2022 ). These studies hig hlig h t tha t de-
li berate ly ign o ring b iolog ica l detai ls can p a ve the wa y
toward s di scov erin g p rinci ples o f microb ia l e cology. 
How ev er, ther e ar e down sides to usin g Lotka-

Volterra m ode ls fo r microb ial co mmuni ties. W hile
p airwise interact ions are exper iment a l ly relat i vel y
stra ight-f orwa rd to measure ( Venturelli et al. 2018 ;
Weiss et al. 2022 ), it remains difficult to do so for a
lar g e set of species. Hig h-throug hput m eth od s h ave
b een develop ed to p robe interactio ns o f many bacteria
across many environm ents ( Ke h e et al. 2019 , 2021 ), but
th ose m eth ods are st i l l fa r from ma instrea m a nd cur-
rently limited to genet ica l ly t ractable foca l or ganism s.
Consequent ly, t h e re lat ive preva len ce an d importan ce
of different types of interact ions (posit ive vs. negat ive)
remains a top ic o f debate ( Foster and Bel l 2012 ; Ghou l
an d Mitri 2016 ; Ke h e et a l. 2021 ; Pa lm er an d Foster
2022 ). U ltimat e ly, m easurem ents of pairwise interac-
tion s hav e limite d pre dict iv e pow er for the compet it ion
ou tco mes in mo re co mplex co mmuni t ies ( Frie dman
et al. 2017 ), a nd consta nt pa irwise interactions a re in-
sufficient in quant itat ive pre dict ing im portan t fea tures
abou t co mmuni ties, suc h as the diver sity in differ-
en t environmen tal co ndi tio ns ( Mo meni et al. 2017 ;
Mancuso et al. 2021 ). Lot ka-Volter ra m ode l s al so fail to
predict certain fun dam enta l aspe cts o f microb ial co m-
munities, such as how community richness depends on
th e frequen cy o f nu trient inpu ts ( Mancuso et al. 2021 )
or the diversity of r esour ces ( Dal Bello et al. 2021 ). 
As an a lternat ive view to direct (pairwise) in-

teractio ns, co nsumer-r esour ce models exp licitl y con-
sider interact ions me diate d by the excretion and ex-
chan g e of ch emical compoun ds with the environment.
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ech ani sm s ran g e fr om dir ect ex chan g e of ener gy-rich
ompounds such as o verflo w metabolites (e.g., acetate)
o ele ct ro ns and p roto n s chan gin g the pH to antimicro-
 ial co mpounds o r no n-metabo lic pub lic go o d s such a s
ider ophor es ( Duan et al. 2009 ). Interact ions b ase d on
 hemical exc ha nge between orga ni sms al so explain why
p at ia l st ructure h a s such a big influence on microbial
o mmuni ty co mposi tio n an d fun ctio ns: diffusio n and
ire ct cel l-to-cel l ex chan g es limit interactions to sma l l
ength sca les, effe ct i vel y decoup ling cells at larger dis-
a nces a nd making close spatial associations necessary
 Muel ler et a l. 2013 ; Co et a l. 2019 , 2020 ; Da l Co et a l.
023 ). By co mb ining metabolo mics wi th microscopy,
he ex chan g e of meta b olites b etwe en sp at ia l ly associ-
ted microbes can also be v isu a lize d dire ctly ( Geier et
l. 2020 ). 
To pa ra m eterize consum er-r esour ce m ode ls, infor-
 ation i s needed about which s ubs trat es eac h species
a n consume, a nd which compounds they excret e .
rowth c haract eriza tion experimen ts prov ide d ata on

