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Synopsis Climat e c han g e is simu ltane ous ly in creasing atm osph eric carbo n dioxide co ncen tra tions ([CO 2 ]) and tem pera tures. 
We co nd ucte d a mu lt i-factoria l g rowth chamber experiment to examine how these c limat e c han g e fact or s int eract t o influence 
the exp ressio n o f e colog ica l ly re levant m orph olog ica l an d ph en olog ica l t raits, clin es in th ese tra its, a n d natural se lectio n o n these 
traits using diverse accessions of Bo echera stri cta (Brassicaceae) sourced from a broad elevational gradient in Colorado, USA. 
P las tic shifts in a key a l locat ion t rait (root m a ss fraction) in response to tem pera tur e accor ded wit h t he dire ct ion of sele ct ion 

v i a the p robab ili ty o f flow erin g , indic a ting tha t pl asticit y in this trait could be adaptiv e. How ev er, pl asticit y in a f olia r funct iona l 
tra it (lea f dry ma tter con ten t) in response t o t em pera ture an d [CO 2 ] did n ot a lig n wit h t he dire ct io n o f sele ct ion, indicat ing 
th at pla st icity cou ld re d uce fitness . Fo r an oth er e colog ica l ly im portan t ph en otype, se le ct io n favo r ed r esour ce acquisit ive t rait 
values (higher specific lea f a rea) under elevated [CO 2 ] and r esour ce con servativ e trait values (lower specific lea f a rea) at lower 
[CO 2 ], desp i t e the lac k o f plastici ty in thi s trait. Thi s pattern o f selectio n count er s pu blis h ed reports that e levated [CO 2 ] in duces 
low specific leaf area but could enable plants to r epr oduce acr oss a greater p erio d of the growing s eas on under increasingly 
warm c limat es. Inde e d , warmer t em pera tur es pr olon g e d the durat ion of flow erin g . This pl asticit y is likely adaptive, as selection 

favor ed incr e ased flower ing d uratio n in th e high er tem pera tur e tr ea tmen t level. Th u s, clim ate ch an g e could impose n ove l an d 

unant icip ate d p atterns of natural selection on plant traits, and pl asticit y in these traits can be a mal ad aptiv e respon se to s tres s. 

I
A  

r  

(  

i  

t  

(  

h  

D  

(  

(  

a  

t  

l  

u  

m  

a  

o  

m  

a  

n
 

p  

i  

n
p  

t  

m  

A
©
F

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icaf028/8127034 by U

niversity of G
eorgia user on 16 Septem

ber 2025
ntroduction 

 nthropogenic clim at e c han g e has exposed natu-
al po p ulations to rapid ly chang ing abiot ic st resses
 Zandalin a set al. 2024 ). In response, plants and an-
m al s h ave a ltere d their ge og raphic dist ribut ions
o remain within their historical c limatic nic he
 Len oir et al. 2020 ), s hif ted t he timing of k ey lif e
istory events ( Stuble et a l. 2021 ; Wol k ovich a nd
onah ue 2021 ), ada pt ed t o n ove l climatic con ditions

 Franks et al . 2007 ), alt ered th eir ph en ot ypes pl astic ally
 Ch arm ant ier et a l. 2008 ; Se eb acher et a l. 2015 ; Sg ro et
l. 2016 ), an d un der g one po p ulation declines and ex-
 inct ions ( C ampb ell 2019 ; Soroye et al. 2020 ). Fie ld an d
abo rato ry experiments can evaluate t he caus al agents
 dvance A ccess publication May 8, 2025 
C Th e Auth or(s) 2025. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
n der l ying bio log ica l responses to clim ate ch an g e, y et
any such experiments manipulate only one factor

t a time desp i te the complex and mu lt ifacete d nature
f c limat e c han g e. Inde e d, the co mb ine d effe cts of
u lt iple environmenta l st resso rs o n trai t exp ressio n

nd evol u tio n remain p o or ly un der st o o d, esp e cia l ly in
on-crop systems ( Zandalin a set al. 2024 ). 

Atm osph eric CO 2 con cen tra tion ([CO 2 ]) can limit
lant growth ( Poorter et al. 2022 ). Thus, it is not surpris-

ng that in benign environments or sing le-fac tor ma-
ipu lat ion s, one primary respon se of pl ants w ith C 3 
h otosynth esis to increasing [CO 2 ] is h eighten ed ph o-
osyn thetic ra tes, which h a s been documented in nu-

erous systems ( Poorter et al. 2022 ), including our
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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fo cal sp ecies, Boechera str icta (Brassicace ae) ( D enney et
a l. 2024 ). In addit ion to increased photosynthesis, ele-
vated [CO 2 ] can also alter leaf m orph ology an d ch em-
istry, plant size, root growth and allocation to a bov e-
groun d vs. be lowgroun d b io m a ss, flo ral trai ts, fitness,
an d ph en ology ( Nie et al . 2013 ; Poort er et al . 2022 ).
How ev er, desp i te the fert i lizing effe cts of elevate d [CO 2 ]
on C 3 pl ants, env ironmenta l st r ess can r ed uce fitness
and growth benefits tha t plan ts receive from increased
[CO 2 ] alo ne ( Poo rter and Pére z-Sob a 2001 ; Ain sw orth
and Long 2021 ). 

In a study of 28 species of C 3 tem pera te plan t species,
Temme et al. (2017) found that elevated [CO 2 ] wa s a s-
soci ated w ith r esour ce-con servativ e strategies along the
leaf eco no mic s pectrum, s uch as reduced specific leaf
are a (t hicker le aves). Pl ants w it h decre ased specific le af
area have hig her construc tion costs, w hich co rrespo nd
wit h decre ased wa ter con ten t and higher leaf dry mat-
t er cont ent ( S impson et al . 2016 ; De lpian o et al. 2020 ).
Furt her more , elevat ed [CO 2 ] can increase overa l l root
b io m a s s, s ugges ting t hat incre asing [CO 2 ] st imu lates
be lowgroun d growth and may alter r esour ce allocation
patterns ( Nie et al. 2013 ; De Kauwe et al. 2014 ). How-
e ver, s ome studies indicate elevated [CO 2 ] h a s no effect
on root biom a ss a l locat ion ( D usen g e et al. 2020 ) or de-
creases carbon a l locat ion to the roots ( Shan et al. 2023 ).

Elevat ed t emperatures t ypic a l ly favor t rait va lues as-
soci ated w i th tolerance o f t her ma l st ress, such as re-
duce d spe cific lea f a r ea, incr eased leaf dry matter con-
tent, an d in cr eased r oot hair gr owth ( G ray and B rady
2016 ). Fie ld comm on gar dens corr oborate the predic-
tio n fo r specific lea f a r ea, as accessions fr om h ot an d arid
low elevation sites display lower specific lea f a rea a nd
grea ter in tegra ted wa ter-use efficiency than high eleva-
tio n accessio ns ( Wadgymar et al. 2017 ). Leaf dry mat-
t er cont ent reflects a plant’s r esour ce usage ( Díaz et al.
2016 ) a nd lea f const ruct ion cos ts acros s environments
( Hodgson et al. 2011 ; Stanisci et al. 2020 ). For exam-
p le, p l ants grow ing in a sub a l p ine grassland co mmuni ty
in arid environments genera l ly ado p t a con servativ e re-
source usa ge s trategy, with higher leaf dry matter con-
tent ( Stanisci et al. 2020 ), as do plants exposed to ele-
vat ed t emperatures ( Zhu et al. 2020 ). Root m a ss frac-
t ion genera l ly de clines wit h me a n a nn ual tem pera ture
( Mokany et al. 2006 ) but may als o increas e with ele va-
t iona l g radients in a l p ine syst ems ( Li et al . 2008 ). 

