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Synopsis Cla ssic de ba tes in comm unity ecology focused on the complexities of con siderin g an ecosystem as a su per-o rgan o r 
o rganism. New co nsideratio n o f suc h per spe ct ives cou ld clarify me ch ani sms un der lying th e dyna mics of f orest ca rbon dioxide 
(CO 2 ) uptake and water vapor loss, important for pre dict ing a nd ma naging the future of Earth’s ecosystems and c limat e syst em. 
Her e, we pr ovide a rub ric fo r co n siderin g e cosystem t raits as agg regate d, systemic, or emer g ent, i.e., r epr esent ing the e cosystem 

as an aggregate of its indiv idu als or as a m etaph orical or literal super-organ or organism. We re vie w recent approaches to scaling- 
up plan t wa ter rela tion s (hy draulics) concepts dev eloped fo r o r gan s and or ganism s to ena ble and interpr et measur emen ts a t 
ecosyst em-level . We focus on three co mmuni t y-sc ale v ersion s of water relat ions t raits that have potent ia l to provide mech ani stic 
insigh t in t o c limat e c han g e respon ses of forest CO 2 and H 2 O gas ex chan g e and p rod uctivi ty: leaf wat er pot ent ia l ( �canopy ), 
pres s ure v olume curv es (eco-PV), and hy draulic co nd uctance ( K eco ). These analyses can revea l addit iona l e cosystem-sca le 
pa ra met er s an alogou s to those t ypic ally qu a ntified f o r leaves o r pl ants (e.g ., w i lt ing point and hydrau lic vu lnerabi lity) that 
m ay act a s thres h olds in for est r esponses to dr ought, including gr owt h cess atio n, mo rtali t y, and flammab ili ty. We uni te these 
concepts in a nov el framew ork to predict �canopy and its approaching of crit ica l thres h old s during drought, u sing mea surements 
of K eco and eco-PV curves. We thus de lin eate h ow th e extensio n o f wa ter rela tio ns co ncepts fro m o rga n- a nd orga nism-scales 
can reve al t he hy draulic con strain ts on the in teractio n o f v eg eta tion and clima te and provide new mech ani s tic unders tanding 
and pre dict ion of forest water use and productiv it y. 
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Introduction 

Dr oughts ar e incr easing in fr equen cy an d intensity un-
der c limat e c han g e, shiftin g species a nd f ores t dis tribu-
t ions ( C ho at et a l. 2018 ; Brodribb et a l. 2020 ; Forzieri et
al. 2022 ; Zhao and Dai 2022 ). Plant drought responses
scale up to influence whole-ecosystem fluxes ( Beer et al.
2010 ; Jung et al. 2017 ; B aldo cc hi 2020 ), whic h, in turn,
a ffect how f orests buffer atm osph eric C O 2 acc umula-
tion and thus the rate of glob a l warming ( Ke ena n a nd
A dvance A ccess pu blication Jun e 17, 2024 
C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
Wi l lia ms 2018 ; Ha r r is et al . 2021 ; S h arm a et al. 2023 ).
Thus, un derstan ding h ow th e p hysio logy of p lant wa-
ter tran sport (“hy draulics”) scales up to whole forests is
incre asingly import ant. 

Inde e d, quant ifying e cosystem hydrau lic t raits is a
re lative ly n ew an d tim e ly r esear c h avenue . Given the
ne e d to pre dict resi lience t o c limat e c han g e for di-
ver se ecosyst ems—and , using even very coarse distinc-
tions, ther e ar e > 400 ecosystem t ypes ( A l len et a l.
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Table 1. Scaling up concepts from organs to organisms to ecosystems or communities, emphasizing similarities and differences in 
pr ocesses acr oss scales 

Process Organ (leaf, stem, or root) Organism (plant) Ecosystem/community 

Development Typically determinate (most 
leaves), or, in principle, 
indeterminate, but often 
environmentally constrained 
(stems and roots) 

Typically indeterminate in 
principle, but often 
environmentally constrained 

Gro wth/regeneration: typicall y 
indeterminate in principle, but often 
environmentally constrained 

Succession: once thought 
determinate (Clements), now 

indeterminate , given disturbance , 
climate change (Gleason) 

Taxonomy Simple based on botanical 
concepts, with some 
exceptions in particular 
lineages (e .g., Asparagaceae , 
Tiliaceae) 

Simple, based on botanical 
concepts, with some 
exceptions, e.g., clonal plants 

Complex to classify communities 
and ecosystems 

Composition with respect to 
most salient units at lower 
scale 

Cells and tissues within organs Organs within plants Complex to consider species and 
functional composition, given 
communities may be made up of 
characteristic species, or not, 
o verla pping ranges 

Metabolic/ transport rate/ flux 
rate estimation 

Conceptuall y f easible to 
measure at organ scale 

Conceptuall y f easible to 
measure or model from 

individual organ(s) 

Complex: from Big Leaf and “Big 
Tree” to approaches that consider 
v ertical (muti-lay er) or horizontal 
(e.g., pixels across landscapes) 
heterogeneity 
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015 ; He et al. 2019 ; Sayre et al . 2020 )—ext endin g w ell-
ev eloped or gani sm al-ba sed function al approac hes t o
cosystem s w ould p rovide co n ceptual, m easurem ent
 nd inf erence t ools t o me et a crit ica l ne e d. Already,
unct iona l t raits measure d at e cosystem sca le (“e cosys-
em tra its”) a r e incr easing in ut i lity, being ana logous
o spe cies’ funct iona l t ra its a nd exp ressed as co mmu-
ity w eighted mean s per lea f a rea or per m a ss or per

a nd a re a ( He et al. 2019 ). Yet, est a blishin g ana log ies
ro m leaf- o r pl ant-sc a le e cophysiolog ia l concepts to
pp l y directl y t o ecosyst ems, i .e ., dev elopin g a “land-
cape ecop hysio logy,” rai ses cla ssic conceptual i s s ues
 G lea s on 1926 ; Tansle y 1935 ; C lements 1936 ; Roy et a l.
012 ). To what deg re e ca n a f ores t be unders to o d as
 sin gle hy draulic sys tem, res pon ding to th e soil an d
tm osph ere? 

Her e, we r e vie w a nd refra m e th e clas sic “ecosys tem
s su per-o rga nism” debate a nd basic plan t-wa ter rela-
 ions the ory. We then re vie w three a pplica tio ns o f o r-
an o r o rganism co ncepts re cently ext ra pola ted in n ove l
ays to the e cosystem sca le: (1) canopy-sca le leaf water
otent ia l ( �canopy ), (2) the ecosystem pres s ure–volume
eco-PV) curve, and (3) ecosystem hydraulic co nd uc-
 ance ( K eco ), wit hin t he co ntext o f the “ecosystem as
u per-o rgani sm” de bat e , a s well a s con siderin g out-
tanding a pplica tions a nd resea rch dire ct ions. Fina l ly,
e unite these new concepts in a nov el framew ork to
 redict fo rest drought responses as they approach criti-
al thres h olds. 
evisiting the “ecosystem as 

uper-organ/ism” debate 

 cla ssic de bate focu sed on wh eth er ecosystems or com-
uni ties are p redicta ble system s co mposed o f species
 ith simil ar or in tegra ted environmen tal responses,

nd thus could be considered as “su per-o r ganism s”
 Clemen ts 1916 , 1936 ). Alterna ti vel y, ecosystems may
 e comp osed of sp ecies with unique responses to en-
ironmenta l g radients such that no higher-level entity
i th p redictable p roperties s h ould be as s umed ( Co op er
913 ; G lea s on 1926 ). Thes e hi storic de b ates tende d to
ocus on bot h t he strengt h of t he ana logy betwe en
cosystem s and or ganism s for specific processes ( Table
 ) an d th e m ore p hilosop hical questio n o f wh eth er a
o mmuni t y c an act in its ow n int erest, i .e ., s h ow a typi-
al o p tim al beh avio r o r “strategy,” as o ne mig ht expec t
 or a n in tegra ted system such as an o rgan o r o rganism
 G lea son 1926 ; Tansley 1935 ). 

