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Synopsis Un derstan ding th e fact or s t hat influence t h e resilien ce o f b iolog ica l syst ems t o environmental c han g e is a pressin g 
concern in the face of increasing human impacts on ecosystems and the or ganism s that inhab i t th em. However, m ost consid- 
eratio ns o f b iolog ica l resi lience h ave focu sed a t the comm unity and ecosystem level s, wherea s here we di scu ss how including 
co nsideratio n o f p ro cesses o ccur r in g at low er lev els o f b iolog ica l organizat ion may provide insights into factors that influence 
resilien ce at high er leve ls. Spe cifica l l y, we exp lore how processes at the genomic and ep igeno mic level s m ay ca scade up to in- 
fluen ce resilien ce at high er leve l s. We a s k h ow th e con cepts of “resistan ce,” or th e c apacit y of a system to minimize chan g e in 

response to a disturba nce, a nd “recovery,” or the ab ili ty o f a syst em t o return t o i ts o rig ina l state fol lowing a disturb a nce a nd 

avo id ti pp ing po ints and resul ting regime shifts, map to these lower levels of biolog ica l organizat ion. Overa l l, we s ugges t that 
s ubs tant ia l chan g es at these lower levels may be r equir ed to su ppo rt resilien ce at high er leve l s, u sing sele cte d examples of ge- 
n omic an d epigen omic responses of fish to clim ate-ch an g e-relate d st ressor s suc h as high tem pera ture and hypoxia a t th e leve ls 
of the genome, ep igeno me, and organism. 
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ntroduction 

h e con cept of resilien ce h a s emer g ed as a n importa nt
h em e across mu lt ip le discip lin es an d h a s p art icu lar
 ro min en ce in co nservatio n research and policymaking
 M artin-M art in-Bre en and Anderies 2011 ; C ap dev il a
t al. 2021 ). Indeed, it h a s be en argue d t hat underst and-
ng resilience will be pivotal for esta blishin g sustain-
 ble relation ships betw een human s and ecosystem s in
ur hum an-domin ated world ( Cañizares et al. 2021 )
 nd f o r deci pherin g how ecosystem s will respond to
h e environm ental chan g es that ar e alr eady a ffe ct ing
 iodiversi ty ( Pecl et a l. 2017 ; Fre eman et al. 2019 ; He
nd Si l liman 2019 ; Albert et al. 2021 ; Su et al. 2021 ).
ow ev er, un derstan ding th e m ech ani sms and proper-

ies t hat deter mine t h e resilien ce of an ecosystem re-
ains a major cha l len g e. 
Her e we pr opose th at it m ay be inform ative to ado p t

 fram ewor k that ackn owle dges that resi lien ce at on e
 dvance A ccess publicatio n Ap ril 17, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the

ccess article dist ribute d under the terms of the Creative Co mmo ns Attribu ti
er mits unrestr ict ed reuse , dist ribut ion, and r epr oduction in any medium, pr
evel o f b iolog ica l organizat ion is li ke ly to be s haped by
rocesses acting at lower levels of organization ( Fig. 1 ).
his expansion in focus is driven by the re cog nit ion that
enomic ada pta t ions, mole cu la r responses, a n d ce l lu lar
rocesses col le ct ive ly s hape th e resilien ce of ce l ls, t is-
ues, a nd orga nisms a nd thi s i s like ly to influen ce th e
tab ili ty a nd susta inab ili ty o f po p u lat io ns, co mmuni-
 ies, and e cosystem s ( Thorog o o d et al. 2023 ). How ev er,
esp i te the exten siv e con sideration of resilience in eco-

og ica l contexts, how to app l y this concept at lower lev-
ls of biolog ica l organizat ion and what insights might
e gained from thinkin g a bout resilience at thes e le vels
 re fa r from clea r. 

esilience across levels of organization 

h e con cept of resilien ce i s u s ed in s ome what differ-
nt ways across disci plines, resul ting in mul ti ple calls
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Fig. 1. Levels of biological organization. Resilience at the level of communities and ecosystems may be facilitated by multiple interacting 
processes at lower levels of biological organization. Illustration by Rush Dhillon. Alt text: An inverted triangle with different colored 
sections r epr esenting lev els of biological organization. The genome is at the bottom (the tip of the inv erted triangle) f ollo wed b y the 
epigenome, cells and organelles, tissues, organisms, populations, communities, and finally the ecosystem at the top, at the wide end of the 
triangle. 
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to refine i ts defini tio n in the context of the resilience of
biolog ica l systems ( Pimm 1984 ; C arp ent er et al . 2001 ;
Mart in-Bre en an d An deries 2011 ; Hodgson et al. 2015 ;
An g e ler an d Al len 2016 ; Wa l ker 2020 ; C ap dev il a et al.
2021 ; Yi and Jackson 2021 ). Many of these definitions
embrace two se emingly disp ara te com ponen ts of re-
silien ce: resistan ce an d recovery ( Fig . 2 ). “R esistance”
descr ibes t he extent of disturbance a system can endure
befor e r eaching a ti pp ing po int an d s hift ing to an a lter-
na tive sta t e , suc h that a resis tant sys tem is able to en-
dure a greater level of a s tres so r o r b e disturb ed less
by a given amount of a s tres sor ( Holling 1973 ). “Re-
covery,” on t he ot her hand, reflects t he ext ent t o whic h
a system re bound s or recovers following a disturbance
( P imm 1984 ; Za mpier i 2021 ). “Resist a nce” a nd “recov-
ery” may provide a lterat i ve or comp lementary routes to
av oidin g th e s hift to an a lternat ive s tate s table (regime
shifts) ( Hodgson et al. 2015 ) ( Fig. 2 ). 