Climat e c han g e is inducin g accelerated r epr oduction
in sprin g-flow erin g plant species glob a l ly ( CaraDonna
et al. 2014 ; Stuble et al. 2021 ), but it is cha l leng-
ing to identify which agents of sele ct ion dr ive t hese
shifts or whether these shifts confer a fitness advan-
ta ge ( Camp bell 2019 ; Iler et al. 2021 ). Ma ny pla nt
species flower earlier when exposed to warmer temper-
atur es ( Pr eston an d Fje llh eim 2022 ). In addi tio n, ele-
vated [CO 2 ] either delays or advances flow erin g time
( Sprin g er and Ward 2007 ), and a recent meta-an alysi s
found low consistency in results across experiments
( Poorter et al. 2022 ). Trade-offs can shape the evol u tio n
of in tegra ted sui tes o f trai ts ( Ett er son and S haw 2001 ;
Kei th and Mi t c hell-Olds 2019 ; Kooyer s et al . 2020 ) and
guide our pre dict ion s a bout c limat e c han g e respon ses.
We hypothesize that three genetically correlated ph en o-
log ica l t raits—first flow erin g time, plan t size a t flower-
in g, and flow erin g d uratio n—( Bemm e ls an d An derson
2019 ) respond in concert to climate chan g e. 

Here, we examin ed th e interactio ns o f two key cli-
mat e c han g e fact or s, t em pera ture and [CO 2 ], on the
exp ressio n o f functio nal an d ph en olog ica l t ra its a nd
clin es in th ose traits in th e perenni al pl a nt, B . st ricta
( Rushworth et al. 2011 , 2022 ). We predict that elevated
tem pera tures wi l l induce t rait va lues simi lar to those
expressed b y lo w eleva tion ma t ernal lines, whic h have
exper ienced war mer tem pera tures t han t h eir high e l-
eva tion coun ter par ts across their evol u tio n ary hi story.
Furt her more, we link trait expression to fitness through
ph en otypic se le ct ion ana lyses t o t est wh eth er c limat e
chan g e imposes nov el sele ct ion and if pl asticit y could
be adaptive, in which case, we wou ld expe ct sele ct ion
to acco rd wi t h t he dire ct io n o f plastici ty ( En sin g and
Eckert 2019 ). The paucity of mu lt ifactoria l studies in-
cre ases t he cha l len g e o f p re dict ing how tem pera ture and
[C O 2 ] interac t to shape trai t exp ressio n and exert nat-
ura l sele ct ion. Ta ken tog ether, w e expect that increased
tem pera tures and [CO 2 ] both induce de crease d spe cific
lea f a r ea, incr eased leaf dry matter content, and greater
root m a ss a l locat ions, a lthough we do not have concrete
pre dict ion s a bout wh eth er th ese c limatic c han g e fact or s
wi l l a ffe ct these t rai ts addi ti vel y or wh eth er th ey wi l l in-
teract synerg ist ica l ly. 

Owing to the high deg re e of plast icity in r epr oductive
ph en ology in B . st ricta , a nd lo ngi tudina l t rends in first
flow erin g time (Anderson et al. 2012) , we predict that
increased tem pera tures and [CO 2 ] wi l l advan ce th e tim-
ing of first flowering, reduce the size at flowering, and
incre ase t he d uratio n o f flow erin g. If such chan g es are
adaptiv e, w e expec t selec tio n to favo r this coo rdinated
sui te o f trai ts in the high tem pera ture and hig h [C O 2 ]
t reat ment co mb inatio n relative to t he ot her co mb ina-
tio ns o f enviro nm ents. To th e best of our knowledge,
the potent ia l interact ive effe cts of increasing tempera-
ture and [CO 2 ] on size at flow erin g or the d uratio n o f
flow erin g hav e rarely been evaluat ed , alth ough e levated
[CO 2 ] can a ugmen t size a t flow erin g ( Son g et al. 2009 )
and overa l l plan t heigh t and stem diamet er ( Poort er et
al . 2022 ). We not e that our pre dict ion runs counter to
t his observation t hat incre ased [CO 2 ] can increase plant
size ( Song et al . 2009 ; Poort er et al. 2022 ) because we ex-
pect t hat t h e gen etic corre latio n o f flow erin g tim e an d
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Fig. 1 Source locations for populations used in the growth 
chamber study. Black circles indicate GPS coordinates of maternal 
lines. Topographical elevation (m) is depicted in grayscale with 
white indicating higher elevations. Inset map shows the United 
States, and the diamond indicates the location of the Rocky 
Mountain Biological Laboratory, around which these populations 
w er e sourced. 
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ize at flow erin g ( Bemm e ls an d An derson 2019 ) wi l l
onstrain the evol u tio n o f e arly flower ing large plants. 

ethods 

ystem 

e t est e d p atterns of plast icity an d se le ct ion to j oint
anipu lat ions of tem pera ture and [CO 2 ] using the

erennial f orb, B . st ricta (Graha m) Al-Shehbaz (Bras-
icaceae), which is bro ad ly dist ribute d a long eleva-
 iona l and lat itudina l g radien ts in mon tane ecosystems
 f western No rth Americ a ( A l-Sh e hbaz an d Win dham
010 ; Rushworth et al. 2011 , 2022 ). Across the land-
cap e, p o p u lat io ns o f B . st ricta have adapted to lo-
a l abiot ic and biot ic fact or s, suc h as t em pera ture,
ater avai labi lity, an d h erbivor e pr es s ure ( Lee and
it c h e ll-O lds 2012 , 2013 ; Lee et al . 2017 ; Ander son and
adgyma r 2020 ; Ca rley et al. 2021 ; Ja m ee l et al. 2025 ;
nderson et al. 2025 ). This species is pr imar ily self-
ol linat in g ( Son g et al. 2006 ) and h a s limite d se e d dis-
ers al dist ances. Lo ngi t udinal st udies co nd ucted over

our decades in natural po p ulatio ns o f B . st ricta have
ocumen ted tha t flow erin g ph en ology h a s advanced by
.7 d ays/dec ade ( Ander son et al . 2012 ; CaraDonna et al .
014 ; Wadgymar et al. 2018 ). 

xperimental design 

e col le cte d se e d s from n atural po p ulatio ns o f B . st ricta
 long an elevat iona l g radient ne ar t he Rocky Mount ain
iolog ica l Labo rato ry in Gothic, Colo rado, USA ( Fig.
 ), where po p u lat ion s at low er elevation s experience
e crease d water avai labi lity, lon g er growin g s eas ons,
n d e levat ed t emperatur es compar ed to their higher
leva tion coun ter par ts ( Dunne et al . 2003 ; Ander son
023 ; Ander son et al . 2025 ). To p rod uce the m atern al

ines for this study and to homogenize m atern a l effe cts
 Wadgymar et a l. 2018 ), we g rew field-col le cte d se e ds
n the g re en house fo r o ne generatio n. We exposed 61
 atern al lines from disparate po p ulations (so urce el-

vation ran g e: 2498–3673 m) to a mbient a n d e levated
em pera ture and [CO 2 ] ( Denney et al. 2024 ). Our pre-
iou s an al yses of p l asticit y in p hysio log ica l variables
n d fitn ess co mpo nents fro m t his exper iment reve a le d
ha t eleva te d [CO 2 ] en hance d leaf-leve l ph otosynth etic
a tes by 50%, tha t both tem pera ture and [CO 2 ] influ-
n ced th e exp ressio n o f in trinsic wa ter-use efficiency,
nd that [CO 2 ] int eract ed with source elevation to shape
levat iona l clines in t ranspirat ion ( Denney et al. 2024 ).
urt her more , t em pera ture and [CO 2 ] int eract ed with
 ource ele vation to shif t t h e fitn ess lan dscape, with
ower elevatio n accessio ns ma inta ining g reater fit ness
han higher elevatio n accessio ns in elevated tempera-
ure and [CO 2 ] ( Denney et al. 2024 ). This tempera-
 ure pat tern wa s consi stent wit h expect ations, as tem-
erature a nd a r idity bot h decline wit h elevation in this
ystem ( Dunne et al. 2003 ; Pepin an d Lun dquist 2008 ;
n derson an d Wadgymar 2020 ). Here, we exten d th e

nit ia l work of Denney et al . (2024) t o examine our hy-
 otheses ab ou t plastici ty and sele ct ion. 

