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1  |  INTRODUC TION

Terrestrial plants live along a hydraulic continuum with their water 

potential	bracketed	between	that	of	soil	water	(as	high	as	0 MPa)	and	
that	 of	 atmospheric	water	 vapor	 (as	 low	as	−100 MPa).	 The	water	
status of terrestrial plants is closely connected to water potential, 

which is regulated via the control of water loss at the leaf surface 

and via water supplied by hydraulic transport through roots, stem 

and leaves given the constraints from soil and atmospheric water 

availability.	 Much	 attention	 has	 been	 paid	 to	 developing	 models	

describing the regulation of water loss by leaf stomata. By compar-

ison, the regulation of water potential has received less attention 

(Martínez-	Vilalta	et	al.,	2014; Novick et al., 2019),	although,	in	many	
ways, the regulation of water potential to avoid damaging levels of 

water stress is complementary to the regulation of water use via sto-

matal behaviour.

Developing metrics that directly quantify water status regula-

tion (Kannenberg et al., 2022; Knipfer et al., 2020)	is	important	for	
several reasons. First, microwave remote sensing techniques can 

quantify variability of canopy water status at several spatial and 
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Abstract
Metrics	 to	quantify	 regulation	of	plant	water	status	at	 the	daily	as	opposed	to	 the	
seasonal scale do not presently exist. This gap is significant since plants are hypoth-

esised to regulate their water potential not only with respect to slowly changing soil 

drought	but	also	with	respect	to	faster	changes	in	air	vapour	pressure	deficit	(VPD),	
a variable whose importance for plant physiology is expected to grow because of 

higher temperatures in the coming decades. We present a metric, the stringency of 

water potential regulation, that can be employed at the daily scale and quantifies the 

effects exerted on plants by the separate and combined effect of soil and atmospheric 

drought. We test our theory using datasets from two experiments where air tempera-

ture	and	VPD	were	experimentally	manipulated.	In	contrast	to	existing	metrics	based	
on soil drought that can only be applied at the seasonal scale, our metric successfully 

detects the impact of atmospheric warming on the regulation of plant water status. 

We	show	that	the	thermodynamic	effect	of	VPD	on	plant	water	status	can	be	isolated	
and	compared	against	that	exerted	by	soil	drought	and	the	covariation	between	VPD	
and	soil	drought.	Furthermore,	in	three	of	three	cases,	VPD	accounted	for	more	than	
5 MPa	of	potential	effect	on	leaf	water	potential.	We	explore	the	significance	of	our	
findings in the context of potential future applications of this metric from plant to 

ecosystem scale.
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temporal	scales	(Holtzman	et	al.,	2021; Konings et al., 2019, 2021),	
hence metrics of water status regulation can be useful in aiding 

the	interpretation	of	this	variability.	Second,	technology	is	improv-

ing for continuous measurement of plant water status in the field 

(Guo & Ogle, 2019; Novick et al., 2022),	 presenting	 novel	 oppor-
tunities for the evaluation of water status regulation at hourly to 

daily timescales. Third, it is necessary to determine whether traits 

measured under laboratory conditions relate to metrics of water 

status	 regulation	 in	 vivo.	 Physiological	 traits	 are	 expected	 to	 be	
relatively stable over time and relatively independent of changes in 

environmental conditions. Conversely, field- applicable metrics will 

often incorporate physiological responses to environmental driv-

ers, as is the case for metrics of water use regulation (e.g., canopy 

conductance	at	reference	VPD	or	response	of	canopy	conductance	
to	VPD)	 (Kannenberg	 et	 al.,	2022).	 Consequently,	 the	 relationship	
between	traits	and	field	performance	can	be	complex	(Mencuccini	
et al., 2019;	Venturas	et	al.,	2021).	Using	a	multi-	biome	dataset	of	
tree water fluxes, water use metrics were found to be coordinated 

with leaf and xylem hydraulic traits (Flo et al., 2021).
Several	existing	metrics	aim	to	quantify	the	regulation	of	leaf	

water potential Ψleaf. The degree of isohydric/anisohydric con-

trol of water potential can be quantified by examining changes in 

the difference between pre- dawn (Ψpd)	 and	midday	 (Ψmd)	 water	
potentials ΔΨ=Ψpd − Ψmd (Klein, 2014;	Martínez-	Vilalta	&	Garcia-	
Forner, 2017),	stomatal	responses	to	Ψmd (Klein, 2014),	the	slope	
σ of the relationship between Ψpd and Ψmd	 (Martínez-	Vilalta	
et al., 2014)	and	the	hydroscape	area,	that	is,	the	area	included	be-

tween the boundary line of the cloud of Ψpd–Ψmd pairs and the 1:1 

line	(Meinzer	et	al.,	2016).	These	metrics	of	isohydry,	also	referred	
to	as	metrics	of	regulation	stringency	(e.g.,	Meinzer	et	al.,	2016),	
were also found to relate with traits, that is, leaf turgor loss point, 

vulnerability to cavitation and several other functional proxies 

(Martínez-	Vilalta	et	al.,	2014).
Current metrics of isohydry have limitations (Feng et al., 2019; 

Kannenberg et al., 2022; Knipfer et al., 2020).	First,	because	 they	
only examine the relationship between pre- dawn and midday water 

potentials, ΔΨ, σ and the hydroscape area are essentially undefined 

at	the	daily	time	scale.	Since	these	isohydry	metrics	are	undefined	
at the daily time scale, we use the wider term of water potential reg-

ulation, to encompass both daily and seasonal time scales, through-

out	 this	paper.	Additionally,	 the	second	of	 the	 two	direct	external	
drivers	 of	 plant	 water	 potential,	 that	 is,	 VPD,	 atmospheric	 vapor	
pressure deficit is not considered (Novick et al., 2019; Tardieu & 

Simonneau,	1998).	This	is	relevant,	given	current	trends	of	increas-
ing	 air	 temperatures	 and	 the	 likelihood	 that	 higher	VPD	will	 lead,	
directly or indirectly, to more negative water potentials in many 

ecosystems (Grossiord et al., 2020).	 The	 ΔΨ metric is applicable 

at the daily time scale, but its relationship to the external effects 

caused	by	VPD	 remains	unquantified.	 Finally,	 the	σ isohydry met-

ric	 (Martínez-	Vilalta	et	al.,	2014)	has	been	criticized	on	the	ground	
that it confounds plant traits with other environmental effects (Feng 

et al., 2019),	 leading	to	a	suggestion	that	the	isohydric/anisohydric	
framework	should	be	abandoned	(Hochberg	et	al.,	2018).

Our aim here is to develop a water potential stringency metric 

Sws	that	(a)	quantifies	the	effects	of	both	VPD	and	Ψsoil	and	(b)	can	
be applied at daily and seasonal time scales. This paper shows that 

this	 is	possible	by	 (c)	quantifying	the	departure	of	observed	water	
potential from the predictions of a model representing both ther-

modynamic	forces	(i.e.	both	soil	and	atmospheric	drought)	when	no	
physiological regulation (no stomatal limitations for a given hydraulic 

supply)	occurs.	Using	data	collected	in	two	field	experiments	as	case	
studies,	we	ask	the	following	questions:	(1)	to	what	extent	is	Sws sen-

sitive to differences in Ψleaf regulation in response to experimental 

treatments	including	VPD	manipulations?	(2)	How	does	its	sensitiv-

ity compare against other common metrics, such as σ, ΔΨ and the hy-

droscape	area?	(3)	How	does	the	regulation	of	Ψleaf	under	high	VPD	
compare to the regulation under negative Ψsoil?	We	further	examine	
whether the accuracy of Sws calculation is sensitive to observational 

record length.