Resilience studies often focus on the ability of a com-
muni ty to avo id ti pp ing po ints to al ter native st able
states ( van Nes et a l. 2016 ; Da kos et a l. 2019 ), presum-
ab l y becaus e thes e a lternat ive st ates are of ten consid-
ered to be undesirable, such as the chan g e from a coral
re ef-dominate d e cosystem to a macro a lga l-dominate d
syst em ( Knowlt on 1992 ). How ev er, in the context of
a fun dam enta l ly a ltere d environment, a resi lient sys-
tem th at i s resi stant t o c han g e may not be the o p t ima l
sol u tio n as per for mance may be low in the chan g ed



Genomic and epigenomic resilience 3 

Fig. 2. Biological resilience comprises two main components 
(resistance and reco very). Highl y resilient systems may undergo 
minimal change in response to an environmental stressor (i.e., be 
resistant) and/or they may have high capacity to recover from the 
disturbance. When capacities for resistance and recovery are 
exceeded, systems may reach tipping points at which they 
transition to a new state. Multiple processes acting within and 
across biological levels may be important in determining these 
characteristics. Illustration by Madison Earhart. Alt text: Three 
panels (labeled r esistance, r ecov ery, and tipping points) each 
containing different colored balls. The first panel depicts a red ball 
getting slightly squished and returning to normal over time. The 
second panel shows a purple ball bouncing, completely flattening at 
the bottom, and r ecov ering to normal over time. The third panel 
depicts a green ball falling over a tipping point and turning into a 
blue star over time. 
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nvironm ent. Th eref ore, a singula r f ocus on resilience
n terms of avoidance of t ipping points/reg im e s hifts

ay not always be p rod uctiv e. In stead, it may be nec-
ssary to consider h ow m o difying comp onents of the
 cosystem cou ld t r ig g er positiv e ti pp ing po ints toward
ew adaptiv e sta ble st ates t h at m a inta in ecosystem ser-
ices ( Lenton 2020 ). 
But, how do the concepts of “resistance,” “recovery,”
nd “ti pp ing po ints/regim e s hifts” app l y at lower lev-
ls of biolog ica l organizat ion? In this context, it may
e h e l p ful to co nsider th e ph en om en on of h om eosta-
i s, which i s a cent ra l unifying p rinci p le in p hysio logy
 Bi l lman 2020 ). Home ostasis is the ab ili ty o f an organ-
 sm to m a inta in inter nal st ab ili ty in response to en-
ironmental chan g e, and r epr esents a form of “resis-
ance” ( Fig. 2 ). How ev er, maintainin g h om eosta si s in
ny g iven p aramet er (e .g., blo o d pH or b o dy temp era-
ur e) r equir es mu lt iple adjust m ents an d chan g es across
rocesses at lower levels o f o rganizatio n. Fo r example,
 om eosta si s of blo o d pH in a hig h C O 2 environment
 equir es chan g es in v ent i lat ion (at the lungs or g i l ls), a l-
eratio ns o f io n transpo rt in tis s ues s uch as the g i l ls and
idn ey, an d associat ed c han g es in tran sporter g ene ex-
 ressio n ( Ao i a nd Ma runaka 2014 ; Ha mm et al. 2015 ;
r esguerr es 2024 ). In essen ce, h om eosta si s, an d per haps
ven biolog ica l resi lien ce m ore gen era l ly, may r epr esent
xamples of the so-ca l le d flo at ing duck syn drom e, in
hich s ubs tant ia l chan g es in un der lying m ech ani sms

hat are not immedia tely a pparen t are re quire d to main-
 ain st ab ili ty an d resilien ce at high er leve ls, much like a
uck may have to p add le its legs f ur ious ly un der wa-
 er t o ma inta in th e sm ooth m ovem ent a bov e the water’s
 urface. P hysiolog ica l h om eosta si s and the stab ili ty o f
 colog ica l systems a l so sh a re simila r ities in t hat bot h
 re ma inta ine d by interact io ns amo ng mul ti ple feed-
ac k syst ems t hat provide f unct iona l re dun dan cy an d

ncre ase t he st ab ili ty o f the systems through a variety
 f self-reinfo rcing fe e db acks at lower levels of organiza-
 ion ( Ba ho et a l. 2017 ). 

We argue that a variety of responses, or even regime
hifts, at lower levels o f o rganizatio n may be key to
 ro mot ing resi lien ce at high er leve l s. Thi s idea i s ex-
mplified by the ph en om en on of ph en ot ypic pl astic-
 ty, o r the ab ili ty o f an o rganism to p rod uce different
h en otypes in response to chan g es in environmental
o ndi tio ns wi thou t chan g es in th e un der lyin g g enotype
 W hi tma n a n d Agrawal 2009 ). Alth ough n ot a l l ph en o-
 ypic pl asticit y results in beneficial chan g es ( Ghalambor
t a l. 2007 ), beneficia l or adapt i ve p h en ot ypic pl asticit y
an a l low or ganism s to adjust th eir m orph ology, physi-
logy, o r behavio r to ma inta in o r imp rove perfo rmance
h en th e environm ent chan g es. This pl asticit y at the
ole cu lar, cel lu la r, a nd orga ni sm al level s m ay then pro-
 ote resilien ce at high er leve ls o f b iolog ica l organiza-

ion ( Hendry 2016 ). 
In this re vie w, w e con sider t he ide a of resilience

nd its com ponen ts of r esistance, r e covery, and t i pp ing
oints ( Fig. 2 ) from the p ersp e ct iv e of the g en om e an d
h e epigen om e, an d th eir c asc ading effects across lev-
ls of biolog ica l organizat ion. We s ugges t that when
hinkin g a bout resilience at low er lev els o f b iolog ica l
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o rganizatio n, i t may be useful to add the idea of a “re-
spo nse” alo ng wi th co nsideratio ns o f r esistance, r ecov-
ery, an d regim e s hifts. To i l lust rate t hese ide a s, we focu s
on sele cte d examples fro m our wo rk o n th e resilien ce of
fish to key clim ate-ch an g e-related a biotic s tres sors s uch
as high tem pera ture and low oxygen (hypoxia), to ask
how processes at lower levels of organization may con-
tribut e t o th e resilien ce o f o r ganism s, po p u lat io ns, o r
species, and (by extension) to the properties of the com-
munities and ecosystems they inhab i t. 