Manipu lat ing CO 2 in the field is cost-p rohib i tive
nd log ist ica l ly cha l leng ing. As such, we co nd ucted
his study in four growth c hamber s (Co nviro n BDW40
 hamber s; Winnipeg , Canad a) set for either contem-
o rary o r la te 21st cen tury tem pera tures and [CO 2 ].
rowth c hamber s wer e configur ed t o a cont empo-

ary [CO 2 ] of 400 ppm and 650 ppm for late cen-
ury [CO 2 ]. How ev er, air flow wit hin t he building con-
t raine d the c hamber s’ ab ili ties to scrub CO 2 , so plants
n the con tem porary [CO 2 ] trea tmen ts experienced an
v erag e of 465 ppm. The la te cen tury concen tra tions
ere est imate d using the proj e cte d concent rat io ns o f

 he Represent at ive Concent rat ion Pathway (RCP) 6.0
 van Vuuren et al. 2011 ). We c alcul a ted mon thly av-
rage tem pera t ures of the B. s trict a growing s eas on
rom May through October 1980 to 2020, as r ecor ded
t the Crested B utte, Co lorado, USA we at her st ation
USC00051959), which is near s e veral low ele vation
o urce po p u lat ions sample d for this study ( Denney
t al. 2024 ). The av erag e maximum and minimum
em pera tur es wer e used t o det ermin e daytim e an d
ightt ime g rowth chamber co ndi tio n s, respectiv ely. For
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fu ture co ndi tio ns, daytime tem pera tur es wer e set to
4.75 

◦C a bov e the ca lcu late d 1980–2020 month ly aver-
ages, w hile noc turnal tem pera tur es wer e set to 5.5 

◦C
a bov e the av erag es, b ase d on end-of-century proj e c-
tio ns fo r the regio n un der th e RCP 6.0 c limat e scenario
( Vose et al. 2005 ; Masson-De lm otte et al. 2021 ). Limi-
tations to the growth c hamber s r equir ed the minimum
no cturnal temp eratures b e set at 4 

◦C. 
On April 4, 2021, we plante d 7960 se e ds (10–30

se e ds/line × 61 maternal lines × 4 trea tmen ts) on
m oisten e d filter p aper in Petri dis h es an d placed th em
in growth c hamber s set for both May t reat ment tem-
peratur es and tr eat ment [CO 2 ]. D ue to low init ia l ger-
mina tion ra t es, we conduct e d a se con d roun d of se e d
planting on 4 September 2021. We accounted for these
t wo pl a nting efforts by including a fixed effect for
a cohort in our s tatis tical m ode ls. We tra nspla nted
1816 se e d lings in to con ta iners (Stuewe a nd Sons, Ta n-
gent, OR, USA, RL 10 cu . inc h conetainer) with pine
b ark soi l (Sung ro Met r o-Mix 838; Sun Gr o Hort icu l-
tur e, A gawam, MA, USA) when two cotyledons were
present. 

We sim ula ted a full growing s eas on (May through
October) by advan cing th e t reat ment temperatures
mon thly. We set h umidity to 55%. D aylengt h wa s m ain-
tained at 800 μmol s −1 for 14 h daily. After 2 weeks
of sim ula t ed Oct ober co ndi tio n s, w e induced a win-
ter verna lizat ion p erio d to p ro mote flow erin g by de-
creasing tem pera tures to a constant 4 

◦C and daylength
set to 24 h of 0 μmol s −1 , which a l lowe d us to simu-
late sno w co ver co ndi tio ns ( Ke ller an d Körn er 2003 ).
We placed all blocks in to wa terin g trough s fil le d dai ly
to ma inta in wel l-watere d co ndi tio ns. We rotat ed bloc ks
wit hin e ach tre a tmen t wee kly an d rotat ed c hamber s
monthly to avoid block and chamber effects. Prior to
verna lizat ion, we applie d 20-10-20 fert i lizer month ly
(JR Pet er s Jac k’s Pe at L it e; JR Pet er s Inc., Allent own,
PA, USA), and post verna lizat ion, we applie d 10–30-
20 fert i lizer (JR Pet er s Jac k’s B los som Boos ter; JR Pe-
t er s Inc.), b ase d on manufactur er r ecomm en dations
to o p timize flow erin g s ucces s. As verna lizat ion is re-
quired for flow erin g, w e did no t ap p l y this b lo om b o ost
fert i lizer before verna lizat ion. Addit iona l l y, we app lied
l arv icide (Gnatrol WDG; N uFarm, N ufar m Amer icas
In c., Alsip, IL, USA) m onthly to eliminate arthrop o d
herb ivo res. 

We measured p heno log ica l and funct iona l t raits that
influence climatic adaptation in a diversity of systems
an d m ediat e responses t o t em pera ture, [CO 2 ], aridity,
an d oth er environm enta l st ressors ( Wright et al. 2004 ;
Boc k et al . 2014 ; Reic h 2014 ; Iler et al . 2021 ): the timing
of first flow erin g , pl an t heigh t a t flow erin g, d uratio n o f
flow erin g, specific leaf are a, le af dry matter content, and
root m a ss fraction. 
Phenology and fitness 

Af ter ver na lizat ion, w e cen sused the plants 5–7
days/week to r ecor d the timing of first flowering
and col le ct f r uits. A s each plant flo w ered, w e measured
th e h eight of th e bol t fro m the ap ical merist em t o
the base of the stem. We con tin ued to census plants
dai ly unt i l th e en d of th e experim ent. We considered
a plant post-r epr oduc tive w hen all flowers had been
(self)pol linate d and flowers were no longer present. We
ca lcu late d the d uratio n o f flow erin g as the number of
el apsed d ays bet ween first r epr oduction and the first
date on which a plant no lon g er had flow ers. To measure
fe cundity, we counte d t he tot al n umber of ma ture f r uits
(siliques) p rod uced , whic h correlat es wit h t he tot al
number of se e d s in thi s system ( Wadgym ar et al. 2017 ).

Functional trait measurements 

To me asure f unct iona l t raits, we col le cte d leaves from
a l l living plants in June 2022 during July co ndi tio ns o f
th e secon d growing s eas on. We col le cte d thre e re cently
fu l ly exp ande d leaves from a l l pla nts a nd r ecor ded fr esh
weigh t immedia tely u po n col le ct ion. We th en scann ed
t he le av es usin g a n Epson Perf e ct ion V39 scanner
(Epson America Inc., Los A l amitos, CA, USA) w ith a
resol u tio n o f 300 d p i, and ca lcu late d leaf area using the
machine le ar ning sof t ware, il astik, version 1.3.3 ( Berg
et al. 2019 ). We train ed th e m ode l to identify lea f a nd
b ackg roun d an d expo rted b in ary im ages di stingui shing
bet ween the t wo. We then used a custo m Pytho n scri pt
to ca lcu late leaf area in cm 

2 . To ca lcu late leaf dry matter
con ten t (LDMC = dry m a ss/fresh m a ss) and specific
lea f a rea (SLA = dry m a ss/lea f a rea), we dried the leaf
col le ct ions in a drying oven and weighed them. 

At the end of the second growing s eas on (Au-
gu st 2022), we h arveste d a l l plants to col le ct root
an d s h oot tis s ues. Th ere was n o eviden ce tha t plan ts
were p ot-b ound at harv estin g. We remov e d a l l a bov e-
g round t is s ues from the roots and sep arate d them into
or gan-specific env elopes to ov en dr y. Upon dr y ing , we
weighed each po rtio n and summed the dry weight. We
rem oved th e r oots fr o m the so il using a series o f wash
st eps: the fir st remove d bu l k soi l, the se con d rem oved
fine p art icu la te ma tter, an d th e thir d r emoved r esidual
soi l. We place d the r emaining r oots into an envelope,
dr ied t hem in an ov en, w eighed b io m a ss, and calcu-
lated root m a ss frac tion (dry weig ht o f root b io m a ss/dry
weight of total biom a ss). 