2  |  MATERIAL S AND METHODS

2.1  |  Regulation of leaf water potential

We derive a null model for the hydraulic effects exerted on Ψleaf by 

VPD	and	Ψsoil, such that the internal regulation of plant water po-

tential can be examined. We start by assuming steady- state flow 

in plants, i.e., transpiration equals plant water transport. Given 

that most time series of Ψleaf only include midday measurements, 

we limit the analysis to the case of Ψleaf = Ψmd.	However,	the	con-

cept presented here can be expanded to full diurnal time courses 

of Ψleaf, or to non- transpiring leaves (approximating stem Ψ).	The	
original derivation for this steady- state water balance between 

supply and demand assumed well- coupled canopies (Whitehead 

& Jarvis, 1981):

In Equation (1),	gtot (leaf vapor conductance, sum of stomatal 

and	 boundary	 layer	 conductances)	 and	 kL (whole- plant hydrau-

lic conductance divided by leaf area, assuming Ψpd = Ψsoil, cf., 

Section	4)	are	dependent	on	plant	water	potential,	but	the	exact	
form of this dependency is not relevant here. This formulation 

omits gravity- induced head- losses to the soil- to- leaf gradient 

since they cancel out in Equation (5).	In	Equation (1),	VPD	is	vapor	
pressure deficit outside of the leaf boundary layer (i.e., assuming 

leaves	 are	 equilibrated	 at	 air	 temperature).	 This	 equilibrium	 as-
sumption	 is	 justified	because	 leaf-	to-	air	VPD	and	VPD	of	 the	air	
are generally strongly correlated. The assumption can be relaxed 

in future studies if continuous observations of leaf canopy tem-

perature	are	available,	but	we	recognize	that	the	relevant	VPD	for	
the	plants	may	be	higher	than	the	VPD	of	the	air.	Assuming	that	
time series are available for Ψmd, Ψpd	 and	VPD,	we	calculate	 the	
following ratio for each point i in the time series:

(1)Ψmd = Ψpd −
gtot

kL
VPD.
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where the quantity 
(

gtot

kL

)

i
 stands for the value of the ratio of the 

two properties at time i. The 
(

gtot

kL

)

i
 indexes the variability over 

time of leaf conductance per unit of leaf- specific hydraulic supply 

capacity.	As	part	of	the	calculation	of	a	null	model,	it	is	necessary	
to	define	a	proxy	for	the	maximum	value	of	this	quantity.	A	suit-
able benchmark is:

Since	
(

gtot

kL

)

i
 increases with Ψpd (where Ψpd < 0)	and	decreases	

with	 VPD,	 the	 99th	 quantile	 provides	 a	 reference	 value	 for	 the	
maximum value of the distribution of leaf conductance per unit 

of	leaf-	specific	water	supply	under	well-	watered	conditions.	Using	
the 99th percentile rather than the absolute maximum reduces the 

impact	of	measurement	noise.	Alternative	 calculations	using	 the	
95th percentile are presented in Data S1 and gave similar results. 

Taking the ratio of stomatal to hydraulic conductance accounts for 

the fact that gtot and kL co- vary depending on species and time. 

The reference ratio 
ĝtot

kL
 can be defined in alternative ways, for ex-

ample,	at	fixed	values	of	VPD	and	Ψpd as opposed to by reference 

to	 the	 empirical	 distribution,	 to	 standardize	 across	 case	 studies.	
The impacts of these alternative definitions on measures of strin-

gency are discussed later. We then define the hydraulic effects of 

the environment on leaf water potential Ψhf	(MPa,	subscript	hf	for	
hydraulic	‘forcing’)	at	time	i:

Equation (4)	is	identical	to	Equation (1)	but	the	ratio	 ĝtot
kL

 remains 

at the reference well- watered value. Because Ψpd	and	VPD	now	vary	
over time, Equation (4)	 provides	 a	 null	model	 of	 how	 plant	water	
potential changes if internal conductances are not regulated (cf., 

Section	4, as to how an expression containing Ψpd may differ from 

an expression containing Ψsoil).	 This	 null	model	 represents	 a	 time-	
dependent	metric	of	environmental	effects	(the	‘forcing’)	that	com-

bines	both	VPD	and	 soil	water	 limitation,	 because	 the	 conversion	
of	VPD	on	the	thermodynamic	scale	can	use	individual-	specific	in-

formation on the sensitivity to the environment. Referencing these 

effects to the maximum value of leaf conductance per unit of leaf- 

specific supply capacity quantifies the thermodynamic sensitivity to 

keeping stomata open and maintaining water supply, given increases 

in	VPD	and/or	declines	 in	Ψpd.	 Plant	 regulation	acts	 against	 these	
effects (Figure 1).

The null model of Equation (4)	can	be	employed	to	assess	the	
degree of regulation of water potential by comparing the mea-

sured Ψleaf against the corresponding Ψhf under the same condi-

tions	(i.e.,	same	VPD	and	Ψpd).	We	define	the	stringency	of	water	
potential	 regulation	 (MPa)	 as	 the	 departure	 from	 the	 effects	 of	
Ψpd	and	VPD:

While Equation (1)	 is	 based	 on	 a	 steady-	state	model	 of	water	
transport	(demand = supply),	changes	in	Sws can reflect non- steady- 

state changes in the ratios of vapor to hydraulic conductance via 

their effects on Ψmd. When Sws = 0,	 the	 ratio	of	vapor	 to	hydraulic	
conductance is identical to the ratio under well- watered conditions 

and Ψmd = Ψhf. Instead, Sws > 0	when	gtot
kL

 is low relative to 
ĝtot

kL
, in which 

case Ψmd > Ψhf. The environmental effects on plant water potential 

are isolated in Ψhf, and the difference Sws = Ψmd − Ψhf represents the 

plant- driven component of the regulation in leaf water potentials 

(Figure 1).
Because Equation (4)	is	additive,	the	total	effect	on	Ψmd can be 

decomposed	 into	 the	 effect	 by	VPD	alone	 (i.e.,	Ψhf,VPD),	Ψpd alone 

(i.e., Ψhf,Ψpd
)	and	the	seasonal	covariation	between	VPD	and	Ψpd (i.e., 

Ψhf,cov).	Equally,	one	can	separate	the	proportion	of	plant	water	po-

tential	regulation,	for	VPD	(i.e.,	SVPD),	Ψpd (i.e., S
Ψpd
)	and	their	covaria-

tion (i.e., Scov)	(see	Data	S1	for	derivations).	Beyond	the	study	of	how	
stringency changes over time, this new framework can be employed 

to also examine two properties calculated across the entire time 

series, that is, the regression slope between Ψmd and Ψhf (equiva-

lent to σ	of	(Martínez-	Vilalta	et	al.,	2014))	and	the	area	encompass-
ing all pairs of Ψmd and Ψhf points (equivalent to hydroscape area 

of	 (Meinzer	et	 al.,	2016)).	Beyond	σ and hydroscape area, we also 

compare our metric against DY.

2.2  |  Empirical tests

We employ two experimental datasets to test whether Sws pro-

vides a sensitive metric of the daily stringency of Ψmd regulation. 

The	first	dataset	comes	from	the	SUMO	experiment	conducted	in	
New	Mexico	described	in	(Sevanto	et	al.,	2018a, 2018b).	The	Los	
Alamos	 Survival–Mortality	 experiment	 (SUMO)	 was	 located	 on	
Frijoles	Mesa	near	Los	Alamos,	New	Mexico,	USA.	This	was	a	multi-	
year- long tree manipulation study that investigated the relative 

impacts of drought and warming on plant function in a semi- arid 

region. The study examined the effects of drought and heat treat-

ments in isolation and in combination with a crossed design. The 

experiment was in a piñon- juniper (Pinus edulis Engelm.—Juniperus 

monosperma	 (Engelm.)	 Sarg.)	woodland	 near	 the	 ponderosa	 pine	
(Pinus ponderosa	Dougl.)	forest	ecotone.	The	water	potential	data	
(pre-	dawn	 and	 midday)	 as	 well	 as	 the	 time	 series	 of	 VPD	 were	
downloaded from https:// ess-  dive. lbl. gov/ .	Because	empirical	RH	
data	from	within	the	chambers	are	not	publicly	available,	VPD	val-
ues inside the heated chambers were obtained using an empirical 

regression	of	mean	monthly	VPD	values	based	on	Figure S1 from 

(Grossiord,	Sevanto,	Dawson,	et	al.,	2017).
The second dataset comes from an experiment manipulating air 

temperature and water supply of forest red gum (Eucalyptus tereti-

cornis	Sm.)	trees	inside	12	whole-	tree	climate-	controlled	chambers	
(WTC)	in	Australia	(Aspinwall	et	al.,	2016; Drake et al., 2016).	The	
WTCs are large, approximately cylindrical structures topped with 

a	cone	that	enclose	a	single	tree	rooted	in	the	soil	underneath.	Six	
chambers tracked ambient temperature and six chambers tracked 

(2)
(

gtot

kL

)

i

=
Ψpd,i − Ψmd,i

VPDi

,

(3)
ĝtot

kL
= quantile, 99

(

pdf

((

gtot

kL

)

i

))

.