Genomic contributions to resilience 

Th e gen om e en codes th e inst ruct ions that dictate an or-
ganism’s struc ture, func tio n, and respo nses to the en-
vironm ent. At th e leve l of th e gen om e itse lf, m olecu-
lar proces ses s uch as D NA repa ir, reco mb inatio n, and
r eplication ar e cent ra l to ma inta inin g g eno mic integri ty
( Kim et a l. 2019 ). DNA rep air me ch ani sm s, for in stance,
play a crucial role in fixing errors and damage that oc-
cur during replication or as a result of environmental
exposur es. These pr ocesses co ntribu t e t o th e resilien ce
of the genome by en surin g that g enet ic informat ion re-
mains accurate and funct iona l, and thus the genome is
prot ect ed by many processes that h e l p i t t o resist c han g e.
How ev er, the g enome is also dynamic, under g oin g con-
sta nt cha n g e across g eneration s, resu lt ing in genomic
diversit y w ithin and between species. This diversity is
refle cte d in the presence of single-nucle ot ide po l ymor-
phisms (SNPs) and st ructura l va ria nts, including dif-
ferences in copy number and genomic re ar ran g ements
suc h as inver sio ns wi thin and b etween p o p ulations and
species ( Fig. 3 ). 

Genetic va ria n ts have the poten t ia l to modify t raits
that are important in responding to environmental
s tres so rs, and thus influence the relative resilience of in-
div idu als w ithin a po p u lat ion ( Schu lte and Healy 2022 ).
Increased diversit y w ithin and bet ween po p u lat ions can
influen ce resilien ce at th e po p u lat io n o r species lev-
el s ( Vásque z et a l. 2023 ) through so-ca l le d “port folio
effe cts” ( Schind ler et a l. 2015 ) be ca use differen t indi-
v idu als or po p u lat ions may respond to environmental
chan g e in different ways. This genomic diver sity, whic h
r epr esents standing genetic variation, also provides a
reservo ir o f genet ic materia l u po n which natura l sele c-
tion can act, allowing species to adapt to diverse eco-
log ica l nich es an d respon d t o c han gin g environmen-
tal co ndi tio ns ( Ba rrett a nd Schl u ter 2008 ). Thus, ge-
n etic an d fun ct iona l diversity (the t ra it va riat ion resu lt-
ing from this genetic diversity) may be a key compo-
n ent determining resilien ce at th e species an d po p ula-
tion levels ( Barrett and Schl u ter 2008 ; Dakos et al. 2019 ;
Sc hult e and Healy 2022 ). In addi tio n, i t h a s been ar-
gued t hat bot h int raspe cific div ersity in g en es en cod-
ing key funct iona l t ra its a n d th e resu lt ing cap aci ty fo r
adaptiv e ev ol u tio n may c asc ade up levels of biolog ica l
o rganizatio n to influence e cosystem resi lien ce an d sus-
cept ibi lity to tipping points ( Dakos et al. 2019 ). Indeed,
the effects of increased intraspecific gen etic an d fun c-
t iona l diversity on community and ecosystem proper-
t ies have re ceive d extensive a tten tio n fro m bot h t heo-
ret ica l ( Norberg et al. 2001 ) and empirical p ersp ectives
( Reusch et al. 2005 ; Crutsin g er et al. 2008 ; Rog er et al.
2012 ) (for re vie ws, s ee Hughes et al . 2008 ; Bolnic k et al.
2011 ). 

Identifyin g the g enetic va ria nts influencing resilience
rem ains a ch a l leng ing task because resilience is likely
to be influenced by a variety of traits, each of which
may be highly po l ygenic (influenced by mul ti ple genes,
e ach wit h re lative ly sma l l imp acts). Re cently, mu lt ivari-
ate gen om e-w ide associ ation studies (GWAS), which
consider the impacts of mu lt iple loci tog ether, hav e
been s ucces sfully used to identify th e gen etic ba si s of
variation in c limat e-c han g e-relate d t raits across mu lt i-
ple spe cies ( Hea ly et al. 2018 ; De La Torre et al. 2021 ;
Yos hida an d Yáñez 2021 ). F or exam ple, u sing a sm a l l
topminnow th at i s found in m ars h es an d estuaries along
t he e a st coa st of Nort h Amer ica (t he At lant ic ki l li-
fish, Fu nd ul us heterocl itus ), w e hav e s h own t hat t here is
con sidera b le interindi v idu al vari ation in traits that are
thought to be indicative of the ab ili ty to resist climate-
chan g e-relate d st ressor s suc h as the maxim um tolera ted
tem pera tur e (measur ed as t he cr it ica l t her m al m axi-
mum, CTMax) and the minimum t olerat ed oxygen level
(mea sured a s th e tim e to loss of e qui lib ri um in hypoxia,
LOE hyp) ( He a l et a l. 2018 ). Using a co mb inatio n o f uni-
va riate a nd mu lt ivariate GWAS, w e demon st rate d that
th ese resilien ce traits hav e a g enet ic b a si s and th at geno-
types at a re lative ly sma l l set o f S NPs ( ∼35–40) can ac-
count for ∼50% of the phenot ypic vari ation in these
trai ts, wi th different sets of SNPs being associated with
each trait. 