There is cur rent ly a spe ct rum o f co mfo rt wi th ap-
roximat ing e cosystems as organs o r o rgani sms. Di s-
o mfo rt can be seen in funct iona l t rait the ory, which
arefu l ly defin es con cep ts as ap p licab le onl y to indi-
 idu al or ganism s or species ( Violle et al. 2007 ; Díaz
t al. 2013 ), and in the noteworthy rel ative l ack of ex-
lo ratio n o f ecosystem hydraulic co ncepts d ur ing t he
ecades over which t hese ide as developed at lea f a nd
l ant sc ale. On t he ot h er en d of th e co mfo rt spec-
 rum are p arsimonious “Big Leaf” m ode ls, routin e ly
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used to estimate global eva pora tio n, p rod uctivi ty, and
ener gy flux es an d th eir impacts on th e coupled cli-
mate Earth system, r epr esenting the canopy as a sin-
gle giant gas ex chan g e surface ( Raupach and Finnigan
1988 ). Further, com para tive studies of ecosystems typ-
ica l ly consider community-mea n tra its (weighted by
th e abun dan ce of spe cies; e.g., He et a l. 2019 ; Liu et
a l. 2022 , 2023 ; C hacón-Label la et a l. 2023 ; Gom ara sca
et a l. 2023 ), or, a lternat i vel y “e cosystem t raits,” such
a s m aximum gross prim ary p rod uctivi ty (GPP), leaf
a rea index, a nd lea f m a ss index, sca le d per la nd a rea
( Running et al. 2004 ; He et al. 2019 ). These formu-
la tions im p l y that ecosystem behav ior c an be rel ated
to its center of grav it y w ith respect to its com ponen t
spe cies’ t raits. Inde e d, some studies hint at a broader
in terpreta t ion of e cosystems as li k e orga ns o r o rgan-
ism s, with emer g ent behaviors as a “strategy” for the
s us tainab ili ty o f t heir integr ity and r esour ces. For exam-
ple, recent studies have explored the correlation among
e cosystem-sca le t raits, using “st rategy the o ry” p revi-
ous ly deve loped at th e scale o f o r gan s or pl ants (e.g .,
t he “le af eco no mics spe ct rum”; Migli avacc a et al. 2021 ;
Gom ara sca et al. 2023 ). 

Th e deve lopm ent of broader scale approaches to
m easurem ents of e cosystems re quires new frameworks
fo r co n siderin g when w e can m ode l ecosystems as th e
sum of their parts, i .e ., indiv idu als of the same or dif-
ferent species or functional types, or as a single giant
indiv idu al, behav ing as a se lf-contain e d ent ity and thus,
lik e a n orga n o r o r ganism. Here, w e propose a simple
rub ric fo r di stingui shing these “leve ls” wh en consider-
ing e cosystem-sca le t raits. 

An ecosystem trait can be usefu l ly considere d as an
“agg regate d e cosystem t rait” when sca le d up from plant
trai ts o f co mpo nent o r ganism s, e.g., as a co mmuni ty
species mean or comm unity weigh ted me an. Ag gre-
gate d e cosystem t raits a lso include e cosystem propert ies
o r functio ns measured at lar g er scales and w ell under-
sto o d the oret ica l ly as r epr esen ting the sim ple aggrega te
behavio r o f co mpo nent pla nt tra its, such a s the m ax-
imum ecosystem p rod uctivi ty derived fro m eddy-flux
m easurem ents an d th e fractio n o f abso rbed photosyn-
thet ica l ly act ive radiat ion derive d from sat ellit e prod-
ucts. We argue that an agg regate d e cosystem t rait is
onl y tenab le if it is stable an d gen eralizable in prin ci-
ple for a given ecosystem in similar co ndi tio ns, and/o r
acr oss r eplicat e ecosyst em s of giv en t ypes (e.g ., boreal
for ests, tr opic al lowl a nd ra inf orests), a n d thus n ot sus-
ceptible to high variation arising from n onlin ear dy-
namics o f i ts co mpo nent spe cies, which wou ld depend
on the given context and t imesca le. F or exam ple, in st i l l
air, the e cosystem-sca le lea f a ngle of a f orest may meet
t he cr iter ion of st ability when av erag ed ov er a p art icu lar
t ime interva l, wh ereas un der high win d, th e ecosystem-
scale lea f a ngle may not be p redictable fo r tha t in terval
by scaling up from any sch em e of sampling indiv idu al
t re e va lues. 

A high er leve l of e cosystem t rait, the “systemic
e cosystem t rai t” rep resen ts a meta pho rical su per-
orga n/ism” tra it, i .e ., amenable t o int erp retatio n o r p re-
diction using concepts an alogou s to those developed
fo r o r gan s or or ganism s, th us im p l ying o p t imizat ion
seen at ecosystem scale . Suc h concepts inc lude , for ex-
am ple, the ada pta tio n o f trai ts to the enviro nment o r
coo rdinatio n o r trade-o ffs amo ng trai ts. Suc h syst emic
e cosystem t raits wou ld often be define d as p a ra met er s
o f functio ns fitt ed t o ecosyst em responses t o environ-
ment al var iables, such as t he e cosystem-sca le light-use
efficiency (LUE). Notab l y, the trait remains a simple,
sca le d-u p versio n o f the trai ts o f i ts co mpo n ent in di-
v idu als, even t hough e ach indiv idu a l t re e t rait va lue
would be influenced by its micr o-envir onment within
t he ecosystem. Thus, t he systemic (met aphor ical super-
orga n/ism) tra it is simp l y a type of agg regate d e cosys-
tem trai t, wi th a high er leve l o f interp retatio n and pre-
diction, imp l ying o p timali ty o f behavio r o f the ecosys-
tem as a whole. 

Fina l ly, a yet higher level of ecosystem trait, the
“emer g ent ecosystem trai t” rep resents the ecosystem
as a literal sup er-organ/ism, with b e havior influen ced
by the complex inter-re lations hips am ong compo-
nent or ganism s, or, potent ia l ly, an app arent higher-
level o p t imizat ion in the ecosys tem res ponses to the
environment— even as the ecosystem chan g es com-
posi tio n d uring s ucces sion, as semb l y, o r regeneratio n.
Here too, the ecosystem tra it rema ins a n agg regate d
trait, i .e ., r epr esenting a sum or av erag e of the behavior
o f i ts co mpo n ent in div idu als. How ev er, “emer g ent be-
havio r ” arises due to the distinct behavio rs o f i ts co mpo-
n ent species wh en th ey grow togeth er comp are d to what
is expe cte d from simple agg regat io n o f their p roperties
as free-livin g or ganism s. F or exam ple , ecosyst em-scale
water use and water-use efficiency (or nitrogen use, and
nitrogen-use efficiency) can be unpredictable from that
o f i ts individ ua l spe cies g rown a lo ne, d ue t o int eractions
of their p hysio logy when in co mpeti tio n drawing o n the
same soil water p o ol versus when there is different ia l ac-
cess to water across the soil profile ( Goulden and Bales
2019 ; El-Madany et al. 2021 ; Mas et al. 2024 ). Thus,
the ecosystem as a whole might be best considered as
a high er-leve l entit y w i th i ts ow n behav ior. The t rage dy
of the commons and e colog ica l com plemen t ar ity are
two ant ithet ic examples use d to descr ibe t h e be havio r o f
ecosyst ems as lit eral su per-o r ganism s. While ecosystem
beh avior m ay be const raine d by externa l environmen-
tal pres s ures o n individ uals, an d th e influen ces of in di-
v idu als on each oth er, an d n ot on a cent ra l, high er-leve l
agen cy with se lf-awaren ess or power t o creat e c hange t o
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chieve a go a l, the overa l l e cosystem beh avior m ay yet
e ana lyze d as if it were that of a literal super-organ/ism,
 p t imize d at a higher level to the environment and to
 ts co mpo nent mixture of species and funct iona l types.
hi s beh avior i s an alogou s to ti s s ues wi thin an o rgan,
 r o r gan s within an o rganism, functio ning toward an
 p t imizat io n o f t he per for mance of t he whole. Inde e d,