(4)Ψhf,i = Ψpd,i −
ĝtot

kL
VPDi .

(5)Sws
i

= Ψmd,i − Ψhf,i = VPDi

(

ĝtot

kL
−

(

gtot

kL

)

i

)

.
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ambient temperature +3°C warming in a 2- year- long experiment. 

Relative	 humidity	 RH	 in	 the	 warmed	 treatment	 was	 controlled	
to	match	the	RH	observed	 in	 the	ambient	 treatment	 (about	62%	
during	daylight	 hours),	which	meant	 that	VPD	was	higher	 in	 the	
warmed compared to the ambient chambers (by between 0.3 and 

1.0 kPa	at	midday	compared	to	control).	A	water	exclusion	treat-
ment was added to half of the trees on 12 February 2014, whereby 

trees	 were	 irrigated	 regularly	 every	 15 days	 with	 half	 the	mean	
monthly rainfall, leading to small changes in Ψpd in the second part 

of the experiment. We employ here only the data from the sec-

ond year of the experiment. Data were downloaded from: https:// 

figsh	are.	com/	artic	les/	datas	et/	Drake_	NewPh	yt_	2016_	WTC3_	
RtoGPP_	forfi	gshare_	zip/	31221	04/	1.

2.3  |  Statistics

To	address	question	(1)	(to	test	the	sensitivity	of	the	metric	to	exper-
imental	treatments),	we	fit	linear	mixed	models	to	the	two	datasets	

to examine whether daily Ψhf and regulation stringency Sws vary 

across	 treatments	and	species	 (SUMO)	or	 treatment	combinations	
(Australia).	To	address	question	(2)	(to	compare	against	existing	sea-

sonal	metrics),	we	first	fit	the	same	mixed	models	to	Ψmd as a func-

tion of Ψpd and treatment to obtain σ	(Martínez-	Vilalta	et	al.,	2014),	
and to ΔΨ as a function of treatment (Klein, 2014).	Using	the	SUMO	
experiment as a test case, we also calculate the hydroscape area AHS 

(Meinzer	et	al.,	2016)	 and	compare	 it	 against	 the	equivalent	 strin-

gency areas (i.e., As)	across	species	and	treatments.	We	define	the	
hydroscape area as the triangular area within the boundary line of 

the point distribution, the 1:1 line and the vertical line at Ψpd = 0.	To	
obtain the boundary line, we employ quantile regression in quantreg 

(Koenker, 2005)	 in	R	 (R	Development	Core	Team,	2013)	 using	 the	
command	rq	and	the	5%	quantile	of	the	regression	between	Ψmd and 

Ψpd. We then integrate geometrically. To calculate the stringency 

areas,	we	 first	 employ	 quantile	 regression	 as	 above	with	 the	95%	
quantile of the Ψhf–Ψmd regression to get the upper boundary of the 

point distribution. We then integrate geometrically between this line 

and the 1:1 line down to the minimum recorded Ψhf for each species/

F I G U R E  1 Conceptual	diagram	of	the	relationships	between	leaf	water	potential	Ψleaf,	measured	at	either	predawn	(pd)	or	midday	(md)	
and the combined hydraulic effects caused by Ψsoil	plus	VPD	(Ψhf).	For	both	panels,	blue	line,	springtime	day,	close-	to-	zero	Ψpd; red line, 

summertime day, negative Ψpd.	At	springtime,	the	effect	of	Ψsoil (assumed equal to Ψpd)	equals	A
′
O

′	and	the	effect	of	VPD	equals	C′
A
′.	At	

summertime, the effect of Ψsoil equals B′
O

′	and	the	effect	of	VPD	equals	E′
B
′, respectively. In both days, the observed Ψmd is less negative 

than the total hydraulic effect predicted based by Ψhf	(compare	D	with	C	and	F	with	E).	The	vertical	segments	DC with FE give the regulation 

Si	against	VPD,	while	−ΔΨ = Ψmd − Ψpd	is	the	regulation	against	VPD	that	the	plant	did	not	do.	(a),	Left-	hand	panel,	a	perfectly	isohydric	plant	
(at	the	seasonal	time	scale)	in	which	Ψmd remains constant through the season despite changes in the two drivers (compare Ψleaf at D with 

F);	(b),	right-	hand	panel,	a	perfectly	anisohydric	plant	in	which	stringency	of	regulation	remains	constant	despite	changes	in	the	two	drivers	
(compare DC with FE).	Note	that	the	hydraulic	effect	caused	by	VPD	for	the	two	plants	depends	on	plant-	specific	values	of	ĝtot

kL
 and therefore 

likely to change between the two idealised cases, but this is not represented in the figure. Beside the two cases presented here, other 

scenarios	are	possible,	depending	on	the	balance	between	regulation	against	VPD	and	Ψpd.

 1
3
6
5
2
4
8
6
, 2

0
2
4
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/g

cb
.1

7
2
2
2
 b

y
 U

n
iv

ersity
 O

f U
tah

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

5
/1

1
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



    |  5 of 18MENCUCCINI et al.

treatment combination (cf., Figure 3	 as	 an	 example).	 All	 areas	 are	
calculated separately for each individual tree and the means and 

95%	 confidence	 intervals	 for	 each	 species/treatment	 combination	
are	estimated	across	individuals.	To	address	question	(3)	(to	test	the	
relative	 regulation	against	VPD	and	Ψsoil),	we	quantify	 the	 relative	
importance	of	 the	 effects	 caused	by	VPD	and	Ψpd, as well as the 

regulation against these drivers, by plotting these variables against 

the	total	effect.	In	all	cases	we	use	tree	(SUMO)	and	chamber	(WTC	
experiment)	 as	 random	 intercepts	 and	 the	 applied	 treatments	 as	
fixed factors.

To	assess	the	impact	of	sample	size	on	the	accuracy	of	the	vari-
ables	 related	 to	 regulation	 stringency,	we	use	 the	 SUMO	dataset,	
because	its	large	size	permits	sub-	sampling.	We	obtain	estimates	of	
the ratio 

ĝtot

kL
, the total hydraulic effect Ψhf, regulation stringency Sws 

and	the	proportion	of	regulation	attributable	to	VPD	in	the	complete	
dataset and in random sub- samples including N = 5,	10,	20,	50,	100,	
200, 400 and 600 measurements, using both the 95th and the 99th 

percentile of the distribution of 
ĝtot

kL
. Computations are repeated 1000 

times per species and treatment combinations using different ran-

dom	sub-	samples	(with	replacement)	calculated	for	each	individual	
tree. The distribution of the variability in the results therefore re-

flects the sum of the uncertainty of the estimates for each tree (i.e., 

the	length	of	the	time	series)	plus	the	variability	across	individuals.	
To assess the impacts of using definitions of the reference ratio 

ĝtot

kL
 

alternative to Equation (3)	on	the	calculated	measures	of	stringency,	
we use multiple regressions of 

(

gtot

kL

)

i
	against	VPD	and	Ψpd to esti-

mate 
ĝtot

kL
	at	VPD = 0.1	or	0.5 kPa	and	Ψpd = −0.1	or	−0.5 MPa	for	each	

species- treatment combination.