Statistical analyses 

Phenotypic plasticity and clinal trait variation 

To evaluate the magnitude and directio nali ty o f plastic-
ity and phenotypic clines, we ana lyze d t rait variat ion as
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 functio n o f tem pera tur e tr ea tmen t, [CO 2 ] trea tmen t,
 ource ele vat ion and a l l 2- and 3- way interact ions, in
 ode l s th a t included a covaria te fo r coho rt a nd ra n-

om effects f or m atern al lin e an d experim ental block.
e ana lyze d each t rait sep arat ely, owing t o their dif-

eren t sta t ist ica l dist ribut ions. We conducte d a l l ana l-
ses in R Stat ist ica l So ftware ver. 4.4.1 ( R Co re Team
024 ) using the glmmTMB package ver. 1.1.9 ( Brooks
t al. 2017 ) and as ses se d norma lity and homosce dast ic-
 ty o f resid ual s u sin g the DHARMa packag e v er. 0.4.6
 Hartig 2017 ). For all m ode l s, we a s ses se d the sig nif-
can ce of th e m atern al lin e an d block through like li-
o o d ratio tests comparing m ode ls with an d with out
ach random effect. To account for inflated type I error
a tes associa ted wit h t hese mu lt iple tes ts, we as ses sed
 tatis tic al signific ance using the false discovery rate pro-
ed ure (FDR) o f Benja mini a nd Ho chb erg (1995) across
 l l fixe d effe cts (6 t raits by 8 fixe d effe cts and interac-
ions), as im plemen ted in the p.ad just functio n o f the
 packa ge s tats ver. 4.4.1 ( R Core Team 2024 ). We re-
 ort b ot h t h e raw an d FDR corre cte d P -va l ues. W hen
e found significant interactions of the two t reat ments,
e cont raste d est imate d marg ina l means across a l l four

 reat ment co mb inatio n s usin g th e emm ean s packag e
er. 1.10.3 ( Lenth 2020 ). This contrast of emmeans was
 ot n ecessary in cases in which o nly o ne t reat ment sig-
ificantly influenced trait expression because we only
pplied tw o lev els of e ach tre a tmen t. We plotted the data
it h g gplot2 ver. 3.5.1 ( Wickham 2016 ) and visreg 2.7.0

 Bre h eny an d Burch ett 2017 ). 
We m ode led root m a s s fraction, s pecific leaf area,

eigh t a t flow erin g, and flow erin g d uratio n wi th a
amm a di st ribut ion and a log link. For flow erin g time,
e used a negative b ino mial distribu tio n and a log link

nb ino m1). Val ues o f leaf dry ma tter con ten t ran g e from
 to 1. Such data are often best ana lyze d using beta
 egr ession, which was developed specifically to m ode l
 ropo rtio nal data ( Douma and We e don 2019 ). How-
v er, w e det ect ed some v iol atio ns o f the as s umptions
 f no rmali ty and ho mosce dast ici ty o f resid ual s u sing a
eta r egr ession. We t hen used t h e m ode l.se l fun ctio n o f
he MuMIn packag e v er. 1.48.4 ( Bartón 2022 ) to con-
rast m ode ls using a Gaus sian dis t ribut ion, a beta dis-
 ribut ion, and a gamma dist ribut ion for this trait. The
op m ode l, a s a s ses sed through AICc values, employed
 Gau ssian di st ribut ion. The residua ls deviate d slightly
ro m ho mosce dast ici ty even fo r this no rm al di stribu-
io n, bu t the dev i ation s w ere less s e vere than for the
th er two m ode ls. Furth erm ore, we hig hlig h t tha t a l l
hree m ode ls gen erate d qua litat i vel y ident ica l resu lts;
her efor e, we pr oce e de d wit h t he Gaussian dist ribut ion.

In th ese m ode ls, significa nt effe cts of t reat ment
ould in dicate ph en ot ypic pl asticit y in response to
 ne o r bot h tre a tmen ts, and in teractio ns o f the two
 reat ments wou ld sig nify t hat t hese fact or s have non-
ddit ive effe cts on t rait expression. Sig nifica nt effects
f source elevation would reveal clinal variation in trait
alues across the elevat iona l g radient, which cou ld
eflect evol u tio nary respo n ses to div er g ent sele ct ion
cross the l andsc ap e ( Ko oyers et al. 2015 ). Interactions
f source elevation an d treatm ents reflect genotype-
y-environmen t in teractions an d in dica te tha t the
agni tude o r directio n o f th e clin e depen ds on th e

nviro nmental co ntext ( Wadgymar et a l. 2017 ; Jame el
t al. 2025 ). 

atural selection 

o examine whether elevat ed t emperature and [CO 2 ]
xert sele ct io n o n ph en olog ica l and funct iona l t raits, we
o nd ucted phenotyp ic sele ct ion ana lyses lin king fit ness
 nd tra it va riation. We m ode le d fit n ess as a fun ctio n o f
em pera tur e tr ea tmen t, [CO 2 ], a nd tra its (describ ed b e-
ow), alo ng wi th a l l 2- and 3-way interact io ns o f treat-
 ents an d tra its, a cova riate f o r coho rt, a nd ra ndom ef-

 ects f or m atern al lin e an d experim ental block. We did
 ot in c lude int eractions of traits with each other (e.g.,
pecific lea f a rea × root m a ss fraction) because we did
ot have sp ecific hyp otheses ab ou t co rrelatio nal selec-

ion. We sta nda rdized all tra its to a mean of 0 and stan-
 ard dev i atio n o f 1 to co mp are the st rength of sele ct ion
 n trai ts measured wi th very different scales. 

As is co mmo n ( Brooks et a l. 2019 ), our met ric of fe-
undity (number of f r uits) was zero-inflated because
 nly 571 o f 1816 individ uals s ucces sfully f r ui ted d ur-

ng the experim ent. Furth erm ore, th e six traits we mea-
ur ed ar e expr essed at different lif e history stages. For
xample, we co uld no t measur e r epr oducti ve p h en ol-
gy on indiv idu al s th at did not flower or f r uit; how ev er,
 e w ere a ble to me asure t he v eg etativ e traits (specific

ea f a rea, lea f dry matter content, and root m a ss frac-
io n) o n individ ual s th at failed to flower. A zero-inflated
 ode l would not a l low us to e valuate s ele ct io n o n a l l

rai ts, as data o n rep rod ucti ve p h en ology are n ot avail-
ble for plants that fai le d to flower. To analyze these
ata effe ct i vel y, we ado p te d a hurd le m ode l approach, in
hic h we fir st evaluat ed the p robab ili ty o f flow erin g as
 functio n o f t he t hree v eg etativ e tra its a n d th eir inter-
ctio ns wi th tem pera tur e and [CO 2 ] tr ea tmen t using a
 ino mia l dist ribut ion with a logit link in glmmTMB ver.
.1.9 ( Brooks et al. 2017 ). We then excluded all individ-
al s th at fai le d to flower an d m ode le d fe cundity (f r uit
ount) as a function of a l l six t ra its a n d th eir 2- an d
-way interactio ns wi th tem pera ture and [CO 2 ] treat-
ents using a negative b ino mia l dist ribut ion with a log

ink in glmmTMB v er. 1.1.9 ( B rooks et al. 2017 ). We
 hec k ed residuals f o r no rmali ty an d h om osced asticit y
it h t he DHARMa package ver. 0.4.6 ( Hartig 2017 ). If
lots o f resid ua ls vs. spe cific t raits s ugges ted n on-lin ear



6 D. A. Denney and J. T. Anderson 

A B C

Temperature

Low

High

Source elevation (km)[CO2] treatment level 
(parts per million) 

[CO2] treatment level 
(parts per million) 

465 650 465 650
2.5
2.78
3.05
3.32
3.6
2.5
2.78
3.05
3.32
3.6

Low [CO2] High [CO2] 

0.00

0.25

0.50

0.75

1.00

Le
af

 d
ry

 m
at

te
r 

co
nt

en
t (

m
g/

m
g)

0.00

0.25

0.50

0.75

1.00

Le
af

 d
ry

 m
at

te
r 

co
nt

en
t (

m
g/

m
g)

R
oo

t M
as

s 
F

ra
ct

io
n

(r
oo

t d
ry

 w
ei

gh
t /

 to
ta

l d
ry

 w
ei

gh
t)

0.00

0.25

0.50

0.75

1.00

*** ** *** n.s.

Fig. 2 Plasticity and clines in functional traits. (A) Box plot with jittered data points demonstrating that increased temperatures reduced 
the root mass fraction across both low and high [CO 2 ]. (B) Box plot displaying the significant interaction of temperature and [CO 2 ] for 
leaf dry matter content, which was greatest under low temperature and low [CO 2 ] and reduced in all other treatment combinations. (C) 
A significant cline in leaf dry matter content arose only in the low temperature and low [CO 2 ] treatment combination, in which trait 
values declined with source elevation. Displayed is the predicted regression line and the 95% confidence interval around that line. We 
found no evidence of a cline in this trait in any other treatment combination, and we display predicted lines but no 95% confidence 
intervals solely for comparative purposes. Asterisks indicate significant differences across treatment levels after correction for multiple 
testing. ∗∗∗ P < .0001; ∗∗ P < .001; n.s. not significant. 
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sele ct ion, we t est e d quadrat ic effe cts of t raits. This se c-
on d fecun dity m ode l in cludes 11 plan ts tha t flowered
an d died with out setting se e ds. O ur tests revea le d no
evidence of zero-inflation in this fecundity model. 