f t he var ious species wit hin a s us tainable co mmuni ty
 lay specific ro les, their interaction s w ould likely con-
ribut e t o the overa l l hea lth and b a lance of the ecosys-
em. This idea might appear to co nflict wi th the notion
ha t com pet it ion for limite d r esour ces among species
 ould ov erwh e lm co op era tive in teractions. Yet, the hy-
oth esis of nich e differen tia tion and r esour ce p art it ion-

n g, often inv o ked to exp lain species coexist ence , of-
ers a possible explanation ( Levine and Hi l leRisLambers
009 ). F or exam p le, the assemb l y of sha l low and de ep-
ooted plants reduces dire ct compet it ion for r esour ces
nd p ro mot es coexist ence , while pot entially o p timizing
he r esour ce use of the ecosystem, and thus co ntribu t-
ng to its stab ili t y, resilience to env iro nmental fluctua-
ions, and s us tainab ili ty ( Eagleso n 2005 ; Fargio n e an d
ilma n 2005 ; Kra ft et al . 2015 ; S ilvert own et al. 2015 ).
uch com plemen t ar ity would justify the co nsideratio n
hat forests function as a single system within certain
ontexts and t imesca les, behaving in a way that can be
nder st o o d using simple metrics such as those t ypic a l ly
pplied to indiv idu al leaves or plants. 

We note that distin guishin g amon g lev els of ecosys-
em traits (i.e., agg regate d vers us sys temic vers us emer-
ent) is not a lways ne cessary in qu antify ing these prop-
rties, per se , or their relatio nshi ps wi t h ot her ecosystem
rai ts, tempo ral dynamics, o r sp at ia l associat io ns wi th
nvironment al dr i vers. For examp le, when traits devel-
ped across species, such as the plant eco no mics spec-
 rum, are applie d across e cosystems ( Gom ara sca et al.
023 ), o r when co mmuni ty-weighte d mean e cosystem
a riables a r e r elat ed t o c limat e acr oss r esour ce gradi-
nts ( Musc arell a and Uri arte 2016 ), th ese re lations hips
ay simp l y refle ct the sca ling u p o f t he ag g regate d va l-

es of th e compon ent in div idu als and do not neces-
 ar il y imp l y su per-o rgan/i sm beh avior. How ev er, when
h ese re lations hips ar e interpr ete d b ase d on o p t ima l-
 ty o r eco-evol u tio nary theo ries developed for or gan s
 r o r ganism s wit h t hese e cosystems t reate d as individ-
al s, thi s implies a systemic (i.e., m etaph o rical su per-
rgan/i sm) beh avior, an d wh en specific re lations hips
epend int rinsica l ly o n the co mmuni ty o f coexisting
pecies an d th eir environm ent al responses, t his would
mp l y an emer g ent (literal super-organ/ism) behavior. 

Thus, in dev elopin g ecosystem hy drau lic t raits, we
dvise co nsideratio n first o f t heir usef ulnes s as a ggre-
ate d t rai ts in terms o f th eir gen era lizabi lity and sta-
 ili ty in given tim escales an d contexts, an d secon d,
h eth er th ese trai ts o r th eir inter-re lations hips with
ther trai ts o r wi th c limat e varia bles rev eal o p timiza-
io n behavio r s expect ed o f o r gan s o r o r ganism s, and
 hird, whet her t here may be evidence of emer g ent be-
aviors s ugges t ing e cosystems beh aving a s a whole. Fi-
a l ly, there is a ne e d to co nsider addi tio nal co mplexi ties
 hen calc ulating ecosystem hydraulic traits. One must
ecide wh eth er to in clude th e so il p roperties o r simp l y
 he plants. Furt her, o ne must co nsider how t o aggregat e
al ues fo r th e plants, in c luding whic h w eightin g factor
pplies to sp ecies (e.g., numb er of individ uals, b io mass,
ea f a rea), a n d h ow to in tegra te over tim e. Th ese calcu-
 ations w ill impact estimates and our ab ili ty to validate
r g round t ruth va lues, an d n e e d to be considered for
pecific contexts and applications. 

App l ying th ese con cepts to deve lop an d app l y
 cosystem-sca le hydrau lic t raits wi l l tap one of the
reat est power s of p lant p hysio logy: to provide under-
tanding at higher levels of biolog ica l organizat ion by
on siderin g low er-lev e l m ech ani sms an d th eir potent ia l
ranscen den ce ( Passioura 1979 ). Hydraulic theory de-
eloped fo r o rga ns a nd pla n ts, if a pplie d to e cosystems,
ou ld pre dict many of the features of the system using
e lative ly sim ple em pirical m ode ls an d we ll-establis h ed
hysical p rinci ples ( Rau pach and Finnigan 1988 ). Fur-
her, if f orests ca n be co nsidered as self-co n tained en ti-
ies wi th p redicta ble hy draulic pr operties, heter ogene-
t y w it hin t he forest may also be considered in this way,
 nd lik e wis e, lar g er-s cale lands capes spanning mu lt i-
le co mmuni t ies cou ld be t reate d in t he ag gregate wit h
eighte d p a ra meters. 

ater relations theory 

at er pot ent ia l ( �) is the th erm odynamic ch emical po-
ent ia l of water, and wi th i ts co mpo nents (p res s ure po-
ent ia l, �p , and sol u te potent ia l, �s ) can be used to
uan tify wa ter avai labi lity and to analyze the driving
 orces f or water m ovem ent ( Jon es 2014 ). Water poten-
 ia l can thus be defined for any medium (soil, plant or-
a ns, a n d atm osph ere) an d at a ny scale, a nd r epr esents
n index of its water st atus, cor rel ated w i th i ts relative
a ter con ten t, where a lower water potent ia l indicates
 stron g er a b ili ty t o draw wat er fr om surr ounding lo-
at ions. The bu l k wat er pot ent ia l ( � leaf ) is of ten me a-
ured for equilibrated leaves, and r epr esents the vol-
me weighted average of the � of its com ponen t cells.
h e � leaf m easur ed at pr ed aw n—wh en th e plant is pre-

umed to be nearly e qui librate d with the soil—is an
m portan t indica tor of soil wat er pot ent ia l ( �soil ), and
h us comm unity wa ter s tres s, a nd ca n pre dict de clines
n ecosystem gas ex chan g e an d in cr easing tr ee mortal-
ty ( Gu et al. 2015 , 2016a , 2016b ). Th e re lations hip be-
ween � and rela tive wa ter con ten t is known as the
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pres s ure–v olume (PV) curv e a nd ca n be measured f or
differen t ma t erials, e .g., wo o d, leaves, o r so il (i .e ., the
so il mo i sture ch aracteri stic curve), and s e veral ke y PV
pa ra met er s provide insight into the behavio r o f the ma-
t erial . Thus, the leaf PV curv e ena bles est imat io n o f the
leaf tur g o r-loss (o r wil ting) po int, t he t hres h old val ue o f
� leaf at which positive pres s ure (tur g or) is lost. 