 ubs trate cons umpt ion, whi le metabolomics can mea-
ure chan g es in a bun dan ce of different ch emical com-
ounds in microbial cultures ( Kosina et al. 2018 ;
 lasc he et al. 2021 ; Yu et al. 2022 ). Co mb ining these data
it h mat hemat ica l m ode ls, m e chanist ic insight into mi-
robia l interact ions can be gleaned ( B lasc he et al . 2021 ;
 m arn a th et al. 2023 ; Pon trelli et al. 2022 ). In many
a ses, the exch ange d chemica ls are metabolic interme-
ia tes tha t can be us ed by s o me co mmuni ty members
s carbo n, ni trogen, o r ener gy sources ( G ra l ka et a l.
020 ). Since so-ca l le d t rophic interact ions ar e dir ectly
elat ed t o metab olic pro cesses in th e in div idu al com-
unity m embers, th ey can be under st ood from princi-
les o f microb ial m etabolism an d p hysio logy. For exam-
le, species with com plemen t ary met abolic st rateg ies
eem to be more likely to en gag e in in teractions tha t are
eneficial for at least one species than species that are
etabolica l ly simi lar ( Giri et a l. 2021 ; Ke h e et al. 2021 ),
resumab l y because the latter a re lik ely t o compet e for
 he s ame r esour ces. How ev er, these resul ts co me fro m
xperiments of either limited taxonomic ran g e or cross-
e e ding me ch ani sms. Mor e r esear ch is ne e de d to be able
o predict trophic interactions based on species traits. 

Box 1 : Mec hani sms leading to the po ten tial estab- 
lishment of tr o phic in terac ti ons 

Ov erflo w metabolis m. Bioch emica l const ra ints ca n 

make s h o rter, bu t inefficien t pa t hway t he o p t ima l 
cho ice fo r fast growt h, le ading to so-ca l le d o verflo w 

metab olism ( B asan et al. 2015 ). A t ypic al example of 
thi s i s th e ferm en ta tio n o f gl ucose by E. coli t o acetat e , 
whic h is excret ed a nd ca n su ppo rt t he growt h of ot her 
bacteria. 
St ress-ind uc ed excre t ions. Osmotic s tres s, pH s tres s, 
an d oth er fo rms o f cell ular s tres s can lead to metabolic 
imb a lances. Metaboli sm m ay sta l l at some react ion, 
leading to accum ula tion and even tually excretion of 
t he up-stre am met aboli tes ( Taylo r et al . 2022 ), whic h 
ca n effe ct int ricate crossfe e ding dynamics in pairwise 
cocultures ( A m arn ath et al. 2023 ). 
Nu t rie nt im bala n ces . Limi tatio n o f o ne essent ia l nu- 
trient, e.g., nitrogen, may lead to the excretion of sur- 
pl us carbo n-rich co mpoun ds an d vice ver sa ( Pac heco 
et al. 2019 ). Thi s i s p art icu l arly ev ident in phytoplank- 
to n, where surpl us carbo n fro m ph otosynth esi s i s ex- 
creted in t he for m of so lub le and inso lub le po l ysaccha- 
rides, p art icu lar d uring N o r P limi tatio n ( Myklestad 
1995 ). 
Noi se-avera gin g coo pe rat i on. Recent t heo ry p re- 
dicts that noisy gene regu lat ion (espe cia l ly in bacte- 
ri a) c an lead to imb a lance d enzym e an d thus m etabo- 
li te co ncen tra tions in indiv idu a l cel ls ( L op ez and 
Wing re en 2022 ). Shar ing met abolite ext racel lu larly 
av erag es out th e in div idu a l imb a lan ces, in creasing 
growth rate at the po p u lat ion level. E xcret ions cou ld 
be accomplis h e d by de dicate d o r p ro mi scuou s trans- 
port er s or passive m embran e crossing of non-polar 
metabolites. 
D ivi sio n o f labo r. Some chemica l t ra nsf o rmatio ns 
in mu lt istep p athwa ys ma y be car r ied ou t mo re effi- 
cientl y by sp litt ing the p athway betwe en or ganism s, 
where each organism pays only part of the cost but 
a lso reaps on ly p art of th e ben efit o f running t he pat h- 
way, a process ca l le d division of labor ( Tsoi et al. 2018 ; 
Go wda et al. 2022 ). I n termedia te p rod ucts o f t he pat h- 
way are excreted by one organism and can be used as 
an energy or carbon sources by an oth er. Divisio n o f 
labor may arise, e.g., when pathway int ermediat es are 
toxic ( G olds chmidt et al. 2018 ) or when the intracel- 
l ular co ncen tra tio n o f enzym es in a ce l l is const raine d 
( Th omm es et al. 2019 ). 
Ext racell ula r degradat i on. Some f unctions, such as 
po l ys acchar ide deg radat ion, re quire a n a rsenal of ex- 
t racel lu l ar enzy mes p rod uce d by spe cia lize d b acteria 
(“deg raders”). The act io n o f th ese enzym es leads to re- 
leas e of s o lub le o ligos acchar ides t hat can be explo i ted 
by n on-enzym e p rod ucers (“explo i t er s”) ( Pol la k et 
al. 2021 ). Both degraders and explo i ter may excrete 
met abolites t hat benefit ot her co mmuni ty members 
(“crossfe e ders”) for var ious re aso ns, incl uding those 
giv en a bov e ( Pont rel li et a l. 2022 ). 