Since we eva luate d sele ct ion usin g tw o m ode ls, we
adjuste d our a lpha to 0.025 (0.05/2 m ode ls) to correct
fo r mul ti ple testing. We t est ed th e significan ce of the
ra ndom effects of block and m atern al line u sing likeli-
ho o d ratio tests of analyses with and wi thou t each ef-
fect. We v isu alized the r egr ession m ode l s u sin g gg ef-
fects ver. 1.7.0 ( Lüdecke 2018 ) and ca lcu late d the coeffi-
cien ts of significan t tra it effe cts or t rait-by-t reat ment in-
teraction s usin g th e emtren ds fun ctio n o f th e emm eans
packag e v er. 1.10.3 ( Lenth 2020 ). 

Significan t in teractio ns o f trea tmen ts wi th trai t val ues
wi l l indica te tha t sele ct ion differs in mag ni tude o r even
dire ct io n across enviro nm ents. If se le ct io n acco rds wi th
the dire ct io n o f plast ic t rai t exp ressio n, then we wi l l in-
fer th at pla sticity m ay be adaptiv e ( En sin g a nd Eck ert
2019 ). F or exam ple , if increased t em pera ture induces
higher val ues o f a g iven t ra it, a n d se le ct io n favo rs in-
div idu als w ith higher values of that trait under elevated
tem pera ture, then we can co ncl ude that t rait plast icity in
respo nse to variatio n in tem pera ture lik ely conf ers a fit-
nes s advanta ge . S imi larly, if natura l sele ct ion a lig ns with
ph en otypic clin es, th en t rait va l ues exp ressed by high el-
eva tion ma ternal lines will have enhanced fitness under
co ol temp eratures, an d th os e express ed b y lo w elevation
lines wi l l have a fitnes s advanta ge under warm temper-
atures. 
Results 

Plasticity and clinal variation in traits 

O ur ana lys es re vea le d eviden ce for both clin es an d plas-
ticity in fun ctional an d ph en olog ica l variables ( Table
S1 ). Elevat ed t emperatures induced lower root m a ss
fractions ( χ2 = 16.08, d.f. = 1, raw P < 0.0001, FDR
corre cte d P = 0.00048; Fig. 2 A). For leaf dry mat-
t er cont ent (LDMC), we found a three-way interaction
between source eleva tion, tem pera tur e tr ea tmen t, and
[CO 2 ] t reat ment ( χ2 = 7.68, d.f. = 1, raw P = 0.00559,
FDR corre cte d P = 0.027; Fig. 2 B and C). This inter-
action ar ose fr om incr ease d LDMC va lues under low
tem pera tures and low [CO 2 ], comp are d wit h t he ot her
thre e t reat ment co mb inatio ns ( Fig. 2 C). Furt her more,
in this most benign trea tmen t co mb inatio n (low tem-
perature and low [CO 2 ]), we found a significantly nega-
t ive effe ct of s ource ele va tion, such tha t LDMC de cline d
by 0.035 m g/m g for every one sta nda rd deviation in-
creas e in s ource ele vation (sta nda r d err or: 0.0087; 95%
CI: –0.052, –0.018). This elevat iona l cline was non-
significant in the other three trea tmen t co mb inatio ns,
rev ealin g th at increa sing tem pera tures an d [CO 2 ] alon e
o r in co mb inatio n could elimin ate thi s c line . We found
n o eviden ce for clin es o r plastici ty in specific leaf area
( Table S1 ). 

For ph en olog ica l t ra its, we f oun d that e levat ed t em-
peratur es pr olon g ed flow erin g ( χ2 = 6.95, d.f. = 1,
raw P = 0.00837, FDR corre cte d P = 0.0365; Fig. 3 A).
O ur ana lyses uncovere d a sig nificant ge og raphic cline in

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf028#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf028#supplementary-data


Plasticity and selection in Boechera 7 

0

30

60

90

120A

0

2

4

6

B

Temperature

Low [CO2] High [CO2] 

[CO2] treatment level 
(parts per million) 

465 650

Source elevation (km)

2.5

2.78

3.05

3.32
3.6

2.5

2.78

3.05

3.32

3.6

H
ei

gh
t a

t f
lo

w
er

in
g 

(c
m

)

F
lo

w
er

in
g 

du
ra

tio
n 

(d
ay

s)

****

Fig. 3 Plasticity and clines in phenological traits. (A) Box plot with jittered data points showing that elevated temperatures significantly 
increased the duration of flowering. Asterisks indicate significant differences across treatment levels after correction for multiple testing. 
∗∗∗ P < 0.0001; ∗ P < 0.05; n.s. not significant. (B) Height at flowering declined with source elevation in a similar way across all four 
treatment combinations. 

h  

w  

(  

P  

n  

o  

[  

P  

m  

r

S

W  

r  

(  

d  

p  

t  

e  

t  

a  

i  

(
 

s  

f  

d  

e  

v
 

n  

a  

d  

0.18

0.42

0.65

0.89

0.18

0.42

0.65

0.89

0.00

0.25

0.50

0.75

1.00

Root mass fraction (root dry weight / total dry weight)

Low [CO2] High [CO2] 

P
ro

ba
bi

lit
y 

of
 fl

ow
er

in
g

Temperature
Low
High

Fig. 4 Selection on root mass fraction for probability of flowering. 
Directional selection favored lower root mass fractions under 
elevated temperatures, which is consistent with patterns of 
plasticity. In the high temperature treatment, the odds of 
reproduction declined by 40.5% for every one standard deviation 
increase in root mass fraction. Shown are predicted lines and 95% 

confidence intervals for statistically significant relationships. We 
retained the predicted lines for non-significant regression 
coefficients for ease of comparison, but we do not show the 95% 

confidence intervals. For analysis, we standardized all traits to a 
mean of 0 and standard deviation of 1 to facilitate model 
convergence and comparison of the strength of selection; here, we 
show the raw data points in the standard units of measurement. 

[  

χ

[  

T  

S  

t  

1  

5  

d  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icaf028/8127034 by U

niversity of G
eorgia user on 16 Septem

ber 2025
eigh t a t flow erin g , w ith height declining significantly
ith source elevation across all trea tmen t co mb inatio ns

effect of source elevation: χ2 = 22.3, d.f. = 1, raw
 < 0.0001, FDR corre cte d P < 0.0001; Fig. 3 B). Fi-
a l l y, p l asticit y and clines in flow erin g p heno logy were
n ly marg ina l after corre ct io n fo r mul ti ple testing (high
CO 2 ] ma y dela y flow erin g: χ2 = 5.616, d.f. = 1, raw
 = 0.0178, FDR corre cte d P = 0.066; flow erin g time
ay decline with source elevation: χ2 = 5.63, d.f. = 1,

aw P = 0.0176, FDR corre cte d P = 0.066). 

election 

e found a significant interaction of tem pera ture and
oot m a ss fractio n o n the p robab ili ty o f rep rod uctio n
 χ2 = 8.42, d.f. = 1, P = 0.0037; Fig 4 ; Table S2 ), in-
ica ting tha t sele ct io n o n this trai t varied across tem-
eratur e tr e atments. In t he high tem pera tur e tr ea tmen t,
he odds of r epr oduct ion de cline d by 40.5% for ev-
ry on e stan d ard dev i ation increase in root m a ss frac-
 ion (odds rat io: 0.595, 95% CI: 0.42, 0.84). We found
 non-sig nificant t r end towar d dir e ct iona l sele ct io n fo r
ncr eased r oot m a ss fraction under low tem pera tures
odds ratio: 1.767, 95% CI: 0.098, 3.18). 