Plan t wa ter m ovem ent o ccurs b eca use wa ter va por
diffuses fro m wi thin the leaf across the leaf surface to
the dry outside air. Copious water is lost when stom-
ata open for CO 2 uptak e, a nd, even a f ter stomat al clo-
sure, plan ts con tin ue to dehydra t e due t o wat er loss
across the cuticle and from leak y s tomat a. Le af dehy-
drat ion re duces � leaf below �soil , creating a water po-
tent ia l difference ( ��) t hat dr ives water flow from the
soil to leaves. The hydraulic co nd uctance is a dynamic
pr operty that r epr esents th e efficien cy of water m ove-
ment across a p athway, define d as the rate of water
flow through any given co mpo nent o f the so il-plant-
atm osph ere co ntinu um (S PAC) (e .g., a root, st em, leaf,
or a whole pl ant) div ided by the �� across that seg-
ment ( Tyree a nd Zimmerma nn 2002 ). At s teady-s tat e ,
the t ranspirat ion rate ( T ) e qua ls th e n egative p rod uct o f
plan t hydra ulic co nd uctan ce ( K plant ) an d th e water po-
tent ia l difference betw een leav es and soil ( � leaf - �soil ): 

T = −K plant × ( �leaf − �soil ) . (1)

And, re ar ran g ed, 

�leaf = �soil − T / K plant . (1a)

Durin g dehy dration, the hy draulic co nd uctances o f
or gan s and plants may decline due to aquaporin gating-
induce d re duct ions in m embran e perm eab ili ty in root
a nd lea f cells, a nd eventua l l y xylem embo lism, which
can bloc k wat er transport i .e ., “hydrau lic vu lnerabi l-
i ty” ( Versl ues et al. 2023 ). Orga n- a nd pla nt-level hy-
draulic co nd uctances respo nd dy namic a l ly to temper-
ature and irradiance ( Henzler et a l. 1999 ; C larkson et
al . 2000 ; Sac k and Ho lbroo k 2006 ; Scoffoni et al. 2008 ;
Ben Baaziz et al. 2012 ). Plants g enerally prev ent � leaf
from fa l ling be low thres h olds for tur g or loss and catas-
trophic xylem embolism ( Mencuccini 2003 ; Sco ffo ni et
a l. 2016 ), by invest ing r esour ces to build co nd uctive tis-
s ues, closing s tom ata a s � leaf declines d uring so il and at-
m osph eric drought, an d accum ula ting osmotic sol u tes,
which enable turgor to be s us tained at lower � leaf . Thus,
amo ng species wi thin given co mmuni ties, � leaf − �soil 
t ends t o be con serv ed, with gas ex chan g e coordinated
wi th hydraulic co nd uctances di urna l ly and s eas ona l ly
( Mencuccini 2003 ; Franks 2004 , 2007 ; Martíne z-Vi la lta
et al. 2014 ; Sco ffo ni et al. 2016 ; Sperry et al. 2016 ). 
Canopy water potential 
To fu lfil l a lon gstandin g ne e d fo r imp roving p re dict ions
o f fo rest vulnerab ili ty to drought s tres s an d fire, th ere
i s increa sing interes t in es t imat ing � at the co mmuni ty
s cale and be yond , int eg rat ing fo r p ixels o f fo rest canopy,
co mmuni ty, o r landscape ( Table 2 ; Fig. 1 ; Konings et al.
2021 ). 

Ju st a s leaf-scale � m ay be mea sure d not on ly di-
rectly (e.g ., w ith a pres s ure chamber or psychrometer;
Rodr iguez-D o minguez et al. 2022 ), bu t indirectly, us-
ing spe ct rosco pic ap pr oaches (r e vie w ed in B rowne et
al. 2020 ), � can be mapped at canopy scale ( �canopy )
using emp irical co rrelatio ns wi t h t her mal and/or hy-
p ersp e ct ra l imagery from ground or airborne s ens ors,
an approach well establis h ed in agriculture (e.g., dos
Fernánde z-Nova les et al . 2021 ; Sant os et al . 2023 ). Re-
mote sen sin g also provides av enues for makin g forest-
scale m easurem ents of � leaf , wh eth er u sing proxim al
s ens or s, suc h as instruments placed on a tower above
a canopy, or airborne s ens ors, or spaceborne s ens ors,
suc h as, e .g., ECOSTRESS on the Int ern ation al Space
Station ( Schim e l et al. 2019 ; Wong et al. 2023 ). Typical
approach es in clude hyp ersp e ct ra l m easurem ents (e.g.,
Rodrigue z et a l. 2011 ; Wang et a l. 2020 ), microwave
m easurem ents of Earth’s grayb o dy radiation in the case
o f radio metry, o r active radar sign al s (e.g., Konings et
al. 2019 , 2021 ) ( Table 2 ). 

Hyp ersp e ct ra l m easurem ents enable re lative ly high
sp at ia l resol u tio n m easurem en ts com p are d to mi-
crowave radiom etry an d , t o a lesser deg re e, microwave
syn thetic a perture radar. Th us, hyp ersp e ct ra l measure-
ments have been used for �canopy estimation across a
variety of species and sites (e.g., Stimson et al. 2005 ;
Cotrozzi et al. 2017 ; Wong et al. 2023 ; Sapes et al.
2024 ). Where as le af-scale hyp ersp ectral m easurem ents
are made using an inst rumenta l light source ( Burnett et
a l. 2021 ), canopy spe ct ra l m easurem ents r equir e sun-
ligh t, and th us are n ot possi ble at pre-d aw n, a time at
which m easurem ents o f �canopy would p rovide an es-
timate of ecosystem-sc ale �soil . Bec ause of their short
wav elen gth s, hyp ersp e ct ra l measurements are only sen-
sitive to th e top-m ost leav es. B y contrast, microwav e
m easurem en ts aggrega te vertic al vari ations in � leaf
thro ugho u t most o f the ca nopy, a re not sen sitiv e to
clouds, a nd ca n be made at nighttime ( Jackson and
Schmugge 1991 ). The deeper area in tegra ted by mi-
cr owave measur ements pr ovides mor e me aningf ul in-
fo rmatio n abou t �canopy fluctuatio ns, bu t co mplicates
in terpreta tion and va lidat ion. Neverth e less, microwave
radiom etry m easurem ents of �canopy can be m ade u s-
in g tow er-b ase d ( Holtzman et a l. 2021 ; Jagd huber et
al. 2021 ) and space-borne ( Momen et al. 2017 ; van
Emmerik et al. 2017 ) s ens ors. Furt her mor e, micr owave
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Table 2. Compilation of some of the studies that paired remotely sensed products to leaf water potential or that modeled leaf water 
potential at canopy scale along with predictions of landscape-atmosphere fluxes 

Type Approach Scale References 

Remote sensing 

Hyperspectral remote sensing Defined hyperspectral index of water stress 
with leaf water potential 

Community Penuelas et al. (1993 ), 
Stimson et al. (2005) 

Microwav e r emote sensing Linearized relationship between water 
potential and tower or drone based 
observations 

Community Sepulcre-Cantó et al.
(2006), Holtzman et al.
(2021) , Jagdhuber et al.

2021 
Microwav e r emote sensing Linearized relationship between water 

potential and satellite observations 
Ecosystem Momen et al. (2017), van 

Emmerik et al. (2017) 
Thermal remote sensing Defined multispectral index of water stress 

with leaf water potential 
Community Egea et al. (2017 ) 

Terahertz remote sensing Measurements of water potential and in-situ 
measurements scaled from leaves to across 
individuals and species 

Intra- and 
Interspecific 

Browne et al. (2023) 

Remote sensing data assimilation 

Hyperspectral statistical modeling Fitting multiple r egr essions to measurements 
of water potential and remote sensing 
products 

Community Ra pa port et al. (2015),
Cotrozzi et al. (2017) , Sapes 

et al. (2022) , Wong et al.
(2023) 

Model-data fusion Model parameterized with location specific 
traits and remote sensing 

Community/ 
Landscape 

Binks et al. (2023),
Holtzman et al. (2023) 

Model-data fusion Model parameterized with location specific 
traits and remote sensing 

Ecosystem Zhang et al. (2019), Liu et al.
(2020) 

Modelled 

CliMA Land Stand-alone hydraulics Community Holtzman et al. (2023) 

CliMA Land Stand-alone hydraulics Ecosystem Wang et al. (2021), Wang et 
al. (2023) 

Hydraulic Optimization Theory for Tree and 
Ecosystem Resilience (HOTTER) model 

Stand-alone hydraulics Ecosystem Trugman et al. (2019a) , 
Trugman et al. (2019b ), 

Quetin et al. (2023) 
CESM2 Community Land Model V 4.5 and V5 Hydraulics-enabled land surface model Ecosystem Bonan et al. (2014 ), 

Kennedy et al. (2019),
Lawrence et al. (2019 ) 

Ecosystem Demography model 2(ED2) Stand-alone hydraulics Ecosystem Xu et al. (2016) 