Un derstan ding th e p hysio log ica l reason s leadin g
o the potent ia l ly wastefu l excret io n o f energy-rich
etabolites is an im portan t step in unrav elin g trophic

nteract ions McKin lay 2023 . Box 1 des cribes s o me o f
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th e m ech ani sms faci litat ing t rophic interact ions and
studies where a de ep explorat ion of the p hysio logy of
species in a co mmuni ty have led to the discovery of
potent ia l p rinci ples o f microb ia l e co logy. Gi ven the
variou s mech ani sm s givin g rise to potent ia l t rophic
interactio ns, i t is no surprise that m ode ls that con-
sider interac tions throug h t he upt ak e a nd excretio n o f
(har mf ul or h e lpful) ch emicals into th e environm ent
have recently enj oye d much s ucces s ( Ma rsla nd et al.
2019 ; Nieh au s et al. 2019 ; Pacciani-Mori et al. 2020 ;
A m arn ath et al. 2023 ). Dynamic m ode ls descri bing th e
growth of microbes and ex chan g e of chemicals have
b een develop ed for indiv idu a l spe cies p airs ( Momeni
et al. 2017 ; Nieh au s et al. 2019 ; A m arn ath et al. 2023 ;
Bloxham et al. 2022 ), and simplified v ersion s of these
m ode ls are st raight forward to extend to complex com-
muni ties ( Goldfo rd et al . 2018 ; Mar s lan d et al. 2019 ).
Co mb ining high-quali ty geno me-scale metab olic mo d-
els (GEMs) for indiv idu a l spe cies in to comm unity mod-
els ( Gottstein et al. 2016 ) a l lows for detai le d pre dict ions
of the ex chan g ed meta bolites and the consequences of
sma l l chan g es to each species’ metabolic n etwor ks (e.g.,
gene inact ivat io n). Co mmuni ty GEMs are very useful
for the rat iona l de-novo design of sma l l consort i a w ith
a defined purpose , e .g., co mmuni ties o f lact ic acid b ac-
teria in the fo o d industry. How ev er, community GEMs
r equir e the input of curated GEMs for the indiv idu al
species, whic h are oft en unavailable , an d th ey must be
exper iment a l ly va lidate d. 

Desp i te the con sen sus on the importance of species
interactio ns fo r microb ial co mmuni ties, making quan-
t itat ive pre dict ions of complex communities remains
cha l leng ing, p art icu la rly f o r enviro nmental co mmuni-
ties, wh ere th ere is t ypic a l ly no informat ion on phys-
iolog ica l p a ra met er s or int eraction s betw een commu-
nity m embers. Even wh en m ode l an d experim ent ag re e,
it can be a pr ior i uncle ar which m ode l wi l l s ucces s-
fu l ly r epr oduce t he dat a, limitin g our a bi lity to ma ke
pre dict ions for a new exper iment al system ( Mancuso
et al. 2021 ; Van Den Berg et al. 2022 ). Furt her more,
m ounting eviden ce s ugges ts that the detai le d dynam-
ics of each of t he t hous ands of b acteria l spe cies in hab i t-
ing a t ypic al microbiome may be f undament a l ly unpre-
dictable under certain co ndi tio n s ( Pagalin g et al. 2014 ;
Louca et al. 2016 ; Louca and Doebeli 2017 ; Pagaling et
al. 2017 ; Ratzke et al. 2020 ; Estrela et al. 2022 ). Possi-
ble causes include a lar g e number of a lternat iv e sta ble
s tates, wherein s toch a sticity and hi sto rical co ntin g ency
d uring co mmuni ty assemb l y ( Zh ou an d Ning 2017 ) can
steer co mmuni ties towards different co mposi tio ns fro m
th e microm eter scale ( Szabo et al . 2022 ) t o the ecosys-
tem level ( Bi ttlesto n et al. 2020 ; Vincent et al. 2023 );
stro ngly fluctuating o r truly ch aotic dyn a mics ( Ratzk e
et al. 2020 ; Hu et al. 2022 ); a nd domina nt higher-order
interac tions, w hich may lead to emer g ent spe cies e qui-
libr ia t hat are exce e ding ly diffic ult to disentangle be-
yo nd three o r four spe cies interact ions ( Bairey et al.
2016 ; Mickalide an d Kue hn 2019 ; San ch e z-Gorost iaga
et al. 2019 ). At pr esent, ther efor e, ther e is no consis-
t ent bott o m-u p m ode l o f microb ial co mmuni ties, and
th e en orm ous co mplexi ty o f wild microb ial co mmuni-
t ies ma k es it appea r un li kely that a single m athem at ica l
m ode l can accurately describe the indiv idu al dy namics
of a l l co mmuni ty members in a rea list ic environment. 