Genot ype–env ironment associ at ion ana lyses and
gen om e wide sele ct ion sc ans (GWSS) c an also be used
to identify genes associated with potent ia l resi lience to
environmental chan g e ( Haas l an d Payseur 2016 ; Las ky
et al. 2023 ). In Atlant ic ki l lifish, we h ave u sed GWSS
( Brennan et a l. 2018 ; Hea ly et a l . 2018 ) t o identify genes
wh ose gen et ic diversity a long a lat itudina l t her ma l g ra-
dient h a s been sh ape d by sele ct io n. By co mb ining the
r esults fr om GWSS and GWAS, we were able to identify
s ome ke y c andid ate genes that are likely to be inv olv ed
in resilience to high tem pera ture and low oxygen. For
example, o ne o f th e gen es we ident ifie d is an E3 ubiq-
uitin ligase , whic h is o ne o f a lar g e grou p o f genes in-
vo l ved in targeting damaged proteins for deg radat ion
( Healy et al. 2018 ). Ub iqui tin ligases are part of the cel-
lular machinery that aids recovery from t her ma l st ress,
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Fig. 3. Genomic contributions to resilience. Genome sequences vary within and between species in a variety of ways, including SNPs and 
structural variants such as insertions, deletions, and rearrangements. Some of these variants may modify traits that affect resilience at the 
level of individuals and populations. Genetically based variation may increase resilience by buffering responses to environmental 
disturbance through portfolio effects or by providing standing genetic variation on which natural selection can act. Illustration by Madison 
Earhart. Alt text: Four colored semicircles stacked on top of each other. The bottom semicir cle depicts DNA and a chr omosome. The 
next semicircle depicts slightly transparent killifish with different colored organs. The f ollo wing semicircle includes many killifish, in which 
some are pink and some are green. The final semicircle depicts multiple killifish again, and this time they are all pink. 
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nd thus have a clear link to resilience at the cel lu lar
ev el ( Maxw ell et al. 2021 ). 

It i s al so possible to ut i lize genomic informat ion to
a ke pre dict ion s a bout likely responses to future cli-
at e c han g e ( Cortés et al. 2020 ). Geno mic p redic-

io n app r oaches wer e first developed to increase the
fficiency of plant and animal breeding by predicting
h en otypes of p art icu lar genotypic combinations, but
re now being used to develop pre dict ions for the per-
 orma n ce of in div idu als or po p u lat ions an d th eir re-
ilien ce in th e face o f fu ture c limat e c han g e ( Capblancq
t al. 2020 ; Cortés et al. 2020 ; Waldv og el et al. 2020 ).
lthough many such studies have been co nd ucted in
 lants ( Supp le et a l. 2018 ; Capp a et a l. 2022 ), there
re only a few compelling studies in wild anim al s
 Capblancq et al. 2020 ). For example, in yellow warblers
 Set op haga pet ec hia ), associatio n s betw een g en om e se-
uen ce an d c limat e were used t o ident ify genes lin ke d to
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explo rato ry and migrato ry behavio r as potent ia l ly im-
porta nt f or c limat e ada pta tio n. Geno mic p re dict ion was
then used to classify po p u lat ions as “genet ica l ly vu lner-
able” b ase d o n these p re dict io ns. The p re dicte d “vu l-
nerable” po p u lat ions were a lready s h ow ing ev idence of
declines ( Bay et al. 2018 ). In fis h, gen o mic p re dict ion
s tudies have mos tly focused on s pecies th at are u sed
in aq uacult ure or in conserva tion ha t c hery st oc king
prog rams, be cause geno mic p re dict ions develope d us-
ing fish in c aptiv it y have the potent ia l to predict how
wild po p ul ations w ill respond to future environmental
chan g e, which may be useful in dev elopin g future st oc k-
in g program s for po p u lat ions a ffe cte d by c limat e c han g e
( Yos hida an d Yáñez 2021 ; San dova l-Cast i l lo et a l. 2022 ).

Epigenomic contributions to phenotypic 

plasticity and resilience 

Un derstan ding th e m ech ani sms a ssoci ated w ith ph en o-
t ypic pl asticit y is likely to be a key co mpo nent o f under-
sta nding a nd pre dict ing resi lien ce in th e face of envi-
ronmental chan g e ( Wi l liams et a l. 2008 ; Fox et a l. 2019 ;
McCaw et al. 2020 ). In this co ntext, i t is cri t ica l to ap-
precia te tha t ph en ot ypic pl asticit y occurs at a variet y of
tempora l sca les, incl uding acu te respo n ses (ov er hours
t o days), rever sible acc limatio n o r acclima tiza tion (over
days to months, in the labo rato ry o r th e fie ld, respec-
ti vel y; Somero et al. 2017 ), and developmental plastic-
ity, w hich occ urs w h en ear ly deve lopm ent al exper ience
in duces ph en otypes th at m ay la st thro ugho ut a life-
time ( W hi tma n a nd Ag rawa l 2009 ). Fina l ly, t ran sg en-
erat iona l plast icity (TGP) sp ans mu lt iple generat ions
and occ urs w hen environmental c ues ind uce heri table
chan g es in the phenotypes of offspring ( Don e lson et al.
2018 ). Each of these responses to environmental chan g e
invo l ves a suite of behavioral, p hysio logical, an d m olec-
ular responses tha t, a t least in s ome cas es, a l low an or-
gani sm to resi st th e environm ental chan g e and maintain
per for mance. 