Terrestrial Regional Ecosystem Exchange 
Simulator (TREES) 

Hydraulics-enabled land surface model Community Mackay et al. (2015 ) 

Finite-difference Ecosystem-scale Tree 
Cr + A22own Hydrodynamics (FETCH2 and 3) 

Hydraulics-enabled land surface model Ecosystem Mirfenderesgi et al. (2019) , 
Silva et al. (2022 ) 

Trait-driv en for est model (TFSv.1Hydro) Stand-alone hydraulics Ecosystem Christoffersen et al. (2016) 

Noah-MP-Plant Hydraulics Scheme Hydraulics-enabled land surface model Ecosystem Li et al. (2021 ) 

Joint UK Land Environment Simulator 
(JULES-SOX) 

Hydraulics-enabled land surface model Ecosystem Eller et al. (2020 ) 

Community Atmosphere Biosphere Land 
Exchange 

Hydraulics-enabled land surface model Ecosystem De Kauwe et al. (2020 ) 

Plant hydraulic schemes are now available enabled in a number of stand-alone hydraulic models and as components of larger land surface models. 
These approaches can operate over canopies to entire ecosystems, and models can often be optimized with local water potential measures and 
remote sensing products or implemented for estimation when no in-situ measurements are available. 
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adio metry ( Jackso n and Schmugge 1991 ) and radar
 Rao et al. 2019 ; Bernardino et al. 2024 ) can penetrate
v en den se canopies across a wide ran g e of v eg etation
ypes and b io mes ( Bauer et al. 2019 ). How ev er, tow er-
 ase d micr owave measur ements r emain customized
 nd a r e not r eadi ly avai lable, and sp ace-bor ne me asure-
 ents ten d to have a re lative ly coars e res ol u tio n (e.g.,

00 m or a bov e for synthetic aperture rada r a nd tens
 f kilo met er s fo r radio m etry). Th e recent deve lopm ent
f v eg eta tion wa ter con ten t estima tio n fro m re lative ly
heap GPS s ens ors ( Humphre y a nd Fra nk enberg 2023 ;
ao et al. 2024 ) is a p ro mising new approach. 

Overa l l, the a pplica tio n o f th ese rem ote sen sin g tools
 o estimat e forest �canopy is st i l l n a scen t. Im portan tly,
hese are correlative tool s, a s there i s n o kn own direct
iophysical wav elen gth respon se related to � leaf , but,
a ther, associa tions are based on the covariatio n o f plant
raits across tim e an d space with water con ten t ( Wong
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Fig. 1. Leaf water potential at tree canopy scale. The mean growing season (June 1st–August 31) leaf water potential modeled for the 
continental United States using HOTTER between 1995 and 2015 at 0.25 degree resolution. The color bar is skewed toward the less 
negative water potential values because those values ar e mor e r epr esentativ e of the majority of the pixels ( Trugman et al. 2019b ; Quetin et 
al. 2023 ). 
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2023 ). Inde e d, o ne o f the key cha l len g es for rem ote ly
sen sin g �canopy is th e n e e d to account for sp at ia l varia-
tions in the �canopy versus water con ten t rela tio nshi p,
i .e ., the ecosyst em PV curv e (eco-PV; Konin gs et al.
2019 ). This includes questions about scaling across in-
div idu als (e.g ., wh eth er th e co mmuni ty-weighted mean
� leaf or oth er m easures s h ou ld be use d) an d th e role
of oth er can opy properties (e.g., leaf angle and density,
ca nopy spa rs eness, the pres ence of attached dead leaves
in th e can opy, an d oth er bran ch properties). Gaps in
our un derstan ding of eco-PV re lations hips inhi bit al-
go ri thm develop men t, valida tio n effo rts, and an sw er-
in g question s a bout what lar g er-scale remote sen sin g
o f � leaf rep resen ts. F o r p rog ress, we ne e d a maj or in-
cre ase in � leaf me asur ements acr oss a diverse range of
sit es ( Novic k et al . 2022 ). The r ecent cr eatio n o f the
PsiNet n etwor k th at i s col le ct ing exist ing � leaf observa-
tio ns into o ne d atabase w i l l li kely be usefu l for such ef-
forts (Rest repo Aceve do AM, Guo JS, Kannenberg SA,
and Novick KA, in re vie w). 

An oth er approac h t o estim ating �canopy i s u sing
m ode ls pre dict ing land-at mosphere fluxes that have in-
co rpo ra ted plan t hydra ulics. Plan t hydra ulics sch em es
are now enabled in a number of vegetation m ode ls, in-
cluding t re e-leve l m ode ls pa ra meter ized wit h observa-
t iona l l y deri ved maps of s pecies-s pecific o r co mmu-
nity weighted traits, such as the Hydraulic Optimiza-
tio n fo r Tree and Ecosystem Resilience (HOTTER)
m ode l ( Trugman et al. 2019a , 2019b ; Quetin et al. 2023 )
( Fig. 1 ), cohort-b ase d e cosystem model s th at r epr esent
t re es by size cl ass, densit y, and pl ant funct iona l type
(PFT) (e.g., ED2-Hydro [ Xu et al. 2016 ], FATES-Hydro
[ Christ offer sen et al . 2016 ]), an d th e lan d surface com-
po nents o f Earth system m ode ls (e.g., in JULES [ Eller et
a l. 2020 ], No a h-MP [ Li et a l. 2021 ], C liMA La nd [ Wa ng
et al. 2023 ], LM3 [ Cano et al. 2020 ], and CLM [ Kennedy
et al . 2019 ]), whic h use a modified Big Leaf approac h t o
r epr esent a handful of different P FTs acros s the glo be.
In the Big Leaf form ula tio n, PFT b io m a ss i s agg regate d
by c limat e g rid cel l , oft en at ∼1 deg re e resol u tio n (co r-
responding to ∼110 km on each grid side at the equa-
tor). In th ese m ode ls, w ithin-communit y vari ations in
species or plan t wa ter rela tions are genera l ly not consid-
ere d, p art icu lar ly wh en run across lar g e sp at ia l sca les.
Th us, the sim ula ted �canopy is “effective,” but its scaling
is not well under st o o d ( Anderegg et al. 2018 ; Browne et
al. 2023 ). When plan t hydra ulic m ode ls are sufficiently
co mpu tatio nally che ap, t hey can be used in co mb ina-
tio n wi th rem ote ly s ens ed wa ter con ten t to o p timize
local PV curve pa ra met er s, allowing for estimation of
�canopy infor med by bot h dat a an d m ode ls, even wh en
no in-si tu observatio ns o r p rio r info rmatio n abou t lo-
ca l e cosystem PV curves a re ava i lable ( Liu et a l. 2021 ;
Holtzman et al. 2023 ). 

Overa l l, th e be havio r o f �canopy as an agg regate d
e cosystem t rait re quires f urt h er un derstan ding t o det er-
min e wh en it can be re conci le d wit h me asure d � leaf va l-
ues for t re es and how stable it remains over im portan t
t imesca les (e.g., sunny p erio ds, o r daily o r s eas onal in-
tervals). New studies are needed with ample � leaf data
thro ugho u t the fo rest, an d adequate an ci l l ary d ata for
lea f a ngles a nd lea f a rea indices, t o det ermin e wh eth er
estimates of �canopy can reasonab l y r epr esen t wa ter po-
tent ia l av erag ed across a forest’s leaves at a ran g e of
t imesca les, and in tur n t he deg re e this r epr esents the
wa ter sta tus o f the ecosystem d uring dr ought and r e-
co very. I f so, �canopy wi l l have obvious importance as
an indicator of canopy water s tres s. Further, consider-
ing �canopy under p art icu lar co ndi tio ns (e.g ., d aily max-
imum and minimum), �canopy may be useful as a pre-
dicto r o f whole fo rest ga s exch a nge a nd p rod uctivi ty,
and m ay sign al the ecosyst em approac hing thres h olds
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Fig. 2. The ecosystem PV curve. (A) The scale-jumps from cells-to-organs and organs-to-ecosystems are of similar orders of magnitudes; 
(B) PV curves used to analyze leaves were scaled up from cellular water relations theory, with (C) ecosystem PV curves taking it even 
further to describe plant community behavior. In leaf PV analysis, the water potential ( �) at turgor loss point ( � tlp ) is taken as the 
changepoint between linear and nonlinear segments. In the ecosystem PV analysis, defined using community predawn leaf � ( �pd ), the 
ecosystem wilting point ( �ewp ) is taken as the changepoint between linear decreasing segments with steep and gentle slopes. The 
presented ecosystem PV curve represents overnight equilibration of water throughout the soil-vegetation system. RWC, relative water 
content; ET, evapotranspiration; �o , osmotic potential. 
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o r sto mata l closure, wi lt ing, dysfunct ion, and poten-
 ia l ly, flammabi lity ( Pascolini-C ampb el l et a l. 2022 ). Fu-
ure avenues for the study of �canopy include testing
h eth er e cosystems regu late their t ranspirat ion rat e t o
a inta in �canopy a bov e thres h old s such a s wi lt ing point,