Top–down insight into communities 

A n altern ative to the botto m-u p app roach di scu ssed
a bov e is the top–down approac h, whic h focuses on
stud ying comp lex co mmuni ties an d th eir composi-
t iona l and funct iona l chan g es in respon se to their en-
viro nment. A key questio n in this co ntext is the deg re e
t o whic h the low er lev els o f o rganizatio n (cel ls, spe cies,
a nd interactions) ca n p redict co mmuni ty co mposi tio n
o r functio n and the ext ent t o whic h those co mmuni ty
pr operties ar e emer g ent, r epr esent ing t r ue proper ties of
the co mmuni ty. Fo r emer g ent co mmuni ty p roperties,
ph en om en olog ica l m ode l s m ay be a l l th at i s pract ica l ly
relevant. In his 1972 essay, P. W. Anderso n wri tes that
“more is different” ( Anderson 1972 ), refer r ing to the
emer g ence of new properties as a system becomes more
com plex. An exam ple is the ideal gas law, which accu-
rate ly descri bes th e be havio r o f gases wi thou t co nsider-
ing th e in div idu al dy n amics of ga s mole cu les. The les-
son here is that som etim es, simple m ode ls like th e ideal
gas l aw c a n effe ct i vel y describe comp lex system s, ev en
wh en an un derstan ding of th e in div idu al com ponen ts
is l acking . Th e question arises wh eth er similar prin ci-
ples could hold for microbial communities, where sim-
ple rules may emer g e once a certain level of complexity
is reached ( Cui et al. 2021 ). 
Recent studies have suggest ed suc h emer g ent sim-

plicity in microbia l communit ies. Thi s simplicity i s of-
ten described in terms of a co arse-g raine d descript ion
o f the co mmuni ties in terms o f a sma l l number of emer-
g ent varia bles. These varia bles can include s tatis tical
p roperties o f species abun dan ces, th e abun dan ce of cer-
t ain f unct iona l g rou ps, diversi ty chan g es in respon se to
a chan g e in environm ent, an d s tatis tical p redictab ili ty
o f co mmuni ty functio ns. I n the follo w ing , we w i l l re-
vie w s ome r ecent r esu lts derive d from ana lyses of exist-
ing datasets as well as labo rato ry experim ents, an d ex-
t ract potent ia l p rinci ples that emer g e. 
At a macroe colog ica l level, stat ist ica l ana lyses of mi-

crob ial co mmuni ty co mposi tio ns across a lar g e num-
ber of different ecosystems have revea le d laws that s h ed
light on t he f undament al forces structuring communi-
t ies ( Gri l li 2020 ). From this p ersp e ct ive, it appe ars t hat
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nviro nmental fluctuatio ns and self-limiting growth are
o minant facto rs in shap ing co mmuni t ies. Interact ions
 etween sp ecies a re inf erred to be re lative ly weak an d
par se , a s m any stati st ica l p atterns in microb io me abun-
 ances c an be r epr od uced wi thou t incl uding species
nteraction s. How ev er, con sumer-r esour ce models in
o nstant enviro nments pa ra meter ized wit h ap pro pri-
tely st ructure d random mat rices can a lso r epr oduce
 any stati st ica l propert ies of microbia l communit ies,
uch as n estedn ess ( Mars lan d et al. 2020 ). 
Environment al s ampling o f co mparable microb ial