3  |  RESULTS

Of all the water status metrics, only the stringency metric (e.g., Sws)	
was	able	to	discern	treatment	effects	in	these	two	experiments.	A	
highly significant relationship between Ψmd and Ψpd was found in 

the	 SUMO	experiment	 for	 both	P. edulis and J. monosperma (both 

p < .0001,	Figure 2	top).	However,	a	treatment	effect	was	not	found	
in either species or for the two species combined (Table 1A).	Ψmd 

was also significantly related to Ψpd in the E. tereticornis experi-

ment, but again no significant effect of the applied treatments was 

found (Table 2A; Figure 2	 bottom).	 Similar	 results	 were	 obtained	
for ΔΨ, the water potential difference between pre- dawn and mid-

day (Tables 1B and 2B)	and	for	hydroscape	area	AHS (Table 1E; note 

that AHS could not be calculated for some treatments in the E. tereti-

cornis	experiment).	Ψmd was highly significantly and linearly related 

to total hydraulic effect Ψhf in all three species (at least p < .0001,	
Tables 1C and 2C; Figure 3),	although	the	best	model	 (as	assessed	
using	a	delta	AIC	metric)	was	that	of	a	concave-	up	quadratic	regres-
sion between Ψmd and Ψhf	 (AIC	 always	 smaller	 by	 at	 least	 2 units	
for	 the	quadratic	 regressions).	 In	contrast	 to	 the	previous	metrics,	
treatment effects for Ψmd against Ψhf were found in J. monosperma, 

when	the	two	species	at	SUMO	were	combined	and	for	E. tereticornis 

(Table 1C).	Treatment	effects	on	total	regulation	Sws were also found 

in J. monosperma,	for	the	two	species	combined	at	SUMO	and	for	E. 

tereticornis (data not given, since results for treatment are identical 

to those given above against Ψhf).
Consistent with these results, a significant relationship was 

found between the slopes of the Ψhf–Ψmd relationships and the 

slopes σ of the Ψpd–Ψmd	relationships	(Martínez-	Vilalta	et	al.,	2014)	
but the confidence intervals were generally larger for the second 

(Figure S1).	 Across	 both	 species	 at	 SUMO	and	 all	 treatments,	 the	
hydroscape area AHS showed a broad inverse relationship with the 

equivalent area of stringency (Figure 4),	with	larger	areas	indicating	
a	stricter	water	potential	regulation.	However,	stringency	areas	had	
often smaller standard errors compared to AHS and showed signifi-

cantly	larger	values	in	Heat	and	Heat+Drought	relative	to	Ambient	
in the analysis combining both species (p < .00001)	and	 in	P. edulis 

(p < .00001),	but	not	in	J. monosperma. No such differences were ap-

parent with AHS (always p > .05,	cf.,	Table 1D,E).
Total hydraulic effect Ψhf occasionally reached values down to 

−12.6 MPa	in	J. monosperma	 (−7.9 MPa	in	P. edulis),	with	Ψmd reach-

ing	a	minimum	of	−9.6 MPa	(−4.2 MPa	in	P. edulis).	The	5%	quantiles	
of Ψhf (i.e., a more robust estimate of the minimum of the distribu-

tion of Ψhf)	reached	−9.8	and	−8.6 MPa	for	 juniper	and	piñon	pine,	
respectively, and varied significantly with species and treatment 

(both p < .0001).	In	both	species,	Heat	and	Heat+Drought were the 

treatments with the most negative values of Ψhf.	At	the	opposite	ex-
treme, Ψhf	remained	mostly	above	−5 MPa	in	E. tereticornis.	Seasonal	
covariation	between	VPD	and	Ψpd in J. monosperma accounted for 

a significant proportion of the total effect on Ψhf. Conversely, the 

covariation effect was not significant in P. edulis and the slopes of 

the	 linear	 regressions	between	VPD	and	Ψpd were never different 

from	zero	(Figure 5).
The	 mean	 net	 effect	 of	 VPD	 was	 −5.4 MPa	 (95%	 quantile,	

−8.7 MPa)	 in	P. edulis	and	−5.2 MPa	 (95%	quantile,	−10.0 MPa)	 in	J. 

monosperma (p < .00001	 for	 the	 difference	 across	 species),	 a	 re-

sult of species- specific differences in 
ĝtot

kL
. The proportion of the 

total effect Ψhf	caused	by	VPD	increased	in	P. edulis but decreased 

in J. monosperma at more negative Ψhf (p < .0001	for	both	species)	
(Figure 5	 top),	 a	 consequence	of	 the	different	behaviour	of	Ψpd in 

the	two	species.	The	slope	of	the	effect	by	VPD	as	a	function	of	Ψhf 

did not vary significantly across treatments in either J. monosperma 

(p = .99)	or	P. edulis (p = .57,	Figure 5	 top).	Conversely,	the	absolute	
effect	of	VPD	was	significantly	more	negative,	as	expected,	for	Heat	
and	Heat+Drought	relative	to	Ambient	(21%	and	27%,	respectively).	
Interestingly however, these results were obtained only when Ψhf 

was calculated ‘globally,’ using either the pooled 
ĝtot

kL
 by species, the 

values of 
ĝtot

kL
	for	the	Ambient	treatment	as	a	reference,	or	by	extrapo-

lating 
ĝtot

kL
	to	reference	values	using	a	multiple	regression	against	VPD	

and Ψpd for all treatments pooled. When 
ĝtot

kL
 was calculated instead 

for	each	tree	separately,	the	effect	of	VPD	did	not	vary	by	treatment	
(p = .21).	The	results	for	E. tereticornis resembled those for P. edulis, 

although	here	the	net	effect	of	VPD	could	be	as	 low	as	−4.7 MPa.	
The proportion of Ψhf	caused	by	VPD	also	increased	with	Ψhf in E. 

Tereticornis,	although	the	effect	by	VPD	remained	high	throughout	
and in all treatments (Figure 4	bottom).
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With 
ĝtot

kL
 calculated ‘globally’ (i.e., across all treatments and indi-

viduals),	total	regulation	was	less	stringent	and	had	a	lower	slope	as	
a function of Ψhf in J. monosperma (Figure 6, dark grey points, both 

p < .00001).	 Regulation	 was	 40%–48%	 more	 stringent	 in	 P. edulis 

(36%–37%	 in	 J. monosperma)	 in	Heat	and	47%–57%	 (42%–43%)	 in	
Heat+Drought	 relative	 to	 Ambient	 (p < .00001	 for	 both	 species),	
respectively, depending on how 

ĝtot

kL
 was calculated. The maximum 

values	of	regulation	(calculated	as	the	95%	quantile	of	the	distribu-

tions	by	individual)	also	varied	significantly	as	a	function	of	species	
and	treatment,	again	with	higher	values	for	Heat	and	Heat+Drought 

relative	 to	 Ambient	 (p < .00001),	 reaching	 values	 of	 ~6.4 MPa	 for	
piñon	pine	in	those	treatments.	Very	similar	results	were	obtained	
for	regulation	against	VPD	SVPD (coloured points, Figure 6).	SVPD was 

significantly higher (more positive values, p < .00001)	and	it	tightly	
increased at negative Ψhf in P. edulis 

(

R2
m
= 0.51

)

, whereas it broadly 

decreased (R2
m
= 0.19)	and	had	generally	negative	values	in	J. mono-

sperma.	Again,	stringency	SVPD was significantly higher (p < .00001,	
Figure 6)	 in	Heat	and	Heat+Drought, despite the higher values of 

Ψhf,	relative	to	Ambient	in	both	species.
Because these results depended on how 

ĝtot

kL
 was calculated, we 

explored how 
ĝtot

kL
	varied	across	all	treatments.	The	99%	quantiles	of	

ĝtot

kL
	calculated	by	individual	were	significantly	lower	in	Drought,	Heat,	

and	Heat+Drought relative to ambient (p < .001	and	p < .10	in	P. edulis 

and J. monosperma, respectively, cf., Figure S2 for the overall distri-

butions).	This	was	expected,	given	generally	lower	leaf	conductance	
under	high	VPD	and	soil	drought	treatments.	To	compare	reference	
values under identical environmental conditions, we used multiple 

regressions to extrapolate 
ĝtot

kL
 for each tree at reference values of 

VPD = 0.1	or	0.5 kPa	and	Ψpd = −0.1	or	−0.5 MPa.	These	extrapolated	
values significantly varied by treatment in P. edulis (p < .001),	again	
being	lower	in	Drought,	Heat,	and	Heat+Drought, but not in J. mono-

sperma (p = .23),	with	a	significant	interaction	between	species	and	
treatment (p < .001).