Epigen etic m ech ani sms m ay be critical in determin-
ing the c apacit y for ph en ot ypic pl asticit y v i a their role in
modu lat in g g ene exp ressio n ( Burggren 2014 ). So me o f
the best-c haract erize d epigenet ic me ch ani sms are DNA
methylatio n, histo ne modificatio ns, and regu lat ion v i a
microRNAs ( Fig. 4 ). Each of these mech ani sms h a s the
potent ia l to modify traits that may a ffe ct resi lience at
the organi sm al leve l, an d (a s i s the ca se for geneti-
ca l ly b ase d variat ion) this in creased ph en otypic diver-
sity may a ffe ct resi lien ce at th e po p u lat ion and spe cies
levels ( Sc hult e and Healy 2022 ), and c asc ade upward
to a ffe ct resi lience a t comm unity and ecosystem levels
( G lad stone-Ga l lagher et al. 2019 ). 

Two key attributes of epigen etic m ech ani sms m ake
t hem intr iguing c andid ates for underly ing ph en otypic
pl asticit y across t imesca les: they are environmenta l ly
p liab le whi le a lso b eing p otent ia l ly her it able. Thus, epi-
gen etic m ech ani sms h ave the c apacit y to act on s h ort,
in tragenera tion al, timescales a s well a s lon g er, tran s-
generat iona l t imesca les. The abi lit y to dy namic a l ly a lter
th e epigen om e in response to environmental cues intro-
duces a level of flexibility that is absent in the relati vel y
sta tic na ture of DNA. This ada ptab ili ty a l lows organ-
i sms to m a ke rea l-t ime adjust m ents in gen e regulatory
processes in response to specific environmental condi-
t ions. The potent ia l her it ability of epigen etic mar ks pro-
vides a means for adapt ive t raits to persist in subsequent
g eneration s, cont ribut ing to the long-term resilience of
a s pecies a gains t enviro nmental fluctuatio ns th at m ay
u lt imately lead to div er g ence. How ev er, many question s
rema in bef o re i t wi l l b e p ossi ble to deve lop a nuan ced
un derstan ding of the role o f ep igeno mic chan g es in the
co ntext o f ada pta tio n and evol u tio n an d th eir impor-
ta nce f or determining resilience in the face of c limat e
chan g e ( Venney et al. 2023 ). 

Much of the r esear ch on the role of epigen omic m od-
ification in responses to climate chan g e has focused
o n DNA methylatio n, which invo l ves adding or re-
m oving a m et hyl group (CH 3 ) to t he C-5 posi tio n o f
a cyt osine nuc le ot ide in DNA at posit ions known as
CpG si tes ( Moo re et al. 2013 ). The addi tio n o f methyl
groups to DNA is catalyzed by members of the dnmt
(D NA methyltra nsf erase) gene fa mily ( Lyk o 2018 ). Va r-
ious members of the famil y p lay different roles. For ex-
a mple, D NMT1 is pr imar il y invo l ved in the mainte-
n ance of exi st ing DNA methylat io n si tes, whereas s e v-
eral of the DNMT3s are pr imar il y invo l ved in de n ovo
DNA methylatio n d urin g dev e lopm ent an d in response
to environmental chan g e ( Jaenisch and Bird 2003 ).
Thus, viewed through the lens of resilience, some epige-
net ic p atterns are high ly ro bus t and resis tant t o c han g e
(ma inta in ed by th e activ it y of DNMT1), where as ot hers
ar e much mor e dy namic a l ly regu late d (e.g., through the
actio n o f D NMT3s) a nd ca n p lay a ro le in al tering p ro-
cesses of resista nce a nd re covery. C hanges in genomic
methylat ion p atter ns are t hought t o alt er t he t hree-
dimensiona l st ructur e of chr omat in, subse quently a l-
ter ing t h e accessi b ili ty o f transcri ptio n facto rs and re-
su lt in g g ene exp ressio n, a ffe ct ing t raits at higher lev-
els o f b iolog ica l organizat ion ( Moore et al. 2013 ). How-
ever, i t is impo rtant to note that th e re lations hip be-
t ween DNA methyl a tion pa tterns and gene exp ressio n
lik ely va ries a mo ng majo r taxo no mic grou ps ( Bogan
and Yi 2024 ). In the vert ebrat es, gen om es ten d to be
hig hly methy lat ed , t ypic ally w i th > 70% o f the CpG si tes
across th e gen om e being m ethylat ed , wit h a not able ex-
cept ion that act i vel y t ranscribe d gen es ten d to have low
levels o f p ro moter methylatio n. In co ntras t, mos t in-
vert ebrat e gen om es ten d to have much low er lev els of
methyl ation, w ith m ost m ethy lation occ urrin g in g ene
b o dies, and little o ccurring in p ro mot er s or intergenic
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Fig. 4. Epigenomic contributions to resilience. Epigenomic mechanisms, including DNA methylation, histone modifications, and regulation 
of transcription and translation by microRNAs, can modify the activity of the genome without changing the underlying DNA sequence. 
These epigenomic mechanisms are affected by the environment and thus these mechanisms directly link the genome to environmental 
change. Changes at the level of the epigenome can affect gene expression, and these effects at the molecular level cascade up to affect 
traits that may influence organismal resilience to environmental change. This epigenomically mediated variation among individuals or 
populations can then influence resilience at higher levels of biological organization. Illustration by Madison Earhart. Alt text: Three circles 
stacked vertically. The bottom circle depicts a purple DNA strand with methylation tags, purple histones, and purple micro-RNAs, 
signifying the epigenome. The middle circle shows two slightly transparent stickleback with either purple or red organs, signifying 
epigenomic effects on phenotype. The final circle shows a population of stickleback where some individuals are purple and some are 
normal colored, signifying population diversity in the epigenome. 
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eg ions ( Suzu ki and Bird 2008 ; de Mendoza et al. 2020 ).
ow ev er, in a l l g roups, methylat ion p atterns are sen-

i tive to enviro nmental sign al s, alt hough t he relation-
 hip between th ese chan g es and chan g es in g ene expres-
ion varies among taxa ( Bogan and Yi 2024 ). In p art ic-
l ar, in pl ants and vert ebrat es, the c lear re lations hip be-

w een chan g es in D NA methylation a n d gen e expres-
ion m akes thi s epigen etic m ech ani sm a lik ely ca ndi-
ate for me diat ing ph en otyp ic plastici ty and determin-
ng the c apacit y fo r o rgani sm a l resi lience t hrough t hese
h en otypic chan g es. 