cosystems h a s demonst rate d that physica l ly and chem-
ca l ly simi lar e cosyst ems oft en have simi lar funct iona l
 ro files, i .e ., th e re lativ e a bun dan ce of functions like
h otosynth esis, su lfate re duct ion, etc., whereas spe cies
o mposi tio ns may differ widely ( Louca et al. 2016 ,
017 ). Thi s i s becau se species in co mmuni ties o ften
verlap in terms of at least some of their funct iona l
 raits ( Mcg i l l et a l . 2006 ; Lit c hma n a n d Klausm eier
008 ; Martiny et al . 2015 ), i .e ., t hey are f unct iona l ly re-
undant to varying deg re es ( Louca et al. 2018 ). Many
unctions are performed by a huge diversity of or-
anisms (e.g ., c arbohydra te fermen ta tio n), bu t so me
unctions may be highly phylogenet ica l ly con serv ed or
ven m on op hyletic (e.g., comp lete ammoni a oxid ation;
aims et al. 2015 ); in those cases, taxo no my and func-

 ion be come cong ruent. 
Assig ning t ra its to taxa ca n be a significa nt chal-

en g e, dependin g on the trai t, i ts phylogenetic co n-
ervation, an d th e degree of un derstan ding of th e
ath ways in vo l ve d. Ident ifying funct iona l g roups is
her efor e a major go a l in microbial ecology. A re-
ently developed algo ri thm addresses this difficulty
y aiming to detec t func tio nal grou ps sequencing
urvey data groups so lel y from relative abun dan ce
 ata w i thou t taxo no mic inpu t and wi thou t explici t
unct iona l annotat ion ( Shan et al. 2023 ). Such al-
o ri thms may h e lp ident ify spe cies or g rou ps o f
pecies that p rod uce specific compounds of interest
 r facili tate macroscop ic ou tco m es in h os t-as sociated
icrob io mes. 
A t rait-b ase d e colog ica l appro ac h t o microb ial co m-
unities can provide a new p ersp e ct ive on experi-
enta l ly measure d interact ion s netw orks by focusing
n the interactions between functional groups rather
han s pecies-s pe cies interact io ns. This app roach may be
o re app rop riate fo r p re dict ing co mmuni ty respo nse

o environmental chan g es. F or exam ple, consider the
 rophic interact ions in po l ys acchar ide-degrading com-
unit ies betwe en deg raders, explo i ters, a nd crossf e e d-
rs ( Pol la k et a l. 2021 ) (describe d in Box 1 and re-
iewed in S ic h ert an d Cor der o 2021 ), which a re cha r-
cterized by a hierarchical structure: organic carbon
ows from degraders to explo i ters, and degraders and
xplo i t er s t o crossfe e ders, wi th li ttle carbo n flow in the
e vers e dire ct io n ( Po nt rel li et al. 2022 ). In these com-
 unities, differen t degraders a ppear to select for down-
tream co mmuni ty members, bu t not vice versa ( Enke
t al. 2019 ). For such a co mmuni ty, each rep resented
y potent ia l ly ma ny differ ent species, do envir onmen-
a l perturb at ion s hav e different effects depending on
hich trophic level is most imp acte d by the perturba-

 ion? The hierarchica l st ructure sug gests t hat perturba-
ion s tar g etin g high trophic levels (e .g., degrader s) have
 re lative ly stron g er community-lev el impact, but cross-
e e ders can a lso affe ct the hydro l yt ic act iv it y of the de-
raders ( Daniels et al. 2022 ). Simila rly, crossf eeders in
lucos e-enriched s oi l communit ies sele cte d f or differ-
nt degraders and not the other way aro und, as wo uld be
xpe cte d from t rophic interact ions a lone ( Est rela et a l.
022 ). Mor e r esear ch is r equir ed t o elucidat e t o what de-
 re e t rophic interact ions lead t o hierarc hical int eraction
 etwor ks. 
In addi tio n to infer r ing pr inciples from lar g e en-