The accuracy and precision in the estimation of regulation strin-

gency depended on several factors. The ratio 
ĝtot

kL
 determined for 

each species/treatment combination varied both within as well as 

across individuals, although a proportion of this variability was due 

to sampling dates during extreme drought periods when Ψpd < Ψmd, 

giving rise to negative ratios (Figure S2)	(Plaut	et	al.,	2012).	To	avoid	
affecting	 the	 estimate	 of	 the	 99%	quantile	 of	 the	 ĝtot

kL
 distribution, 

we filtered out these dates. The accuracy of all regulation variables 

depended	on	the	sample	size	employed	to	obtain	 ĝtot
kL

 for each time 

series.	 In	general,	 sample	 sizes	of	n ≤ 50	 (i.e.,	 length	of	 time	series	
x	number	of	individuals	per	treatment)	resulted	in	biased	and	more	
uncertain estimates of the absolute and relative effects caused by 

VPD	(Figures S3–S6).	Estimates	of	the	total	effects	on	Ψmd obtained 

from the multiple regression estimating 
ĝtot

kL
	 at	 VPD = 0.1 kPa	 and	

Ψsoil = −0.1 MPa	 were	 closely	 related	 to	 estimates	 obtained	 using	
ĝtot

kL
 from Equation (3)	 (Figure S7).	Despite	these	close	relationships,	

systematic	differences	were	evident	 for	both	species.	Using	refer-
ence	values	of	VPD = 0.5 kPa	and	Ψpd = −0.5 MPa	slightly	 increased	
the biases for J. monosperma but decreased them for P. edulis (data 

not	shown).	A	similar	picture	was	found	for	correlations	and	biases	
in estimates of regulation stringency Sws (Figure S8).	Using	the	95th	
percentile as opposed to the 99th percentile of the distribution of 

Ψhf always gave lower estimates of total hydraulic effect Ψhf, mean 

net	effect	of	VPD,	proportion	of	the	total	effect	caused	by	VPD	on	
Ψmd and total regulation Sws (Figures S4–S6).

4  |  DISCUSSION

4.1  |  The significance of our findings

Our approach has precedence in the ecological literature on animal 

homoiothermy, where the concept of ‘operative environmental tem-

perature,’ calculated via equations of steady- state energy balance, 

has been in use since the 1970s as a reference null model against 

which to assess measured body temperature (Bakken et al., 1985).	
The hydraulic quantity Ψhf puts on the same scale the two environ-

mental drivers of plant water potential, i.e., the potentials of soil and 

atmospheric water. Temperature and atmospheric pressure are also 

known to directly affect plant water potentials (Tyree & Jarvis, 1982);	
however,	 their	 effects	 are	 comparatively	 smaller.	Air	 temperature,	
radiation, [CO2], and other site properties also affect plant water 

status via stomatal conductance and photosynthesis or via whole- 

plant conductance. We contend that the primary reason for the on-

going debate over the interpretation and value of isohydry indices 

lies	in	the	failure	to	separate	the	direct	drivers	of	VPD	and	Ψsoil (here 

achieved	via	a	suitable	null	model	of	plant	water	status),	rather	than	
in the failure to account for indirect environmental effects on plant 

gas exchange or liquid water transport (Novick et al., 2019).
In our analysis, we quantify the magnitude of the changes in leaf 

water potential relative to the changes that would occur if no in-

ternal regulation of the liquid- phase and vapor- phase conductances 

took place. In essence, our approach provides a null model based on 

environmental drivers, against which internal regulation is assessed. 

Therefore, the Sws metric quantifies the direction and magnitude of 

the internal regulation of water status under specific sets of external 

conditions. Over time, water status varies strongly in response to 

both	 stomatal	 and	photosynthetic	 signals	 as	well	 as	VPD	changes	
(Anderegg	et	al.,	2017).	This	dependency	on	VPD	is	captured	in	both	
semi- empirical (Rogers et al., 2014)	and	optimality	(Lin	et	al.,	2015; 

Prentice	et	al.,	2014;	Sperry	et	al.,	2017)	models	of	stomatal	behavior.	

F I G U R E  2 Plots	of	midday	Ψmd against predawn leaf water potential Ψpd,	for	(a)	the	SUMO	(top)	and	(b)	the	Australian	WTC	experiment	
(bottom).	Plots	are	given	separately	by	species	and	treatment	(top)	and	treatment	combinations	(bottom).	Continuous	regression	lines	mark	
the	lower	5%	quantile	used	to	calculate	the	hydroscape	area;	dashed	regression	lines	give	the	estimate	of	slope	σ	from	Martínez-	Vilalta	
et al. (2014).	The	dotted	line	is	the	1:1	line.	Note	that	the	slopes	of	the	continuous	lines	for	both	drydown	treatments	in	the	Australian	
experiment are so steep that hydroscape area cannot be calculated.
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Previous	analyses	identified	water	relations	(e.g.,	turgor	 loss	point,	
Fu	&	Meinzer,	2019;	Meinzer	et	al.,	2016)	and	hydraulic	(xylem	vul-
nerability,	 for	example,	 (Martínez-	Vilalta	et	al.,	2014))	 traits	as	 the	
main correlates of the degree of an/isohydric behaviour, using the 

hydroscape area and σ,	respectively.	However,	prior	empirical	analy-

ses	did	not	examine	the	consequences	of	regulation	against	VPD	at	
the daily time scale. This is relevant, since additional variables (e.g., 

hydraulic capacitance, nighttime hydraulic balance, carbohydrate 

dynamics)	 and	 processes	 (temperature	 regulation,	 internal	 clocks)	
may play a role at the daily time scale. Therefore, our finding that 

the	potential	‘forcing’	of	VPD	can	amount	to	several	MPa	is	indeed	
of interest. (Guo et al., 2019)	examined	 the	 relationships	between	
Ψsoil	and	VPD	but	did	not	employ	a	generalizable	metric	like	the	strin-

gency	metric	proposed	here.	A	‘baseline’	relationship	between	VPD	
and stem Ψmd (i.e., the Ψ	of	a	non-	transpiring	leaf)	was	developed	by	
(Shackel,	2011)	for	irrigation	management	(Shackel	et	al.,	2021),	but	
its application is confined to non- limiting soil water supply.

In	response	to	question	(1)	(cf.,	Section	1),	we	show	that	our	metrics	
behave more sensitively than earlier metrics, as predicted, across two 

case	studies	where	VPD	levels	were	manipulated.	The	interest	here	is	
that soil and atmospheric contributions to regulation stringency are ex-

amined on the same thermodynamic scale, by examining their effects 

on	plant	water	status.	Previously,	this	could	be	done	only	indirectly,	by	
examining the relative consequences of the changes in the two drivers 

on stomatal conductance, transpiration, and photosynthesis. This is 

not entirely satisfactory, given that even at steady state, plant water 

status depends also on the regulation of whole- plant conductance 

(i.e., Equation 1)	(Martínez-	Vilalta	et	al.,	2014;	Mencuccini	et	al.,	2019; 

Whitehead & Jarvis, 1981).	Both	 root	 and	 leaf	 extra-	xylary	 conduc-
tance are known to respond to changes in, for example, temperature 

and radiation (Ehlert et al., 2009;	Scoffoni	et	al.,	2015)	and	to	show	
entrained circadian rhythms (Caldeira et al., 2014).

The focus of plant physiologists has often been in understand-

ing the mechanisms leading to the regulation of leaf water fluxes 

and status (‘trait syndrome’ and ‘response metrics’ approaches, cf.; 

Kannenberg et al., 2022).	This	focus	on	measuring	fluxes	and	traits	is	
not employed here, in favour of developing metrics that instead take 

advantage of the large data streams of relevant drivers available from, 

for example, remote sensing or field monitoring of plant water status. 