Most of wh at i s known about the c apacit y for an-
m al s to reshape t heir met hylo me co mes fro m stud-
es o f enviro nmen tal acclima tion a t t imesca les of we eks
o mo nths, wi th studies in aquatic or ganism s detectin g
han g es in DNA methylation with acclimation across
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to salinity ( Morán et al . 2013 ; Art emov et al. 2017 ;
Metzger and Sc hult e 2018 ), hypoxia ( Beem e lmanns
et al . 2021 ), t em pera ture ( Han et al. 2016 ; Sun et al.
2016 ; A n a sta siadi et al. 2017 ; Metzger and Schulte 2017 ;
Beem e lm anns et al. 2021 ; Lallia s et al. 2021 ; Fellous et al.
2022 ), a nd ocea n acidificatio n ( Pu t nam et a l. 2016 ; Liew
et al. 2018 ). For example, using threespine st ickleb ack
( Gas t eros t eus aculeatus ), w e hav e s h own t hat t her mal
acclimat ion resu lts in s ubs tant ia l chan g es in th e m ethy-
lome that were widely dist ribute d across a l l chromo-
som es an d invo l ve both increased and decreased methy-
lation ( Metzger and Sc hult e 2017 ). S imilarly, in whit e
stur g eon, w e hav e s h own that 10 an d 20 days of expo-
sure to a t her ma l st ressor that mimicked a natural heat-
wave resu lte d in DNA methylat ion chan g es in bot h t he
g i l l and the heart ( Fig. 5 ), although the temporal pat-
tern differed between tis s ues ( Ea rha rt et al. 2023 ). These
chan g es in DNA methylation were associated with in-
creases in upper th ermal toleran ce an d hypoxia toler-
ance with acclimation, s ugges ting a potent ia l role in in-
cre asing t h e resilien ce of this species to subsequent ther-
ma l st ress. 

In contrast to the abundant studies on the effects of
acclimatio n o n DNA methylatio n in anim al s, much less
is known about the effects o f acu te exposures ( < 1 day)
t o c limat e-c han g e-relate d st ressors. In a study of sea
sq uirts ( Cio na savi g nyi ), DNA met hylation levels were
a ltere d after 1 h of acute exposure to high tem pera tures,
3 h o f acu t e exposure t o low salini ty, o r 6 h o f expo-
sure to either low tem pera ture or high salinity ( Huang
et al. 2017 ). How ev er, these chan g es in DNA methyla-
tion were transi to ry wi t h most retur ning to bas al levels
within 48 h despite con tin ued p resence o f the s tres sor.
Similarly, w e hav e s h own that white stur g eon ( Acipenser
trans mo nt anus ) exhib i t rap id chan g es in DNA methyla-
tion ( Fig. 5 ) in response to both th ermal an d hypoxic
s tres sors ( Ea rha rt et al. 2023 ). In thi s study, ch an g es
in glob a l DNA methylat ion w ere observ ed after ∼1 h
exposure to either high tem pera ture or hypoxia, al-
t hough t he patter ns differed between tis s ues and s tres-
sors ( Ea rha rt et al. 2023 ). These data dem onstrate th e
c apacit y for rapid rem ode ling of th e m ethylom e in re-
sponse t o c limat e-c han g e-relate d st resso rs and po int to
th e possi b le ro le of th ese m ech ani sms in resilience in
the face of rapid chan g es in tem pera ture and oxygena-
tion such as may occur during heatwaves. 

A p art icu larly int riguin g findin g from our study of
heatwave exposure in white stur g eon ( Ea rha rt et al.
2023 ) wa s th at there wa s a differen ce in th e respo nse o f
the g i l l methylome to ac ute hig h tem pera ture and hy-
p oxia exp osure dep en ding on wh eth er or n ot th e fis h
had under g o ne acclimatio n to the heat wave ( Fig . 5 ), al-
t hough t hi s effect wa s not observed in the heart. This
indica tes tha t p rio r t her m al acclim atio n influen ces th e
acu te respo nse o f th e m ethylom e to m or e extr eme str es-
s ors, re v ealin g a previously unexpe cte d interact ion be-
twe en processes act ing at these two different t imesca les.
Similar ly, oth er studies have demonst rate d how expo-
sur e to envir onmenta l st ressors early in deve lopm ent
can have per sist ent effects on the methylome that in-
fluen ce th e respo nse to acu t e exposures t o subsequent
s tres sor s lat er in life ( Uren Webst er et al . 2018 ). 