 ironmental d ata sets, system atic exper iment al efforts
ave quan tita ti vel y exp lored the chan g es o f microb ial
o mmuni ties wi t h t h eir environm en t. Exam ples include
o mmuni ty chan g es with tem pera ture ( Lax et al. 2020 ;
breu et a l. 2023 ), morta lity ( Abreu et al. 2019 ), number
 f carbo n sources ( Da l Bel lo et a l. 2021 ), carbo n co n-
en tra tion ( Gralka et al. 2022 ), type of carbon source
 Est rela et a l. 2021 ), and the strength of interactions
 Ratzke et al . 2020 ). Enric hments of natural communi-
ies are often used for this type of experim ent ( Estre la et
l. 2021 ), bu t co m plex syn thetic comm unities are also a
aluab le too l ( Vor h olt et al. 2017 ; Kong et al. 2018 ). Syn-
hetic co mmuni ties o ffer exact control over the num-
er and identity of species in a community and detai le d
funct iona l, p hysio log ica l, etc.) characterizat io n o f the
o mmuni ty member s. By syst emat ica l ly manipu lat ing
he number of species in synthetic co mmuni ties, theo-
et ica l pre dict ion s regardin g co mmuni ty stab ili ty in dif-
er ent envir onments can be t est e d dire ctly ( May 1972 ;
etzer et al. 2015 ; Hu et a l. 2022 ). Synthet ic communi-
ies of varying init ia l richness al so en able the inference
f struc ture–func tion l andsc apes, allow ing the predic-
io n o f co mmuni ty functio n b ase d so lel y on species
res ence/abs ence d ata, w i thou t explici t knowledge o f
ynamics o r interactio ns ( Gop a la kri shn app a et a l. 2022 ;
kwara et al. 2023 ). 

ying it all to g ether: the marine carbon cycle 

s an example 

hro ugho ut this paper, we have pr imar i ly focuse d on
en eral prin cip les app licab le across ecosyst ems. Here ,
s a concrete example, we wi l l i l lust rate a scale traver-
al, from enzymes to entire ecosystem functions, by
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Fig. 1 The effects of rising water temperature on the marine carbon cycle, through the lens of microbial communities, from enzymes to 
ocean-scale microbial activity. Temperature fundamentally tunes enzymatic activity, and these effects cascade up through various length 
scales, from the physiology of single species to species interactions to complex communities to ecosystem-level processes like 
biogeochemical cycles (OC = organic carbon). Eventually, the goal is to predict ecosystem-level responses to climate change, such as how 

incr easing temperatur es will shift the balance betw een photosynthetic carbon fixation and storage in the ocean r elativ e to heter otr ophic 
degradation of complex organic matter and subsequent release of CO 2 . While very simplified models, such as the metabolic theory of 
ecology, can serve as null models, a more detailed understanding is required to predict how temperature effects traverse scales from 

enzymatic rates to ecosystem functions. 
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exa mining the ma rine ca rbon cycle a nd i ts respo nse
to increasing sea water tem pera tures ca u sed by clim ate
chan g e ( Fig. 1 ). 

The ocean is a dynamic ecosystem whose mi-
croscop ic inhab i tants, i .e ., phyt oplankt on an d h et-
er otr ophic bact eria, cyc le ∼50% of a l l carbo n o f our b io-
sph ere ( Fie ld et al. 1998 ). The cy clin g o f carbo n by ma-
rine microbes is driven by the col le ct iv e meta bolism of
their co mmuni ties, fro m carbo n fixatio n a nd pa rtial ex-
cretio n o f o rga nic ca rbon by p hytop lankton to the bac-
teria l deg radat io n o f o rga nic matter a nd excha nge of
metab olic by-pro ducts ( Amin et al. 2012 ; Moran 2015 ;
Gra l ka et a l. 2020 ). Even sma l l chan g es to these mi-
crobes an d th eir co mmuni ties can have a major im-
pact on th e plan et ( Cavicchioli et al. 2019 ), and marine
microb ial co mmuni ties ar e alr eady str ongly a ffected by
c limat e c han g e ( Be hrenfe ld et al. 2006 ; Brierley and
Kingsford 2009 ). In this example, we wi l l spe cifica l ly fo-
cus on the increase of rising sea surface tem pera tures. 