Hence,	Sws (like σ or AHS)	should	not	be	construed	as	substitutes	for	the	
quantification of physiological traits, but as metrics useful to interpret 

their time series. Because current techniques allow monitoring plant 

water	status	(both	water	content	and	potential)	at	tree-	to-	pixel	scales	
with increasing temporal resolution (Novick et al., 2022),	the	metrics	
developed here may also have applications at larger scales, by inverting 

the	problem	to	isolate	the	dynamics	of	water	status	stringency.	Having	
said that, the approach developed here is based on the composite trait 
ĝtot

kL
, i.e., the maximum ratio of leaf conductance to leaf- specific hydrau-

lic	 conductance,	 albeit	we	 recognize	 that	 vapor	 conductance	as	de-

fined here includes the boundary layer. Note that this is not the case 

for either the hydroscape area or σ,	both	of	which	 incorporate	VPD	
effects. The 

ĝtot

kL
 is closely related to the intercept Λ	of	(Martínez-	Vilalta	

et al., 2014)	analysis.	However,	Λ	also	incorporates	a	VPD	effect	(cf.,	
Equation 3	in	Martínez-	Vilalta	et	al.,	2014).

4.2  |  Sensitivity of the proposed metric and 
comparison against existing metrics

We also asked whether Sws is sensitive to water status regulation in 

response	to	experimental	VPD	manipulations	(question	2).	We	found	
that J. monosperma regulated water status loosely at both daily and 

seasonal	time	scales	in	the	SUMO	experiment.	Stringency	against	VPD	
was also weaker in J. monosperma (Figure 4),	reflecting	the	strong	sea-

sonal decline in Ψmd with Ψhf or Ψpd in this species. Conversely, the 

regulation	against	VPD	was	stricter	in	P. edulis, as evidenced by the fact 

that Ψmd showed a much more constrained response with Ψhf despite 

substantial	increases	in	VPD	at	low	Ψhf. This difference between the 

two	species	contrasts	both	with	the	deeper	rooting	of	juniper	(Plaut	
et al., 2012)	 and	with	 regulation	against	damage	 thresholds	 such	as	
xylem	P50	or	percentage	losses	in	conductivity,	which	instead	showed	
no	 differences	 across	 species	 in	 response	 to	 heating	 (McDowell	
et al., 2019).	It	is	however	consistent	with	the	generally	lower	safety	
margins from critically low transpiration in pine relative to juniper 

(Plaut	et	al.,	2012).	Similar	conclusions	can	be	drawn	from	the	experi-
ment with E. tereticornis.	In	this	case,	the	control	against	VPD	effects	
was entirely dominant, which is hardly surprising, given the deep root-

ing patterns of this species and the consequent limited impacts of the 

applied	drought	treatment	(Aspinwall	et	al.,	2016; Drake et al., 2016).	
Overall, these dynamics may partly reflect traditional effects linked to 

exposure to embolism linked to soil drought, but they may also reflect 

some of the additional mechanisms and processes mentioned above 

acting at daily time scale.

TA B L E  2 Results	from	the	whole-	tree	chamber	Eucalyptus 

tereticornis	experiment.	Statistics	of	the	linear	models	used	to	
detect	the	effects	of	(A)	Ψpd and treatment on Ψmd (R2

m
= 0.21),	 

(B)	treatment	on	ΔΨ (R2
m
= 0.03),	(C)	Ψhf and treatment on Ψmd 

(R2
m
= 0.44)	and	(D)	treatment	on	SWS (R2

m
= 0.30).	Sample	size	n = 79,	

for all tests; df, degrees of freedom; ξp < .10;	*p < .05;	**p < .01;	
***p < .001.	Results	are	from	the	ANOVA	table	of	the	mixed	effect	
models using individual chamber as the random factor. Interactions 

are included only when variance inflation factors are below 5. 

Statistics	on	AHs and As could not be calculated because of the low 

number of points per individual chamber.

Variable F- test df p- value

(A)	Ψmd

Ψpd 5.12 (1,	74) .03*

Treatment 0.99 (3,	74) .40

(B)	ΔΨ

Treatment 0.81 (3,	75) .49

(C)	Ψmd

Ψhf 40.5 (1,	73) <.00001***

Treatment 7.5 (3,	5.4) .02*

(D)	Sws

Treatment 7.5 (3,	5.4) <.00001***
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Compared to traditional isohydry metrics (σ, ΔΨ and the hydro-

scape	area),	the	stringency	metric	Sws detected responses to exper-

imental manipulations of water availability and water demand in a 

much more sensitive manner (Tables 1 and 2; Figure 4; Figure S1).	
Existing	indices	that	fail	to	isolate	VPD	effects	likely	over-	emphasise	
responses of Ψleaf to soil drought, consistent with the classic iso/

anisohydric	 interpretation.	However,	 an	 examination	 of	 regulation	
stringency, that is, Sws and SVPD,	 shows	 that	 VPD	 responses	 are	
strongly involved. This is apparent from the differences in the pro-

portion of Ψhf	caused	by	VPD	at	negative	Ψhf across the two species 

at	SUMO	(Figure 5),	the	differences	in	Ψhf and regulation stringency 

for	Heat	 and	Heat+Drought relative to Control (Figure 6)	 and	 the	
generally high Ψhf	caused	by	VPD	across	all	treatments.

4.3  |  Understanding and quantifying the effect of 
VPD on Ψmd

The	magnitude	of	the	potential	effects	of	VPD	depends	on	 ĝtot
kL

 and 

therefore	varies	depending	on	vegetation	characteristics.	Provided	
time	series	of	plant	water	 status	and	VPD	are	available,	 this	com-

posite trait is retrieved from the data and effectively calibrates the 

Sws metric. Its variability over space and time provides meaningful 

information.	High	values	of	ĝtot
kL
	will	always	amplify	the	effects	of	VPD	

on Ψhf and therefore using the 95th percentile will always be more 

conservative than using the 99th percentile of the distribution of 

Ψhf.	The	99%	quantiles	of	
ĝtot

kL
 varied from 1.15 in J. monosperma, 1.50 

F I G U R E  3 Plots	of	midday	leaf	water	potential	Ψmd against the hydraulic effect Ψhf (i.e., the combined hydraulic ‘forcing’ by Ψsoil plus 

VPD),	for	(a)	the	SUMO	(top)	and	(b)	the	Australian	WTC	experiment	(bottom).	Plots	are	given	separately	by	species	and	treatment	(top)	and	
treatment	combinations	(bottom).	On	both	panels,	black	lines	(marked	As)	give	the	upper	95%	quantiles	delimiting	the	regulation	stringency	
area (contained between the 1:1 and the As	line);	the	linear	regression	lines	for	each	treatment	combination	are	given	instead	by	coloured	
lines. The dotted line is the 1:1 line.

F I G U R E  4 Plots	of	regulation	stringency	(AS)	against	hydroscape	area	(AHS)	for	the	different	species	and	treatment	combinations	at	the	
SUMO	experiment.	Symbols	and	bars	refer	to	point	estimates	of	the	mean	and	standard	errors	across	individuals	for	each	species/treatment	
combination.

 1
3
6
5
2
4
8
6
, 2

0
2
4
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/g

cb
.1

7
2
2
2
 b

y
 U

n
iv

ersity
 O

f U
tah

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

5
/1

1
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



12 of 18  |     MENCUCCINI et al.