s indiv idu al leaves and plants do, and whet her t his reg-
 lat ion s h ows em er g ent beh avior th at differs from th at
xpe cte d from sca le d up scenarios b ase d on com ponen t
pecies. 

cosystem PV curves 

a ter rela t ions the ory was init ia l ly develope d at the
eve l of ce lls an d eventua l ly was sca le d u p to co nsider
is s ues and or gan s in bu l k, to deri ve p la nt tra its such
s the wi lt ing point ( Fig . 2 ; Ty ree and Hamm e l 1972 ;
artlett et al. 2012 , 2014 ). In deed, leaf-leve l PV pa ra m-
t er s can be derived from th e volum e-weighted con-
 ribut ion of their cel ls’ hydrau lic propert ies ( Tyre e and
amm e l 1972 ). At lar g er scales, an ecosystem pres-

ure v olume curv e (e co-PV) cou ld be use d not on ly to
ali brate rem ote sen sin g of water con ten t to estima te

canopy , as described in the previous se ct io n, bu t also to
st imate p a ra meters such as the ecosystem wi lt ing point
 �ewp ), w ith applic atio ns fo r p r edicting thr es h olds of
or est r esp onses ( Wo o d et al. 2023 ). 

Imp licitl y, “bottom-up” eco-PV curves ar e alr eady
a lcu late d in ecosystem m ode l s th at reso l ve the water
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potent ia l g radients a long the SPAC, b ase d on the water
con ten t stored in the soil, xylem, and water s tora ge tis-
s ues ( Chris t offer sen et al . 2016 ; Lawrence et al . 2019 ; Li
et al. 2021 ). 

Recent ly, t he eco-PV curve of a Q uercu s-Carya for-
es t was cons t ructe d by plott ing th e n egat ive re ci p ro-
cal o f co mmuni ty mean p redawn � leaf a gains t ecosys-
tem eva potranspira tion (E T) m easured by eddy covari-
ance ( Fig. 2 ). Thi s approach wa s developed by an alogy
to the leaf-leve l “ben ch-drying” m eth od , in whic h de-
hy dratin g leav es are w eighed t o det ermin e re lative wa-
t er cont ent, alo ng wi t h deter minatio n o f wat er pot ent ia l
( Ric ht er 1978 ) and the “sque e ze” method, in w hich c u-
m ula tive wa ter lost from leav es is w eigh ed ( Sch olan der
et al. 1964 ), wit h t he e co-PV curve “bu l king” a l l plant
ce lls an d tis s ues an d th e volum e o f available so il wa-
ter for the forest ( Fig. 2 A and B; Wo o d et al. 2023 ).
Wo o d et al. (2023) co nd ucte d e co-PV ana lysis during a
ma jor drough t with very low rainfa l l and use d dire ctly
m easured E T. In closed decid uous fo rest canop ies, the
growing s eas o n ratio o f transp iratio n ( T ) to ET is usu-
a l ly > 0.8 ( Wi lson et a l. 2000 ; Wi lson et a l. 2001 ; Wehr
et al. 2017 ), with lower ratios of ∼0.7 possible immedi-
atel y fo llowing rain ( Wehr et a l. 2017 ), ma king the use of
m easured E T ap pro p riate fo r studyin g eco-PV curv es.
The derived �ewp r epr esen ted an im portan t funct iona l
thres h old coordinated with ca rbon a nd water flux dy-
n amics, a s GPP decline co rrespo nded to the timing of
pred aw n leaf water potent ia ls fa l ling below �ewp ( Fig.
2 C)—at which point, the forest became in sen sitiv e to
variations in environmental conditions. In the major
drought year of 2012, communit y pred aw n � leaf was be-
low the �ewp for nearly a l l of July and August, during
which tim e th e forest was a net source of CO 2 . Notab l y,
Wo o d et al. (2023) used absol u t e wat er cont ent rather
than rela tive wa ter con ten t as the x -axis variable of the
eco-PV c urve, w hich a l lows for �ewp est imat ion. How-
ev er, the a b ili ty t o det er mine ot her e co-PV p a ra met er s
wou ld re quire v eg eta tion rela tive wa ter con ten t to be
u sed a s the explan at ory variable , and that would likely
r equir e scaling up from the water relations properties of
indiv idu a l spe cies. 

Inde e d, a sep arate study develope d a “botto m-u p” ap-
proac h t o est imat ing the e co-PV curv e usin g relation-
ships betw een a bov eground plant wat er pot ent ia ls and
wa ter con ten t b ase d on sca ling up wo o d wat er ret ention
properties under sta ble condition s ( B in ks et a l. 2023 ).
That study derived these curves at large scales across
mixed ca nopies, a nd est imate d other pa ra met er s suc h
as ecosystem capacitance ( Binks et al. 2023 ). 

Fina l ly, studies have dire ctly est imate d a key eco-PV
curve pa ra m eter—th e �ewp at canopy scale—using cor-
r elative r emote sen sin g ( Ordway et a l. 2022 ; Vinod et a l.
2022 ) or by mapping leaf turgor-loss point to the pixel,
usin g a w eighted mea n f or t re es o f co mpo nent species
wit hin a gr id cel l, an appro ach applie d in various con-
t exts, i .e ., along a t opographic or aridity gradient within
fo rest plots, o r across lar g e g e og raphic a reas ( Ba rtlett et
al. 2016 ; Kunert et al. 2021 ; To rdo ni et al. 2022 ). 

Eco-PV curv es ex em plify the con text-depen den ce of
an agg regate d e cosystem t rait. The e co-PV curve can be
most effe ct i vel y const ructe d for a forest at e qui librium
wi th i ts so il , and , inde e d , the �ewp det ermined this way
wa s consi stent with publi she d va l ues o f leaf-level tur-
go r loss po ints and wi t h t h e m oistur e r elease c haract er-
istics of the soil ( Wo o d et al. 2023 ). Yet, if o ne co nsiders
a tran spirin g can opy, th e eco-PV curve may b e to o dy-
namic to provide g eneraliza ble or sta ble agg regate t raits.
Inde e d, the �canopy wou ld n ot s h ow a single re lation-
shi p wi t h tot al wa ter con ten t, or rela tive wa ter con ten t,
as it depends on the water potent ia l g radients, hydrau lic
co nd ucta nces, a nd water dist ribut ion within and across
tis s ues a nd orga ns, whic h would c h ange dyn amica l ly,
n onlin ear ly, an d possi b l y with hyst eresis. U ltimat ely,
for a tran spirin g forest, the mu lt iple sca les of inter-
and int raspe cific variat ion may lead to an ext raordinary
variation in the relatio nshi p between �canopy and wa-
t er cont ent under c han gin g enviro nmental co ndi tio ns
( Browne et al. 2023 ). Even in the case of eco-PV curves
a nd pa ra met er s det ermined from pre-d aw n values of
�canopy and wa ter con ten t, studies are ne e de d t o det er-
min e h ow th ey r epr esent th e abun dan ce-weighted dis-
t ribut ion of a forest’s com ponen t species’ leaf and wo o d
PV curves. Furt her, t he potent ia l insights provide d by
e co-PV p a ra met er s as pot ent ia l su per-o rga n/ism tra its
ne e d considerat ion, i .e ., explo ratio n o f how e co-PV p a-
ramet er s may be developed by analogy to the classic
lea f PV a n alysi s o f trai ts tha t define plan t drough t re-
sp onses [e.g., mo dulu s of ela st icity, osmot ic potent ia l
at fu l l hydrat ion ( Bartlett et a l. 2012 )]. Furt her more,
tests are ne e de d of wh eth er e co-PV curve t ra its ca n
be dynamic over s eas ona l t imesca les, in ways ana lo-
gous to leaves or whole plants e.g., when plants use os-
mot ic adjust men t to main tain stoma t al opening dur ing
drought ( Bartlett et al. 2014 ). Future work must also
co nsider variatio n across l andsc apes (i .e ., pixels), deter-
min e th e re lations hips of eco-PV curves with macro-
and micro-c limat e , and as ses s wh eth er e cosystem t raits
s h ow dev i atio n fro m those expe cte d fro m their co mpo-
nent species alon e, in dica ting poten tial o p timizatio n o r
emer g ent behavior at the ecosystem scale. 