Incre asing se a sur face tem pera tures im p act not on ly
physico chemical pro cesses in the o ce an, such as t he
acidificat ion, de oxygenat ion, an d th e deg re e of s eas onal
st rat ificat ion ( Ke eling et a l. 2010 ; Joint et a l. 2011 ; Li
et al. 2020 ), but also biological processes at all levels of
o rganizatio n ( Arroyo et al. 2022 ). However, mos t s tud-
ies focus ex clusiv ely on on e leve l of organization, such
as the p hysio log ica l respo nse o f individ ua l spe cies or
whole co mmuni ties in situ . These app ro aches fai ls to
reveal un der lying prin ciples because they do not con-
ne ct t rai ts o f individ ual microb ia l spe cies to the func-
tio n o f th e wh ole microb io me. Co nsequent ly, cur rent
experim ents an d m ode ls are unable to provide accurate
pre dict ions for how c limat e c han g e impacts carbon cy-
cling by the marine microb io me ( Taucher and O sc hlies
2011 ). 
At th e m ole cu lar level , t em pera ture influences en-

zyma tic ra tes, wit h incre asing rates below an o p t ima l
tem pera ture described by Arr h enius’ law ( Arroyo et al.
2022 ). The col le ct ive tem pera ture sensi tivi ties o f the
enzymes invo l ve d in microbia l m etabolism, in cluding
ph otosynth esis, cent ra l carb on metab olism, and extra-
cel lu l ar c arbo hydrate-acti ve enzymes, gi ve rise to the
tem pera ture sensi tivi ty o f microb ia l act iv it y. D espite t he
un der l ying comp lexity, the tem pera ture sensitiv it y of
microbia l g rowth rate itself is also well described by Ar-
r h enius’ law. Hen ce, th e prin ciples of enzyme kinetics
seem to translat e t o cells, the next level of organization
( Arroyo et al. 2022 ). Tem pera ture sensi tivi ties o f maxi-
ma l g r owth rates ar e ava ilable f or ma ny species ( Smith
et al. 2021 ), ena blin g rea list ic p a ra meterizatio n o f math-
emat ica l m ode ls. How ev er, ca rbon a nd n utrien t avail-
ab ili ty mod ulat e t emperature sensi tivi ties in ways that
are n ot we ll un der st o o d ( Pom eroy an d Wiebe 2001 ; Ha l l
an d Cotn er 2007 ; Th om a s et al. 2017 ). 
Moving fr om micr obia l g rowth t o int eractions, t em-

perature can also impact metabolic processes that im-
p act the excret io n o f metaboli tes, the p rod uctio n o f an-
t imicrobia l compoun ds, an d oth er fact or s. Thu s, it i s
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n clear h ow interaction s betw e en cel ls are expe cte d to
han g e with tem pera ture. F or exam p le, p h otosynth esis
ates genera l ly incre ase wit h tem pera ture ( Kremer et al.
017 ), leading to higher excreted carbon fluxes, which,
n tur n, facilit ate m ore h etero tro phic g rowth. Wi l l in-
reasing water tem pera tur e incr ease or decr e ase t h e n et
arbo n flux into t he oce an (fixa tion min us degrada-
ion)? So fa r, we a re missin g w el l-cont rol le d experi-
ental studies and models of these interactions to test
xist ing pre dict ion s ( Regaudie-De-G ioux a nd Dua rte
012 ). How ev er, exac t know ledge of microbial interac-
ions may not always be r equir ed, an d em er g ent princi-
les at th e leve l of interactions may be found that inform
re dict ion s a bout ecosyst em c han g es with tem pera ture.
or instan ce, in creasing tem pera ture generica l ly favors
h e s lo wer gro wer in labo rato ry cocul tures ( Lax et al.
020 ). 
Emer g ent p rinci ples may a l lo w us to mo ve up

hrough levels of organiza tion, from in t eractions t o
o mmuni ties. In the case of marine micr obes, ther e
s evidence that increasing tem pera tures favor slower
row ers ev en in co mplex co mmuni ties o n the ecosys-
em scale ( Abreu et al. 2023 ). Other studies directly ex-
min e th e fun ct iona l effe cts of tem pera ture chan g es on
o mplex co mmuni ties. Lar g e-scale surv eys hav e identi-
ed a remarkab l y simp le re lations hip between certain
 cosystem propert ies and tem pera ture, which can be
e ll descri bed by Arr h enius’ law ( Gi l loo l y et al. 2001 ;
llen et al. 2002 ). This Metabolic Theory of Ecology