 1
3
6
5
2
4
8
6
, 2

0
2
4
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/g

cb
.1

7
2
2
2
 b

y
 U

n
iv

ersity
 O

f U
tah

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

5
/1

1
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



    |  13 of 18MENCUCCINI et al.

in P. edulis to 1.28 in E. tereticornis.	For	the	SUMO	test	case,	using	
values of 

ĝtot

kL
	for	each	tree	extrapolated	to	reference	VPD	and	Ψpd, we 

explored whether 
ĝtot

kL
 varied by treatment. The significant reductions 

found for this ratio in P. edulis in the drought and heating treatments 

may reflect adjustments to maintain Ψhf within a constrained range 

despite	 chamber	heating.	Previous	work	 at	 the	 site	 suggested	ad-

justments to heating occurred in foliar phenology and morphology 

(Grossiord,	Sevanto,	Adams,	et	al.,	2017),	stomatal	sensitivity	to	VPD	
in both species and reference stomatal conductance and saturated 

leaf-	specific	 conductivity	 in	 juniper	 (Grossiord,	 Sevanto,	 Borrego,	
et al., 2017;	McDowell	et	al.,	2019)	 and	water	uptake	depth	 in	 ju-

niper	(Grossiord,	Sevanto,	Dawson,	et	al.,	2017).	Adjustments	were	
not	 found	 in	 leaf-	sapwood	 ratios	 (McBranch	et	 al.,	2019),	 or	 satu-

rated	leaf-	specific	conductivity	in	pine	(Grossiord,	Sevanto,	Borrego,	
et al., 2017)	or	the	s	slope	(McDowell	et	al.,	2019),	as	also	reported	
here.	The	reported	reduction	 in	stomatal	sensitivity	to	VPD	under	
heating allowed P. edulis to maintain stomatal conductance and sap 

flux density similar to control (Garcia- Forner et al., 2016; Grossiord, 

F I G U R E  5 Partitioning	of	hydraulic	effect	caused	by	VPD	(red)	and	Ψpd	(black)	and	covariation	between	the	two	(blue	symbols)	against	
the	total	hydraulic	effect,	for	(a)	the	SUMO	(top)	and	(b)	the	Australian	WTC	experiment	(bottom).	Plots	are	given	separately	by	species	and	
treatment	(top)	and	treatment	combination	(bottom).	Continuous	regression	lines	give	the	best	fit	lines.	The	black	dashed	line	is	the	1:1	line	
(i.e.,	the	sum	of	the	three	components	of	the	total	hydraulic	effect).	The	more	negative	values	in	some	of	the	sampling	dates	for	the	control	
relative to drydown treatments in the Eucalyptus tereticornis experiment are caused by differences in the sampling dates between treatments 

through the course of the study.

F I G U R E  6 Plots	of	total	regulation	stringency	(black	points	and	regression	line)	and	regulation	stringency	against	VPD	only	(coloured	
points	and	regression	lines)	plotted	against	the	total	hydraulic	effect	Ψhf for the different treatment combinations in Juniperus monosperma 

and Pinus edulis	at	the	SUMO	experiment.	Note	that	while	total	regulation	is	very	seldom	negative,	net	regulation	against	VPD	can	be	
negative	(often,	under	conditions	of	high	soil	water	availability	and	low	VPD).
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Sevanto,	Borrego,	et	al.,	2017).	Interestingly,	higher	values	of	water	
status regulation stringency were apparent in the treatments that 

generated	high	VPD	in	both	species,	despite	the	diversity	of	poten-

tial mechanisms mentioned above.

A	minimum	sample	size	is	required	to	obtain	unbiased	estimates	
of 

ĝtot

kL
. Estimating a reference from the data using quantiles is sim-

pler and more robust than estimating the extremes of a distribution, 

because quantiles are not dependent on sampling intensity in the 

same	way	 as	 the	 extremes	 of	 a	 distribution	 (e.g.,	 (Martínez-	Vilalta	
et al., 2021)	for	minimum	Ψmd).	Assuming	the	SUMO	experiment	to	be	
representative, a reasonable accuracy and precision in the estimates 

of Ψhf	and	proportion	of	the	total	effect	by	VPD	can	be	obtained	with	
a minimum of 50 values (across replicated trees and dates within each 

treatment	combination).	This	equates	to	a	monthly	sampling	schedule	
for a year across 4–5 individuals. This is not always achieved in physi-

ological studies. For example, in a recently published database of Ψmin 

(Martínez-	Vilalta	et	al.,	2021),	only	43	studies	have	at	least	25	sam-

pling dates, and 33 studies at least 50 sampling dates out of 115 time 

series	(although	having	individual-	level	data	alleviates	the	problem).	
The	Australian	WTC	on	Eucalyptus	did	not	achieve	this	minimum	re-

quired	sample	size	when	broken	down	by	treatments	(cf.,	Figure 2).	
We were consequently unable to calculate a number of metrics for 

this	 case	 study	 (stringency	 and	 hydroscape	 area)	 and	 highlighted	
the	problems	existing	in	some	of	the	other	metrics	(e.g.,	sigma).	The	
sample	size	requirement	of	n ≥ 50	is	easily	obtained	in	physiological	
studies based on psychrometry and in remote sensing studies of can-

opy water content, assuming a sufficiently long experiment to cover 

a range of conditions. Note, however that applying this method also 

requires	co-	occurring	VPD	time	series.
Changes in how 

ĝtot

kL
 is defined (multiple regression to estimate 

the	ratio	at	 reference	values	of	VPD	and	Ψpd versus empirical dis-

tribution	quantiles)	had	relatively	minor	effects	on	subsequent	esti-
mations of Ψhf	and	stringency.	The	first	(multiple	regression)	method	
obtains estimates under identical conditions across treatments 

but possibly obtained by extrapolation. It additionally relies on the 

goodness- of- fit of the regression. In our case, multiple regressions 

were significant for most combinations, but predictions suffered 

from significant noise and bias in some cases. The second method 

produces estimates that are inherently more stable given sufficient 

sample	sizes	but	obtained	under	different	VPD	and	Ψsoil conditions 

for	 each	 treatment.	 Here,	 ĝtot
kL

 values obtained for each treatment 

separately without adjusting for different environmental conditions 

primarily reflected the environmental conditions under which they 

were obtained (i.e., lower conductances under drought and heat-

ing).	Consequently,	approximation	of	the	maximum	ĝtot
kL

 was obtained 

only by either pooling across treatments or by using Control values. 

When long- term adjustments of the vegetation to experimental ma-

nipulations are suspected, the multiple regression approach allows 

to obtain estimates of the maxima separately by treatment, avoiding 

confounding effects of different local environments.

Because of land- atmosphere feedbacks, reduced soil water avail-

ability during droughts is often coupled with higher values of atmo-

spheric	VPD.	This	coupling	is	implicitly	considered	in	the	definition	

of Ψhf in Equation (4).	At	SUMO	(Figure 5),	the	two	components	of	
Ψhf co- varied over time in J. monosperma, but not in P. edulis, be-

cause of the much more constrained range of variability in Ψpd com-

pared	to	juniper	(not	shown).	Hence,	the	importance	of	the	seasonal	
covariation	between	VPD	and	Ψsoil, when seen through the lens of 

the perceived level of soil water stress by the plant (i.e., Ψpd),	varies	
as	 a	 function	of	plant	 rooting	 strategies.	Although	 this	 conclusion	
was	confirmed	in	the	Australian	experiment,	it	is	likely	that	the	un-

derlying mechanisms vary. In the case of P. edulis, like in other pine 

species, hydraulic disconnection between plant roots and soil is a 

major component of the maintenance of a seasonal minimum Ψmd, 

while the relevance of this mechanism at the daily time scale is not 

well	studied.	In	the	case	of	the	Australian	experiment,	 lack	of	sea-

sonal	covariation	between	VPD	and	Ψsoil was largely the result of the 

deep- rooting habit of E. tereticornis.