Ther e ar e r elati vel y f ew exa m ples tha t have demon-
st rate d the cont ribut ion of chan g es in DNA methylation
to th e ph en om en on of deve lopm enta l plast icity in fish
( A n a sta siadi et al. 2021 ). In threespine st ickleb ack,
w e hav e s h own t hat t h e environm en tal tem pera ture
exper ienced dur in g embry onic dev e lopm ent (from
fert i lizat ion to hat c h) can have effects on DNA methy-
lat ion p atter ns t hat are st i l l app arent in ad ul t fish that
have been r ear ed for ∼8 months in a common environ-
m ent from th e tim e of hat c hin g ( Metzg er and Sc hult e
2017 ), r epr esenting a r egim e s hift to a n ew s table s tat e .
App roximately 25% o f the different ia l ly methylate d
regions (DMRs) associated with variation in develop-
men tal tem pera tur e wer e also differ ent ia l ly methylate d
as part of t he t her m al acclim atio n respo nse in ad ul ts,
poin ting to a t least som e over l ap bet ween the processes
of t her m al acclim ation an d deve lopm enta l plast icity,
but also clearly hig hlig hting th e differen ces between
t hem. An intr iguing study in ze brafis h ( Loughlan d
et al. 2021 ) demonstrated that knockout of dnmt 3a
(o ne o f the genes respo nsible fo r DNA methylatio n)
m odifies th e th erm al perform ance curve for swimming
per for mance of adult ze brafis h an d blocks deve lopm en-
ta l plast icity in this trait. These data strongly suggest
tha t regula t ed c han g es in DNA methylation may be
r equir ed for deve lopm enta l plast icity. 

It h a s been even more ch a l leng ing to empirica l ly
demonst rate t ransgenerat iona l in her it ance of DNA
methylat ion p atterns. Most of the data su ppo rting
this ph en om en on have be en col le cte d in pl ants, w ith
f ewer clea r exa mples in a nim al s ( Horsthemke 2018 ;
A n a sta siadi, Venney, et al. 2021 ; Fitz-Ja mes a nd Cava l li
2022 ). The cha l len g es of as ses sin g tran sg enerational
inher it ance of DNA methylation patterns in anim al s
stem from s e veral i ssues. First, anim al germ cells are
pr esent thr o ugho ut lif e, a nd thus a ny exposure of a
p arent a ls o expos es th e n ext gen eration an d thus ex-
perimen ts m ust be car r ied at le ast to t h e F2 gen era-
tio n (o r the F3 in the case o f exposure o f p regna nt f e-
males) to confirm tran sg en erational inh er it ance of an
epig enetic chan g e. Secon d, su bstant ia l DNA methyla-
tio n rep rogramming occurs d uring develop ment across
deut erost omes ( S kvortsova et al . 2018 ), whic h decreases
the p robab ili ty t hat met hylation marks wi l l be t rans-
ferr ed acr oss g eneration s. How ev er, the extent of DNA
methylatio n rep rogra mming appea r s t o vary across
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Fig. 5. Heatwave acclimation and acute exposure to high temperature or low oxygen alter global levels of DNA methylation in white 
sturgeon. J uv enile white sturgeon w er e laboratory acclimated to temperatures mimicking a heatwave recorded in their river of origin 
across 20 days. Levels of global DNA methylation (%) in the gill and heart changed significantly across the exposure to the simulated 
heatwa ve. Heatwa ve exposure also affected the response of global DNA methylation to acute high-temperature exposure during a CTmax 
or hypoxia tolerance trial (within ∼1 h). P er cent changes in DNA methylation ( �) r elativ e to levels prior to the tolerance trial are 
indicated ( ∗ indicates statistically significant differences). These responses differ between fish prior to heatwave exposure compared to 
those that have been exposed to simulated heatwave conditions for 20 days. Data from Earhart et al. (2023) . Illustration by Madison 
Earhart. Alt text: An illustration with thr ee r ectangles. The top r ectangle contains a hand-drawn gra ph sho wing riv er temperatur e and 
DNA methylation over time. The two bottom rectangles show illustrations of CTMax and hypoxia trials with juvenile sturgeon next to a 
water heater and a sturgeon next to a bubble-bar releasing pink nitrogen bubbles. Below the sturgeon there are illustrations of a gill and a 
heart showing DNA methylation changes. 
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ert ebrat es. For example , in m amm al s, gen om e-wide
 NA demethylation a nd remethylation is exten siv e

 Rei k et a l. 2001 ; Rei k 2007 ), whereas Xenopus ma inta in
igh levels of gen om e DNA m et hylation dur ing e arly
mb ryo nic develop ment ( Ve enst ra a nd Wolffe 2001 ).
ish appear to employ diverse r epr og ramming st rate-
ies and it may occur a t differen t deve lopm enta l t ime
o ints o r in respo nse to enviro nmental chan g e ( Fellous
t al. 2018 , 2022 ). At least some species, such as ze-
ra fish a nd me da ka, may not under g o r epr ogramming
 Mha nni a nd McGowa n 2004 ; Fa ng et al. 2013 ; Jia ng
t al . 2013 ; Pot ok et al . 2013 ; Ort ega-R ec alde et al. 2019 ;
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S kvortsova et al . 2019 ; Ross et al . 2023 ), or the mat er-
nal ep igeno me may be erased in favo r o f p atterns in her-
i ted fro m t he sper m ( J iang et al. 2013 ; P otok et al. 2013 ).
This opens the possib ili ty o f tran sg en erational inh eri-
tance of DNA methylation patterns, but the high preva-
len ce of dem et hylation dur in g dev e lopm ent m e ans t hat
ro bus t empirical evidence should be obtained before
stron g claim s can be m ade. Fin a l ly, mos t s tudies exam-
inin g pattern s o f DNA methylatio n an d ph en otypes at
high er leve ls o f o rganizatio n a re funda menta l ly correla-
tive, and ca usa tio n is difficul t to establish ( Duncan et al.
2014 ). 