 Gi l loo l y et al. 2001 ; Brown et al. 2004 ) (MTE) ignores
nteraction s betw een co mmuni ty member s, whic h have
een s h own to m odulate th e tem pera ture sensi tivi ty o f
o mmuni ties ( García et al. 2023 ). Ther efor e, it is per-
aps not a surprise that the pre dict ions of the MTE at
he microbial ecosystem level are not always borne out.
or inst ance, t he MTE predicts t hat diversity incre ases
ith tem pera ture, but overa l l microbia l diversity pea ks
18 ◦C ( Tho mpso n et al. 2017 ), far below the t ypic al
 p t ima l g rowth tem pera ture of mos t micro bes. In the
cean, microb ial diversi ty i s m axim a l at ext reme lat i-
udes in the wint er, i .e ., when t he sur face tem pera ture
s lowest, in dire ct cont radict ion to the MTE ( Ladau
t al. 2013 ). Ther efor e, while the MTE offers a simple
ram ewor k, it is insufficient t o accurat e m ode l th e tem-
eratur e r espo nse o f the ocean microb io m e. Furth er re-
earch is ne e de d t o elucidat e p rinci ples at the ecosys-
em level that wi l l help develop improved models for
re dict ing the consequences of c limat e c han g e on the
arine microb io me. 

onclusion 

h e fie ld o f microb ia l e cology is a t a turning poin t:
6S a mplicon a n d m etagen omic sequen cin g hav e de-
ivere d t rem en dous insigh t in to the com position of mi-
rob ial co mmuni ties, an d oth er m eta-omics t ec hnolo-
 ies cont inue to provide ever higher resol u tio n views
nto the biolog ica l pro cesses o ccur r ing in var ious mi-
robia l e cosystems. Wh at i s r equir ed next is a close col-
abo ratio n between exper iment alists and t heor ists and
n in tegra tio n o f botto m-u p and to p–down ap proaches:
o co mb ine observatio nal ‘o mics data with quan tita tive
xper iment al studies of indiv idu al communit y mem-
ers and funct iona l descript ions of whole communi-
ies to develop predictive m ode ls o f microb ial co mmu-
ities ( Widder et al. 2016 ; Van Den Berg et al. 2022 ).
ig h-throug hput c u lt ivat ion te chniques, such as mi-
ro fluidic (e.g., the K-Chip) ( Kehe et a l. 2019 ), mi l liflu-
dic (e.g., the Mi l liDrop machine) ( Bo i tard et al. 2015 ),
r microwell (e.g., the bioMe plate ( Jo et al. 2023 ), the
Chip ( Berdy et al . 2017 )) approac h es, de liver datasets
ith sufficient stat ist ica l power to derive p rinci ples o f
 hysio logy and interactions across a wide ran g e o f no n-
 ode l species. Bio reacto r setu ps, increasingly avail-
ble both commercia l ly or as o pen-so ur ce pr oj e cts, e.g.,
 he UNLOCK platfor m ( ht t ps://m-un lock.n l / ), evo l vR
 Wong et al . 2018 ), c hi .bio ( ht t ps://c hi .bio / ), and pio-
ab ( ht t ps://p io reacto r.co m / ), a l low f or deta i le d func-
 iona l m easurem en ts a t high tempo ral resol u tio n across
 wide ran g e of exper iment al co ndi tio ns. Such experi-
ental setups are key for providing the necess ary dat a

or testing m athem at ica l m ode ls, which wi l l both im-
 rove interp retatio n o f existing o mics data and enable
uan tita tive p redictio ns fo r and ration design of micro-
 ial co mmuni ties. 
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