Although	Ψpd was considered here identical to Ψsoil, the relation-

ship between the two variables is complex. Firstly, nighttime tran-

spiration can reduce Ψpd below Ψsoil (Donovan et al., 1999; Kangur 

et al., 2017).	Secondly,	Equation (1)	 implicitly	assumes	 that	Ψsoil at 

midday is identical to Ψsoil at predawn (Binks et al., 2022).	This	may	
not be justified in cases of large transpiration- induced disequilibria 

in soil water potentials around plant roots, a situation observed in 

crop plants and on sandier substrates (Cai et al., 2022).	More	impor-
tantly, employing Ψpd as opposed to Ψsoil is justified when availability 

of soil water potential data is limited, as was the case here for phys-

iological	experiments	manipulating	VPD	levels	(Novick	et	al.,	2022).	
A	 complete	 partitioning	 of	 soil	 versus	 atmospheric	 hydraulic	 ef-
fects should consider the possibility that plant roots disconnect 

from	and	re-	connect	to	the	soil	also	at	daily	time	scale.	Under	such	
circumstances, regulation against soil drought will be amplified if 

Ψsoil	 is	considered.	An	expression	containing	Ψsoil instead of Ψpd in 

Equation (1)	would	then	depend	on	a	variable	 like	 ĝtot
kL

, but incorpo-

rating	 the	contribution	of	 rhizosphere	 resistances.	Such	a	variable	
would include plant traits but also properties such as soil texture 

and structure, giving an equivalent site- dependent reference state.

4.4  |  Water potential regulation under different 
conceptual frameworks

We	 asked	 how	 the	 regulation	 of	 water	 status	 against	 high	 VPD	
compares with the regulation against negative Ψpd	 (question	 3).	
We	showed	that	plant	control	against	the	hydraulic	effects	of	VPD	
was at least as important as the control against Ψpd. Remarkably at 

SUMO,	both	Ψhf	and	regulation	in	the	Heat	treatments	ranked	higher	
than the equivalent properties under Drought, reinforcing the ther-

modynamic	significance	of	VPD	against	soil	drought	for	both	species	
at	SUMO.

The curvilinear relationships of Ψmd with Ψhf suggest a progres-

sive decline towards a seasonal minimum Ψmd that reflects the sum 

of soil and atmospheric hydraulic effects. Employing this relation-

ship to estimate the absolute seasonal Ψmin	 is	 tempting.	However,	
it is likely that the relationship changes shape beyond turgor loss 
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point	TLP.	This	is	understandable	on	the	grounds	that	the	distribu-

tion of 
gtot

kL
 may change once leaf conductance is entirely limited by 

leaf minimum conductance. Turgor loss can also affect Ψleaf directly, 

although these species have been shown to undergo substantial sea-

sonal	adjustments	in	TLP	effectively	preventing	turgor	loss	(Meinzer	
et al., 2014).	It	is	also	possible	that	changes	in	the	distribution	of	gtot

kL
 

may partly be controlled by hydraulic conductance or belowground 

traits, such as root- soil contact. Further work is required to explore 

these ideas and test whether changes in the distribution of 
gtot

kL
 relate 

to thresholds beyond which physiological damage occurs.

Shifting	the	analysis	from	the	Ψpd–Ψmd to the Ψhf–Ψmd space, elim-

inated regression and boundary lines with extreme values, for ex-

ample, slopes >1 (Figure 2, bottom panel for the Drydown Elevated 

treatment).	 These	 lines	 are	 sometimes	 characterized	 as	 indicating	
extreme anisohydric behaviour. It is obvious from our analysis that 

the reason for this apparent behavior is because the hydraulic ef-

fects	of	VPD	had	not	been	accounted	for	(cf.,	Figures 2 and 3).	In	ad-

dition, for both case studies, values of the Ψhf–Ψmd regression slopes 

were always lower than Ψpd–Ψmd slopes (cf., Figure S1).	This	can	be	
understood from the definition of regression slope as b =

Cov(x,y)

Var(x)
 and 

that Var
(

Ψpd

)

+ Var
(

�gtot
KL

VPD
)

> Var
(

Ψpd

)

 always. The fact that re-

gression slopes in Ψhf–Ψmd space are likely to always be smaller than 

σ in turn implies that plants are generally more isohydric than when 

assessed	without	considering	VPD.
When the hydroscape area AHS	(Meinzer	et	al.,	2016)	was	com-

pared against the area of regulation stringency AS, a broad neg-

ative relationship was obtained (Figure 4).	 AHS can be written as 

AHS ≈ ∫
(

Ψpd − Ψmd

)

dΨpd.	Using	Equation (1),	 assuming	 that	VPD	 is	
constant, this can be expressed as AHS ≈ VPD ∫ gtot

kL
dΨpd. Conversely, 

AS ≈ ∫
(

Ψmd − Ψhf

)

dΨhf = VPD ∫
(

ĝtot

kL
−

gtot

kL

)

dΨpd, suggesting that 

AHS and AS	should	be	negatively	related,	as	found.	However,	VPD	is	
never	constant.	 If	VPD	varies	over	 time,	 the	 relationship	between	
the two areas will change, because VPD

ĝtot

kL
 will vary over time. It 

is therefore likely that this relationship breaks down across a wider 

range	 of	 species	 and	VPD	 conditions	 and	 the	 inverse	 relationship	
reported in Figure 4	 should	 therefore	be	 taken	with	 caution.	 Like	
the case for the hydroscape area, under the assumption of con-

stant	 VPD,	 the	 slope	 of	 the	 regression	 between	Ψhf against Ψmd 

retrieves σ	 (not	shown).	Under	the	same	assumption,	S
Ψpd

 retrieves 

(with	 the	 reversed	 sign)	 the	 usual	 daily	water	 potential	 difference	
ΔΨ (Klein, 2014;	 Martínez-	Vilalta	 &	 Garcia-	Forner,	 2017).	 Hence,	
the	regulation	stringency	metrics	presented	here	generalize	existing	
metrics. Conversely, determining the effects of the seasonal vari-

ability	in	VPD	is	important,	because	existing	isohydry	metrics	implic-
itly	assume	VPD	to	be	constant.

4.5  |  Time- varying regulation metrics versus 
species- level properties

One of the three metrics presented here, namely, stringency SWS, can 

vary at short time scales and therefore be affected by instantaneous 

abiotic and biotic conditions. Conversely, the other two metrics (AS 

and the slope of Ψhf–Ψmd	 relationship)	are	time-	averaged	and	 inte-

grate across the spectrum of variability of the drivers. Because of 

their sensitivity to local conditions, it is likely that instantaneous 

metrics can provide novel insights compared to time- averaged met-

rics. Beyond these three metrics, the maximum value of the distri-

butions of SWS may also be significant since maximum stringency is 

likely constrained. When Ψhf becomes very negative, unregulated 

surface water losses will force Ψmd to decline and therefore will 

lead	 to	 an	upper	 limit	 in	 stringency.	 In	 the	SUMO	case	 study,	 the	
95%	quantiles	of	regulation	were	higher	in	Heat	and	Heat+Drought, 

suggesting that this maximum had not been reached, at least not 

in	Ambient	and	Drought.	 Identification	of	 these	critical	 thresholds	
using the metrics proposed here should be easier than for thresholds 

calculated without using a reference null model.

5  |  CONCLUSIONS

We presented a novel metric for the quantification of water status 

regulation stringency. We showed that this metric is more sensi-

tive	to	manipulations	of	VPD	compared	to	existing	metrics.	We	also	
showed	that	regulation	against	high	VPD	is	a	very	large	component	
of regulation of plant water status, in two out of three cases the dom-

inant	one.	Metrics	for	the	quantification	of	water	status	regulation	
in vivo are complementary to metrics of water use regulation and to 

mechanistic hydraulic traits, since ultimately the behaviour of field 

metrics needs to be interpreted in the context of regulation relative 

to hydraulic damage traits. Increasingly, ecosystem- level models are 

becoming hydraulically enabled to predict plant water status as well 

as plant to ecosystem- scale water fluxes (Eller et al., 2020; Kennedy 

et al., 2019;	Li	et	al.,	2021;	Sabot	et	al.,	2020).	These	hydraulically	
enabled models can be less skilful in predicting plant water status 

than water use (De Cáceres et al., 2021; Eller et al., 2020; Kennedy 

et al., 2019;	Sabot	et	al.,	2022;	Venturas	et	al.,	2018).	The	metrics	
developed here can be useful in teasing apart the reasons of this 

variable performance and in aiding interpretation of remote sensing 

time series and physiological field monitoring.
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