Addi tio nally, we foun d eviden ce for se le ct ion on a l l
ix r epr oductiv e and v eg etativ e traits in our an alysi s of
 ecundity a mo ngst individ ual s th at s ucces sfu l ly r epr o-
uced ( Table S3 ). Furt her more, div er g ent sele ct ion op-
rated on four of the six traits, such that sele ct ion fa-
or ed differ ent t rait va lues in differ ent envir onments. 

So me patterns o f sele ct io n o n v eg etativ e traits did
ot acco rd wi th our analyses o f trai t exp ressio n. Fo r ex-
mple, desp i te the lack of pl asticit y in SLA, we found
iv er g ent n on-lin ear se le ct ion on SL A in resp onse to
CO 2 ] manipu lat ion (linear SLA × [CO 2 ] t reat ment:
2 = 11.03, d.f. = 1, P = 0.00090; quadratic SLA ×

CO 2 ] t reat ment: χ2 = 7.25, d.f. = 1, P = 0.007, Fig. 5 A;
able S3 ). Spe cifica l ly, stabi lizing sele ct io n favo red high
 LA val ues in the high [CO 2 ] level at both low and high
em pera tures (o p t ima l SL A under high temp erature:
61.8; o p t ima l SLA under low tem pera ture: 163.1; Fig.
 A). Under low [C O 2 ], direc tional selec tio n favo r ed r e-
 uced S LA a t low tem pera ture, b ut we fo un d n o re la-
io nshi p between fitn ess an d SLA at high temperature

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf028#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf028#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf028#supplementary-data
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selection fav or ed longer flow ering in warmer r elativ e to colder temperatur es, irr espectiv e of [CO 2 ] lev el. (C) Dir ectional selection for 
increased height at flowering was similar across all treatment combinations. For analysis, we standardized all traits to a mean of 0 and 
standar d de viation of 1 to facilitate model con v ergence and comparison of the str ength of selection; her e, w e show the raw data points in 
the standard units of measurement. 
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( Fig. 5 A). Sele ct ion operate d in the o p posite dire ct ion
a s pla stici ty o n LDMC, s ugges ting th at pla sticity m ay
be mal ad aptive. Direc tional selec tio n favo r ed incr eased
LDMC under high [CO 2 ], but there was no relation-
ship between fitness and this trait in low [CO 2 ] envi-
ronments (leaf dry matter content × [CO 2 ]: χ2 = 5.72,
d.f. = 1, P = 0.016, Fig. 5 B; Table S3 ). 

Sele ct ion operate d on a l l thre e ph en olog ica l t raits.
We f ound significa n t in teractio ns o f the timing o f first
flow erin g and both t reat ments (flow erin g time × tem-
perature: χ2 = 5.77, d.f. = 1, P = 0.016; flow erin g time
× [CO 2 ] : χ2 = 6.56, d.f. = 1, P = 0.010, Fig. 6 A; Table
S3 ). Th ese interactions em erged owing to str ong dir ec-
t iona l sele ct ion for earlier flow erin g in the low tem-
perature and low [CO 2 ] t reat ment co mb inatio n, and
n o eviden ce for se le ct io n in any o f t he ot her tre a tmen t
co mb inatio ns ( Fig. 6 A). Selectio n o n the d uratio n o f
flow erin g differ ed acr oss tem pera tur e tr ea tmen ts (du-
ra tion × tem pera ture: χ2 = 11.42, d.f. = 1, P < 0.0001;
Table S3 ) in a n on-lin ear fas hion (quadrat ic effe ct of
flow erin g d uratio n: χ2 = 27.64, d.f. = 1, P < 0.0001),
such that sta bilizin g selection fav ored lon g er flow er-
ing in warmer relative to colder tem pera tures ( Fig.
6 B). Fina l ly, across a l l t reat m ent leve ls, se le ct ion fa-
vor ed incr eased height at flow erin g ( χ2 = 24.0, d.f. =
1, P < 0.0001, Fig. 6 C; Table S3 ). 

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf028#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf028#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf028#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf028#supplementary-data
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iscussion 

 ur j o int mani pu lat io n o f temperature and [CO 2 ] gen-
rate d resu l ts that su ppo rted so me o f our p re dict ions
hi le refut ing others. Tem pera ture and [CO 2 ] either in-

 eract ed or operat ed singly to impos e s electio n o n five
f six traits. Furt her more, we found significant plastic-

ty in response to these manipu lat ion s. Surprisin gly, w e
oun d n o eviden ce t hat t hese fact or s alt ered fir st flower-
ng time or height at flow erin g pl astic ally. Addi tio nally,
ele ct io n o nly favo red e arly flower ing under the most
enig n t reat ment co mb inatio n, an d se lectio n favo red

ar g er size at flow erin g across a l l t reat ment co mb ina-
 ions. Col le ct ive ly, th ese res ults s ugges t tha t tem pera-
ure and [CO 2 ] could play a limited role in the expres-
io n o f the timing o f flow erin g an d h eigh t a t flow erin g
nd that other enviro nmental facto rs that vary across
h e lan dscape like ly un der lie existing po p ulation-level
iv er g en ce in th ese trai ts. In co n trast, higher tem per-
tures induced lon g er flow erin g duration. Thi s pla stic-
ty was concord ant w it h patter ns of sele ct ion, s ugges ting
ha t ada pti ve p l asticit y could enab le di v erse accession s
 o respond t o increasing t em pera tures. We expe cte d
em pera ture and [CO 2 ] to decrease specific leaf area. In-
t ead , we found no evidence for pl asticit y in this trait,
nd div er g ent sele ct ion o p pose d pre dict ion s, fav orin g
igher S LA val ues in hig h [C O 2 ] t reat m ent leve ls. Se-

e ct ion v i a the p robab ili ty o f rep rod uctio n revea le d ev-
dence co nsistent wi th adapti ve p l asticit y in root m a ss
ract ion. Increase d tem pera tures de crease d root m a ss
rac tion, w hich accords with the dire ct io n o f sele ct ion
or lower root m a ss fraction v i a p robab ili ty o f rep rod uc-
 ion. Fina l ly, we foun d n o eviden ce of adapti ve p l asticit y
n leaf dry ma tter con ten t in either of our fitness metrics.
 ltimat e ly, th ese results in dica te tha t tem pera ture and

CO 2 ] shape the exp ressio n o f so me p heno log ica l and
unct iona l t ra its a nd exert st rong sele ct ion, and that cli-

at e c han g e could alter the evolutionary dynamics of
oo rdinated sui tes o f trai ts in ways we have not been
ble to identify in field studies. 

unctional traits 

esp i te stro ng p re dict ions tha t eleva t ed t em pera ture
nd [CO 2 ] would reduce specific leaf area (S LA) ( Do ng
t al . 2020 ; Poort er et al . 2022 ), we foun d n o eviden ce
o r plastici ty in this trait in response to these climatic
act or s. Furt her more, our study did not reveal the el-
vat iona l cline in SLA th at h a s been documented in
e ld comm on ga rdens ( Wadgyma r et al. 2017 ). Never-
h e less, div er g ent sele ct ion operate d on the trait ( Fig.
 A), s ugges ting th at clim at e c han g e fact or s can im-
ose n ove l se le ct ion even wi thou t immedi ate pl astic
han g es in trait values. How ev er, discord ant w ith pre-
ict ions, dire ct iona l sele ct io n favo r ed r e duce d S LA o nly
n th e m ost benig n t reat ment co mb inatio n (low temper-
ture and low [CO 2 ]), and sta bilizin g sele ct io n favo red
igher t rait va lues in both tem pera tur e tr ea tmen ts un-
er high [CO 2 ]. This surprising res ult s ugges ts that cli-
at e c han g e shifts fitness l andsc apes in unexpe cte d di-