Ecosystem hydraulic conductance 

Lea f a nd pla n t hydra ulic co nd ucta nce a re k ey tra its
that explain vari ation w ithin and across species in en-
v ironmental ad aptatio n. Typ icall y, p l ants w ith higher
hydraulic co nd uc tance have hig her rates of photosyn-
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h esis an d water m ovem ent, an d , dec lines in hydraulic
o nd uctance d uring drought p resage o r ind uce sto m-
tal closure and plant mo rtali ty ( Brodribb et al. 2007 ;
co ffo ni et a l. 2016 ; McCu l loh et a l. 2019 ; Bei kircher et
l . 2021 ). Thus, an ext ensio n o f hydraulic co nd uctance
 easurem ent to th e ecosystem h a s st rong potent ia l to

xpla in va riation in ca rbon a nd water fluxes from plant
o region under climate chan g e. 

Th e hydraulic con ductan ce of the ecosystem ( K eco )
an be defined as the bu l k co nd uctance (i .e ., the root-
 o-leaf wat er transport efficiency) t hrough t h e wh ole
cosys tem expres sed per leaf area or land area. K eco 
 a s be en considere d using botto m-u p app ro aches b ase d
n t re e hydrau lic co nd uctances ( Binks et al. 2022 ) and
y inv ertin g ecosystem m ode l p rocesses ( Li u et al.
020 , 2021 ). Dir ect measur ements m ay al so be fea si-
le, by co mb ining eddy cova ria n ce m easurem ents or
emote sen sin g est imates of t ranspirat ion with on the
roun d � leaf m easurem ents ( Fig. 3 ). As a test o f co ncept,
e quant ifie d K eco for a Missouri Q uercu s-Carya for-

s t. As s uming s teady s t ate flow t hrough t he soil-plant-
tm osph eric co ntinu um, we defined K eco (mmol m 

−2 

eaf s −1 ) as: 

K eco = −T / 
(
�canopy , md − �canopy , pd 

)
, (2) 

h ere T (mm ol m 

−2 leaf s −1 ) is ca nopy tra nsp iratio n
nferr ed fr om eddy cova ria n ce m easurem ents using th e
EA algo ri thm ( Nelso n et al. 2018 ), a nd �canopy,pd a nd
can opy,m d are the weighted means (by b asa l area) of
leaf fo r co mpo nent species measured at pred aw n and
idday, respe ct i vel y. Notab l y, T cou ld a lso be est imate d

r om r emote sen sin g ( Fis h er et al. 2017 ; Me l to n et al.
022 ). This conceptua lizat ion of K eco constitutes a rep-
esen ta tio n o f the e cosystem as a “Big Tre e ,” where , in
he ory, K eco is e quiva lent to th e sum of wh o le-p lant con-
uctances in the ecosyst em, weight ed by water potent ia l
ifferences, that is, 

K eco ∼= 

∑ [
K plant ,i ×

(
��plant ,i 

)]
/ ��eco , (3) 

h ere K plant, i an d ��plant, i are th e wh o le-p lant con-
ucta nce a nd lea f-soil water potent ia l drop of the
 th plant in the ecosys tem, res pecti vel y, and ��eco is

can opy, m d −�canopy, pd ( Fig. 3 A). 
Across dy namic env iro nmental co ndi tio n s ov er tw o

rowing s eas o ns, the K eco o f this Q uercu s-Carya for-
st varied from 0.2 to 1.7 mmol m 

−2 leaf s −1 MPa −1 ,
 nd da ily mea n values showed significant positive rela-
io nshi ps wi t h ir radia nce a nd soil water potent ia l. The
easib ili ty o f K eco as an agg regate e cosystem t rait was
hus su ppo rted by i ts fa l ling wit hin t he ran g e of pub-
is h e d K plant va l ues fo r t re e spe cies, in cluding Qu ercus
 pecies in Mis souri (Fig. 3 C). While K eco depends on
he diversity of the t re es in the forest and their micro-
nvironm ents, th e unified behavio r o f the system en-
bles i ts co nsideratio n as an aggregated trait such that
 eco can be measured reliab l y. The concept of K eco can
e made tangible by estimating the diameter of pipe that
ou ld t ranspo rt wi t h t he s am e efficien cy as th e t re es of

o r o n e square m eter o f fo rest (Fig. 3 B). Surp r isingly, t he
 i pe would be 0.5 mm in diam eter, th e typical thickness
f t he le ad in a pencil! This sma l l diameter i l lust rates the
igh resistance to flow through the v eg etation, an d h ow
 he inter nal pl umb ing bottleneck limi ts sto matal open-
ng, an d th ereby T . Yet, v eg etation achiev es high flow
ates a nd tra nsp iratio n rates d ue to the high pres s ure-
radient driving force caused by low values of � leaf . 

A fu l l un derstan ding of K eco as an agg regate d e cosys-
em trait depends on cl arific ation of how it arises from
 ts co mpo nent t re es. Ju st a s variation acros s s pecies in
he p art it ionin g of hy draulic resistances among or gan s
an influen ce K plant ( Vers lues et al. 2023 ), th e K eco would
e determined by th e con ductan ces of its com ponen t
 re es and their or gan s. Furt her, t he fe asib ili ty o f K eco as
n agg regate d e cosystem t ra it f or use in com para tive a p-
r oaches r equir es testing in other forests that vary in
pecies diversity and in sp at ia l and temporal dynam-
cs, to as ses s its g eneraliza b ili ty and stab ili ty at given
 ime sca les. Con siderin g K eco as a systemic (m etaph or-
cal su per-o rga n/ism) tra it will enable testing of hy-
raulics con cepts an d th eory deve loped at lea f a nd pla nt
cales. One such avenue for future research is the hy-
rau lic b a si s for ecosystem sea son al ga s exch ange dy-
amics. Does K eco s h ow high sensi tivi ty t o irradiance ,
nd a ste ep vu lnerabi lity to declining soil water sup-
 l y as do leaves, roots, and indiv idu al pl ants? A rel ated
uestion is the p otential co o rdinatio n o f hydraulic su p-
 l y and deman d, an d th e potent ia l correlat ion of K eco
i th p rod uctivi ty acros s ecosys tems, as found acros s

eaves for diverse species ( Brodribb et al. 2007 ; Sco ffo ni
t al. 2016 ). Furt her, t he hydraulic vulnerab ili ty o f K eco 
 ay be a s ses se d, with p a ra meters such as the �canopy at

0% or 80% loss in K eco , an d th eir potent ia l t rade-off
ith maximum K eco , analogous to the sa f ety-efficiency

rade-o ffs o ften repo rted acros s s pecies at organ-scale
 G lea son et al. 2016 ; Scoffoni a nd Sack 2017 ). Inde e d, by
n tegra tin g knowledg e gained from organ to ecosystem
c aling , em erging rem ote sensing an d m ode ling break-
hroughs may be leveraged to enable mapp ing o f ecosys-
em hydraulic vulnerab ili ty across the globe. Wh eth er
orests s h ow em er g ent hy draulic beh aviors th at a ffect
hese t rait-t rait and t rait-c limat e re lations hips remains
o be tested. 

ovel application: estimating leaf water 

otential and wilting from space 

 crucial n ove l a pplica tio n o f e cosystem hydrau lics is
t i lizing e co-PV curves and K eco for mech ani st ica l ly
 ase d remote-sen sin g of �canopy . 