One potent ia l example of acquire d DNA methylat ion
pattern s havin g tran sg eneration al effects h a s been doc-
umented in po p ulatio ns o f Po ecili a mexi cana that in-
hab i t sulfide-rich springs ( Kelley et al. 2021 ). In this
study, th e environm enta l effe cts of su lfidic hab i tats were
associ ated w ith per sist ent c han g es in th e DNA m ethy-
lat ion p atterns of re d blo o d cel ls. Wi ld ca ugh t preg-
na nt f emales (F0) were tra nsf erred to a nonsulfidic lab-
o rato ry enviro nm ent, an d many of the DMRs identi-
fie d betwe en wi ld-ca ugh t ad ul ts were also p resent in
F1 and F2 indiv idu als r ear ed in th e n on sulfidic la bora-
to ry enviro nm ent. Th ese dat a sug gest t hat DNA met hy-
lat ion p at terns acq uire d in su lfidic envir onments r esist
r epr ogramming or “r ecov erin g” to a nons ulfidic s tat e ,
s ugges ting th at TGP h a s resu lte d in a reg im e s hift to-
ward a new ep igeno mic stat e . How ev er, P. m exic an a
a re livebea ring fish, a nd be cause preg na nt f emales were
brought bac k t o the laborat ory, it cannot be con clusive ly
determin ed wh eth er th e DMRs that per sist ed are truly
her it able or an effect of the sulfidic enviro nment o n the
germ cells in the F1 generation that w ould hav e receiv ed
s ulfide expos ure. Neverth e less, th ese da ta poin t to the
int riguing possibi lity that t ran sg enerat iona l in her it ance
o f DNA methylatio n p atterns cou ld b e an imp ortant
co mpo nent determining the resilience of this species. 

Here w e hav e focused o n the role o f chan g es in DNA
methylation as a potent ia l ep igeno mic mech ani sm un-
der lying resilien ce to environm enta l st resso rs, bu t the
asso ciation b etw een chan g es in D NA methylation a nd
chan g es in g ene exp ressio n (an d thus ph en otype) varies
s ubs tant ia l ly among major taxonomic groups ( Bogan
and Yi 2024 ). In p art icu l ar, the ev idence of these link-
ages is stro ng fo r plants and m amm al s, variable in fish,
and weak or absent in man y in vert ebrat es ( Boga n a nd
Yi 2024 ). On the oth er han d, th er e ar e mu lt iple epi-
gen etic m ech ani sms, in addi tio n to DNA methylation,
that can alter chro matin co nfo rmatio n and gene ex-
p ressio n th at m a y pla y a role in regu lat ing ph en otypic
pl asticit y. F or exam ple, w e hav e con sist ently det ect ed
chan g es in the exp ressio n o f a variety of genes that regu-
lat e hist on e m ethylation an d acet yl atio n in respo nse to
t her m al acclim ation in s e veral species of fis h, in cluding
salm onids (unpu blis h ed data) an d st ickleb ack ( Metzger
and Sc hult e 2018 ). Inde e d , hist one deacet yl ase activ-
ity h a s been s h own to be n ecessa ry f or t her mal accli-
mation in zebrafish ( Se eb ach er an d Simm on ds 2019 ).
These studies hig hlig ht the potent ia l ly impo rtant, bu t
under studied , role of mul ti ple ep igen etic m ech ani sms
in regu lat ing ph en ot ypic pl asticit y an d un derscore th eir
likel y ro le in deter mining resilience in t he face of cli-
mat e c han g e. 

Ep igeno mic mech ani sms clearly play an im portan t
r ole in r egu lat ing ph en ot ypic pl asticit y a nd a ffecting the
funct iona l t ra its in ma ny orga nisms, a nd (by extension)
the per sist ence of po p u lat ions in the face of environ-
mental chan g e, but to date there have been few empir-
ical studies linking th ese m ech ani sms to processes act-
in g a bov e the species lev el. How ev er, th e eviden ce link-
ing funct iona l t rai t diversi t y w ithin po p u lat io ns to co m-
munity and ecosystem processes is compelling ( Bolnick
et al . 2011 ), whic h s ugges ts that ep igeno mic p rocesses
t hat influence f unct iona l t rait diversity s h ould have sim-
ila r effects ( Hen dry 2016 ). In deed, th ere is eviden ce for
co mmuni ty and ecosystem effects of epigenomic varia-
tion in plants ( Latzel et a l. 2013 ; Rajp a l et a l. 2022 ), but
wh eth er simila r effec ts occ ur in anim al s rem ain s lar g ely
unknown. 

Conclusions 

We argue that to decipher t he cr it ica l drivers and in-
dicat or s of ecosystem-level resilience, it may be impor-
tant to investigate ph en om ena acting at lower levels
o f b iolog ica l organizat ion. Processes act in g at the lev el
of th e gen om e an d epigen om e can s hap e resp onses to
environmental chan g e th at m ay a ffe ct the cap aci ty fo r
bot h resist a nce a nd recovery at the organi sm al level,
which then have the potent ia l to c asc ade up to a ffect
resilien ce at th e leve l of th e po p u lat io n, co mmuni ty, o r
e cosystem. In addit ion, th ese gen omic an d epigen omic
processes have the potent ia l to increase levels of phys-
iolog ica l diversi ty amo ng individ ua ls, which a l lows a
fo rm o f bet-he dg ing b y pro viding a lternat i ve p h en o-
types (and genotypes) u po n which natural selection can
act ( Slat kin 1974 ; O’ D e a et al. 2016 ). Simi larly, t rait di-
versit y c an sc ale u p across b iolog ica l levels to po p ula-
tion an d m etapo p ulation structure , and t o communi-
ties and ecosystems, and this type of funct iona l diver-
sity and potent ia l re dun dan cy h a s been s h own to cor-
re late positive ly with e cosystem resi lience ( Mori et al.
2013 ; Dakos et al. 2019 ; Biggs et al. 2020 ). Thus, explor-
ing interindiv idu a l genet ica l ly o r ep igenet ica l ly b ase d
va riation in k ey funct iona l t raits h a s the potent ia l to
co ntribu t e t o our under st anding of t he resilience of
species (and ultimately ecosystems) to environmental
chan g e. 
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