e ct ion s, imposin g nov el sele ct io n o n natural po p ula-
ion s. G reater SLA is often associated with a r esour ce-
cquisit ive st rategy, as t hese le aves t ypic a l ly have height-
n ed ph otosynth etic rates ( Wright et al . 2004 ; S hipley
006 ; Reich 2014 ; Onoda et al. 2017 ). Indeed, in a pre-
iou s an alysi s of p hysio log ica l t rai ts fro m this study, we
ound that elevated [CO 2 ] increased photosynthesis on
 per leaf area ba si s ( Denney et al. 2024 ). Sele ct io n fo r
ncrease d SLA cou ld potent ia l l y enab le mo re rap id de-
e lopm ent an d ev en lon g er flow erin g un der e levated
CO 2 ] co ndi tio n s. How ev er, sele ct io n o n S LA cou ld a lso
e explained by sele ct io n favo ring al tered allocatio n
 f carbo n toward no n-st ructura l carbohydrat es, whic h
a y pla y a role in buffering aga inst the negative ef-

e cts of increase d tem pera tures expe cte d from c limat e
han g e ( Du et al. 2020 ). Intriguingly, in a field experi-
ent in a natural B . st r icta p o p u lat ion, ear ly sn owm e lt

chieved v i a sn ow rem oval in duced high er SLA, which
ounter ed pr edictio ns fo r drought-ind uced red uctio ns
n this trait under c limat e c han g e ( An derson an d Gezon
015 ). How ev er, that resu lt a lig ns wi th p ro n oun ced ac-
elerations in the timing of first flowering under snow
em oval ( An derson an d Gezon 2015 ). We s ugges t that
 limat e c han g e could fav or chan g es in coordinate] \
ui tes o f trai ts, such as higher specific leaf area and ear-
ier flow erin g, alterin g eco-ev ol u tio n ary dyn amics in
ays that could be cha l leng ing to pre dict if w e con sider

rai t exp ressio n and evol u tio n separately. 
We pre dicte d tha t tem pera ture and [CO 2 ] would

oth induce greater leaf dry matter content (LDMC)
 Gray and Brady 2016 ). Inst ead , we foun d th e high est
DMC levels in the most benig n t reat ment co mb ina-

ion (low tem pera ture an d low [CO 2 ]). Furth erm ore, an
levat iona l cline emer g e d on ly in this benig n environ-
 ent; this clin e accorded with pre dict ions ( Stanisci et al.

020 ) that LDMC would decline with s ource ele vation,
 uch that acces sio ns fro m h ot an d dry, low e levation lo-
ation s w ould hav e the highest values. This cline disap-
eare d ent ire ly un der a l l other t reat ment co mb inatio ns,
ev ealin g significant gen otype-by-environm en t in terac-
io ns fo r elevatio nal clines. Our resul t s ugges ts that cli-

at e c han g e fact or s cou ld a l ter co ndi tio ns so exten-
i vel y that th ey e liminat e c lines th at m ay h av e ev o l ved
n response to environment al var iation across the land-
ca pe. In ter estingly, the dir ectio n o f selectio n acco rds
it h expect ations t ha t eleva ted [CO 2 ] could a ugmen t
DMC ( Poort er et al . 2022 ), as dire ct iona l sele ct ion

n t his exper im ent favored in creased LDMC in e le-
ated [CO 2 ]. It is clear that the dire ct io n o f plastici ty is
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inco ngruent wi t h t he dire ct io n o f sele ct ion. Thus, we
infer th at pla sticity in LDMC in our experiment is mal-
adap tive and co uld reduce fitness under elevated [CO 2 ].

Cont rary to expe ctat io ns bu t in line wi th so me stud-
ies ( Li et a l. 2008 ; D usen g e et al. 2020 ), root m a ss frac-
t ion de cline d at hott er t em pera tures, a nd we f oun d n o
effec t of [C O 2 ] o n this trai t. Selectio n v i a the p robab il-
i ty o f rep rod uctio n favo re d de crease d root m a ss fraction
under high tem pera tures, which i s consi stent with the
dire ct io n o f plastici ty. How ev er, w e foun d n o eviden ce
for sele ct ion on this trait across any [CO 2 ] or tempera-
tur e tr ea tmen t f or f ecundit y. We postul a te tha t th e s hift
to lower root m a ss fractions un der h ott er t em pera tures
is an adaptive response t o t em pera tur e str ess in this
system. 

Reproductive phenology 

We f ound ma rg ina l evidence that elevated [CO 2 ] may
delay flow erin g in this syst em, whic h could accord
w ith del ays in ot her species ( Spr in g er a nd Wa rd 2007 ),
in cluding Arabi d o psis t h alian a ( Sprin g er et al. 2008 ).
How ev er, thi s m argin al delay i s inconsi stent with sig-
nifican t accelera t ions in the t iming o f rep rod uctio n in
nat ural B. s trict a po p u lat ions in Colorado since the
early 1970s ( Anderson et al. 2012 ; CaraDonna et al.
2014 ; Wadgyma r et al. 2018 ), a n d in oth er spring-
flow erin g species glob a l ly ( Dorji et al. 2013 ; Inouye and
Wie lgolas ki 2024 ; Ma et al. 2025 ). Our res ults s ugges t
t hat neit her [CO 2 ] nor tem pera ture drives the lo ngi tu-
dina l p attern f or adva ncin g flow erin g time, ev en though
increased tem pera tures can h a sten flow erin g in other
plant systems ( Dorji et al . 2020 ; Prest on an d Fje llh eim
2022 ). Inst ead , we hypot hesize t hat re duct ions in snow-
pack and co nco mi t ant e ar ly sn owm e lt ( Fyfe et al. 2017 )
are t he pr imary environment al dr ivers of t his lo ngi tu-
dina l p at tern in B. s trict a ( Anderson and Gezon 2015 ).
Inde e d, Bj orkman et al. (2015) found snowmelt timing
influenced flow erin g p heno logy to a grea ter exten t than
tem pera ture in four co mmo n species in the Alexandra
Fio rd lowlands o f Canada. A s such, sno wp ack avai l-
ab ili ty in high elevation herbaceous systems may be a
stron g er driv er of ph en olog ica l shif ts t han tem pera ture
( In ouye an d Wie lgolas ki 2024 ). 

We found a m argin ally significant geographic cline in
flow erin g ph en ology co nsistent wi th gen etic clin es doc-
umented in field co mmo n garden experiments, wherein
high-elevatio n accessio n s flow er ea rly compa red with
th eir lower-e leva tion coun ter par ts ( Wadgymar et al.
2017 ; Jam ee l et al. 2025 ), s ugges ting that this exper-
imen t replica ted key findings from th e fie ld. We ex-
pe cte d sele ct io n fo r early r epr o duction to b e stron g est
in co ndi tio ns refle ct ing c limat e c han g e proj e ct ions, ow-
in g to lon g-term tr ends towar d earlier flow erin g in re-
cent decades ( Anderson et al. 2012 ; CaraDonna et al.
2014 ; Wadgymar et a l. 2018 ). Cont rary to this predic-
tion, how ev er, direc tional selec tio n favo red early flow-
ering only in the low tem pera ture and low [CO 2 ] treat-
ment co mb inatio n, indicating that increasing temper-
atures and [CO 2 ] could weaken selectio n o n flow erin g
ph en ology. 

Heigh t a t flow erin g de cline d with s ource ele va-
tio n, co nsistent wi th findings from field experiments
( Wadgy mar et al. 2017 ). Ow in g to the stron g g enetic
co rrelatio n o f the timing o f flow erin g and size at flow er-
ing ( Bemm e ls an d An derso n 2019 ), we antici pa ted tha t
any tem pera ture or [CO 2 ]-media ted advan cem ents in
ph en ology would be accompanied by a red uctio n in the
heigh t a t flow erin g. Since w e foun d that e levated [CO 2 ]
could delay flow erin g, that init ia l pre dict ion wou ld be
re vers ed. In stead, w e found no effect of either t reat ment
on heigh t a t flow erin g. We note t hat t his result runs
count er t o th e fin ding that e levated [CO 2 ] often stimu-
l ates pl ant growth ( Song et al . 2009 ; Poort er et al . 2022 ).
We foun d n o eviden ce for div er g ent sele ct io n o n height
at flow erin g. In st ead , dire ct iona l sele ct io n favo re d ta l ler
plan ts a t flow erin g across a l l t reat ment co mb inatio ns.
Th us, tem pera ture and [CO 2 ] are likely not the primary
agents of sele ct ion operat ing on plan t size a t flow erin g
in this system. We postulate that the elevat iona l cline
evo l ved in response to variable growing s eas on length
across the elevat iona l g radient that was no t cap tured by
the manipu lat ion s w e per for m ed h ere. 