434 J. D. Wood et al .

Fig. 3. Ecosystem hydraulic conductance. (A) Conceptual framework describing the ascent of water through an ecosystem and the 
ecosystem hydraulic conductance analog; (B) the “equivalent pipe” that r epr esents the ecosystem conductance of a Quercus-Carya forest 
has a diameter of 0.5 mm; Starting from basic fluid dynamics and the Hagen–Poiseuille equation, we derived an expression for the diameter 
of an equivalent pipe ( d eco ) that conducts a flow equal to for est-lev el transpiration and applied this for well-hydrated conditions with peak 
transpiration rates, E = 10 mmol m 

−2 ground s −1 and a typical water potential gradient of −1.5 MPa; (C) consistency of hydraulic 
conductances at the scale of whole-plants and ecosystems. In (C), the leaf-specific ecosystem hydraulic conductance ( K eco ; units mmol m 

−2 

leaf s −1 MPa −1 ) of a Quercus-Carya forest, determined by combining eddy flux and water relations data (green bar) is compared to 
published data for leaf-specific whole-plant hydraulic conductances ( K plant ; units mmol m 

−2 leaf s −1 MPa −1 ) r epr esented by blue bars for 
individual plants ( Mencuccini 2002 ), while the others (r ed: Mer eu et al. 2009 ; y ellow: Cav ender-Bar es et al. 2007 , purple: Meinzer et al. 1995 , 
cyan: Reich and Hinckley 1989 ) are the means ( ±1 standard error) of multiple individuals. The Quercus-Carya forest K eco bar represents the 
mean ( ±1 standard error) of 19 observations over 2 years. K eco, g , ground area normalized ecosystem hydraulic conductance; T , ground 
area normalized ecosystem transpiration; h , canopy height; ψ , water potential; P , pr essur e; J v , volumetric flow rate; K canopy , hydraulic 
conductance of the canopy of leaves; K stem, c , K root, c , and K soil, c are the conductances of the stems, roots, and soil, respectively; G is the 
canopy diffusive conductance to water vapor; ��eco , soil-canopy water potential difference for the ecosystem; d eco , equivalent pipe 
diameter of the ecosystem; μ, dynamic viscosity; A, 1 m 

2 area. 
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Using rem ote ly s ens e d t ranspirat ion ( T ), previously
ea sured K eco a s a functio n o f i ts respo nses to envi-

onment al var iables ( x n ), and soil wat er pot ent ia l de-
ived from hydrolog ica l m ode ls, �canopy can be esti-
ate d b ase d on an analogy to Equation (1a ): 

�canopy = �soil − T 

K eco ( x n ) 
. (4) 

Notab l y, glob a l mapping of T from space is now pos-
ible at daily time scales and at spatial resol u tio ns bet-
er than 100 m ( Fis h er et al . 2017 ; Melt on et al. 2022 ).
h e m easurem ent re lies on surface tem pera tures, me-

eorology, and v eg etation greenness, which, when com-
 ined, co nstrain the radia tive, a tm osph eric, an d bio-

og ica l cont rols on evapot ranspirat ion (E T; Fis h er et al.
008 , 2011 ; Farella et al . 2022 ). Remot ely s ens ed ET can
e p art it ione d into canopy t ranspirat ion, soi l evapora-
 ion, and intercept ion eva pora t ion ( Mira l les et al. 2016 ;
urdy et a l. 2018 ; Ta l sm a et al . 2018a , 2018b ; St oy et
 l. 2019 ; Sadeghi et a l. 2020 ). The considerat ion of K eco 
s a function of environmental drivers for the estima-
io n o f �canopy i s an alogou s t o approac h es implem ented
or data driven m ode l ret rieva ls of GPP and the es-
 imat io n o f ecosystem LUE fo r remote sen sin g appli-
at ions b ase d on e cosys tem-s pe cific environmenta l re-
po nse functio ns ( Zhao et al. 2005 ; Bao et al. 2022 ; Xu
t al. 2023 ). 

Using such an app roach, fu ture wo rk may be able
o ext ract e co-PV p a ra meters such as an �ewp from
em ote ly s ens e d data, a lo ng wi th est imat io n o f abso-
 u te o r rela tive wa ter con ten t usin g scalin g approaches,
n e cosystem-sca le ana logy to the derivatio n o f PV-
urve pa ra met er s at leaf sca le using spe ct roscopic ap-
ro aches ( Cast i l lo-Argae z et al. 2024 ). A f urt her poten-
 ia l a pplica tion is to ca lcu late pixel-spe cific e cosystem
a f ety ma r gin s, analog ous to those in leaves ( De lzon an d
oc hard 2014 ), i .e ., th e differen ce between �canopy an d

he �ewp or the �canopy at 50% or 80% loss in K eco , which
 ay provide estim ates of th e vuln erab ili ty o f co mmu-

i ties to fu ture c limat es, pot ent ia l l y beyond simp l y the
u lnerabi lit ies of its indiv idu a l spe cies. One may a lso
uantify �canopy thres h olds fo r wildfire sp read and in-
ensity (see Pascolini-C ampb ell et al. 2022 ). 

onclusions 

ove l approach es to scaling u p co n cepts deve loped
o r o r gan s and or ganism s to ecosystems can provide
pt tools to un derstan d an d predict ecological patterns
cross diverse environm ents. Th e idea of a commu-
ity as an aggregate of indiv idu al s i s sufficient to ju s-
 ify the ca lcu lat io n o f e cosystem t ra its, a nd y et con sid-
r ing t hese traits f urt her as r epr esent ing e cosystems as
u per-o r gan s or or ganism s ena bles the a pplica tio n o f
h eory an d approach es from lea f a nd pla nt t o ecosyst em
cale, an d th e potent ia l ident ificat io n o f the complex
onne ct ion s amon g th e compon en ts tha t unite ecosys-
 ems int o a single syst em with emer g ent beh avior th at
an be under st ood and pre dicte d. App l ying these con-
epts, we can better constrain the control of fluxes,
o rest p rod uctivi ty, and ecosystem responses to cli-

at e c han g e. Inde e d, e cosystems s h ow significant pre-
ictab ili ty in their hydraulic functions across climatic
radients ( Migli avacc a et a l. 2021 ; Me deiros et a l. 2023 ),
 ugges ting a certain deg re e of coordination among their
o mpo nents, su ppo rting the co nsideratio n o f ecosys-
ems across gradients by analogy to species biogeog-
aphy ( Liu et al. 2023 ). Yet, in certain contexts and
 imesca les, e cosystem hydrau lic t raits m ay h ave limited
alue, if they lack g eneraliza b ili ty o r stab ili ty, as under
o me co ndi tio ns the dynamics of a community may be
o re co mplex t han t hose of a single organism, espe-

ia l ly g iven st ro ngly no nlinear, no n-addi tive respo nses
 Pacheco et al. 2021 ). Furt her more , c limat e c han g e and
t her human-dr i ven acti vi ties may so m etim es disrupt
he natura l b a l ance w it hin ecosystems, le ading to un-
r edictable r esp onses for b ot h t h e species an d th e com-
uni ty. W here an ecosystem sits on the gradient from

ggregate of or gan s or t re es to an in tegra ted system to
 high er-leve l em ergen t en t ity wou ld thus depend on
on text, and a n uanced considera tion is th us necessary
s we con tin ue to scale up appr oaches fr om organ to
rganism t o ecosyst em an d beyon d , t owar d impr oved
o nservatio n p ractices. 
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