Desp i t e int en siv e inv est igat ions int o c limat e-c han g e-
me diate d shifts in the timing of first flowering, few stud-
ies have eva luate d the conse quences of c limat e c han g e
for the duration of r epr o duction ( Bo c k et al . 2014 )
even though this trait can be subj e ct to st rong sele ct ion
( Jam ee l et al. 2025 ). In 232 plant species from th e is lan d
of Guerns e y in th e Englis h Chann e l , c limat e c han g e
s h orten ed th e d uratio n o f flow erin g at n ear ly t w ice the
ra te tha t it accelera ted flow erin g from 1985 to 2011, av-
era ged acros s s p ecies ( Bo c k et al . 2014 ). In contrast,
for 68 herb ace ous and wo o dy sp ecies fro m a diversi ty
of ecosystems in th e Ozar ks (Missouri, USA), climate
chan g e ov er a 168 y e ar per iod incre ased t he d uratio n o f
flow erin g ( Austin et al. 2024 ). These impressive long-
term studies focused on species-level variation in flow-
ering d uratio n and w ere una ble to examin e in div idu al-
lev el respon ses to climate chan g e. Th us, m uch remains
to be reso l v ed a bout the effects of c limat e c han g e on
flow erin g d uratio n. 

In our experim ent, e levat ed t emperatur es incr eased
the d uratio n o f flow erin g. We infer that thi s pla stic-
ity is adaptiv e ( En sin g and Eckert 2019 ), as natural
sele ct io n favo red lo n g er flow erin g un der high er tem-
p eratures. B ase d on genet ic correlat ion s amon gst re-
p rod ucti ve p h en ology traits in fie ld comm on gardens
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 Bemm e ls an d An derso n 2019 ), alo ng wi th lo ngi tudi-
a l t rends in first flow erin g tim e ( An der son et al . 2012 ;
araDonn a et al. 2014 ; Wadgym ar et al. 2018 ), we pre-
icted that elevated tem pera ture and [CO 2 ] would in-
 uce a coo rdinat ed shift t owa rd ea rlier r epr oduction,
e duce d size at flow erin g, and prolon g ed flow erin g. As
nly the pre dict ion for flow erin g duration h e ld, we sus-
ect that genetic trade-offs might not constrain the po-

ent ia l respo nses o f B . st ri cta to in creasing tem pera ture.
urt her mor e, our r esults ar e concor d ant w ith genetic
lin es in comm on gardens, wh ere accessio ns fro m hot,
ry, low-eleva tion loca tion s flow er fo r the lo n g est pe-
iod of time ( Anderson and Gezon 2015 ). 

onclusions and future directions 

ur study exposed high elevation accessions to temper-
 tures tha t exce e d what they li kely experience in their
 om e sites and cha l len g e d a l l genotypes to [CO 2 ] lev-
l s th at are higher th an current values. These condi-
 ions refle ct co ndi tio ns p roj e cte d for the reg ion under
ariou s clim ate ch an g e scen arios ( Ma sson-De lm otte et
l . 2021 ; Ander son et al. 2025 ) and enabled us to iso-
ate the effects of tem pera ture and [CO 2 ] o n trai t ex-
 ressio n an d se le ct ion, whic h is c ha l leng ing to accom-
lish in the field. Phenotypic plast icity cou ld enable
o p u lat ions to persist through environmental chan g e
 Nicotra et al . 2010 ; Walt er et al . 2023 ). Indeed , we
ound exten siv e pl asticit y in response to our manip-
 late d co ndi tio ns. P revious efforts have f ound simi-

ar levels o f plastici ty as we document in this study
n specific leaf are a, flower ing ph en ology, size at flow-
rin g, and flow erin g d uratio n in respo nse to sp at io-
emporal dynamics across natural po p ulations and
o mmo n garden experiments; how ev er, plan t heigh t
t flow erin g is t ypic a l ly lar g er in th e fie ld th an it wa s
n this experiment ( Anderson and Gezon 2015 ; 2025 ;

adgymar et al. 2017 , 2018 ). Addi tio nally, field ex-
eriments have det ect ed strong signatures of selec-
io n o n these trai ts in co mmo n ga rdens at different
levations ( Wadgymar et al. 2017 ; Bemm e ls an d
nderson 2019 ). 
Our current experiment demonstrates that adap-

i ve p l asticit y in response to tem pera ture varia tion can
 hape th e evol u tio n o f this trai t and might co ntribu te
o rap id respo nses t o c limat e c han g e a s n atural po p u-
at ions are expose d t o increasing t em pera tures. Never-
h e less, natural po p ula tions sim ultan eous ly experien ce
 complex agents of sele ct ion, such as snow dynam-
cs, n utrien t availab ili ty, herb ivo ry and drought s tres s. A
 re en h ouse experim en t manipula ted n utrien t and wa-
er avai labi lity in B . st ricta a nd revea le d low nut rient
vai labi lity did not influence eit her t he p robab ili ty o f re-
 rod uctio n o r fecundi ty, wher eas dr ought str ess played
 lar g er role in shapin g ada pta tion in these po p u lat ions
 MacTavis h an d An derso n 2020 , 2022 ). Addi tio nally,
 field co mmo n garden experiment revea le d an inter-
ct ive effe ct of drought s tres s an d h erb ivo ry o n pat-
erns of sele ct ion ( Jame el et a l. 2025 ), whi le water avai l-
b ili ty through snowpack dyn amics h a s sh ap ed lo cal
da pta tion in this system ( Anderson and Wadgymar
020 ). Th us, eleva t ed t em pera tures and [CO 2 ] may in-
eract wit h ot h er agents of se le ct io n, such as nu trient
vai labi lity , herbivory , an d sn owpac k, t o f urt her dr ive
ele ct ion in B . st ricta . Addi tio nally, studies o n other
 ontan e forbs have found tem pera ture and water avail-

b ili ty elici t s pecies-s pecific plas tic res po nses fo r func-
 iona l t raits such as r oot gr owth and specific leaf area
 Visako rp i et al. 2023 ; Vollenweider et al. 2023 ), but
hes e respons es may be insufficient for ada pta tion un-
er c limat e c han g e ( Visako rp i et al. 2023 ), f urt her high-

ighting our need to study selection mediated by ele-
ated [CO 2 ] and tem pera ture in al p ine plant systems. 

Our study revealed that c limat e c han g e could alter
u lt i-t rait sele ct ion in surprising an d un expe cte d ways

nd th at pla st ic t rait s hifts un der n ove l c limat es could
efle ct ma l ad aptiv e respon ses to stress that could de-
 ress fitness instead o f enhancing i t. Our wo rk high-

igh ts tha t clinal varia tion tha t h a s evo l ved in response
o existing environmen tal gradien ts can be used to gen-
rate ro bus t pre dict ion s a bout trait expression and se-
e ct io n, bu t that mu lt it rait plast icity in response to el-
vat ed t emperatures and [CO 2 ] does not always align
it h t hese expect ations. Furt her more , c limat e c han g e

act or s can alt er patt erns of natura l sele ct ion even if t rait
xp ressio n does not immediately respond v i a pl astic-
ty, as we saw for specific leaf area. Mu lt ifactoria l ma-
ipu lat ions provide va lua ble in sigh ts in to rea list ic bio-

og ica l responses t o c limat e c han g e , whic h is inherently
u lt ifacete d ( Poorter and Pére z-Sob a 2001 ; Masson-
e lm otte et al. 2021 ; Powers et al. 2022 ; Renzieh au sen

t a l. 2024 ; Zanda lin a set al. 2024 ). We encourage fu-
ure work manipu lat ing temperature and [CO 2 ] vari-
bles in tandem with other fact or s that are chan gin g
a pidly, such as drough t s tres s, sn owm e lt timing, h erbi-
o re interactio ns, and nu trient deposi tio n, amo ng oth-
r s, t o examine the extent to which climate chan g e could
isrupt pla nt f orm a n d fun c tion, w h eth er lo cal p o p ula-
ion s hav e sufficient g enet ic variat ion t o adapt t o these
han g es, an d h ow to best con serv e biodiv ersity on a
han gin g planet. 
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