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ABSTRACT
‘Water potential’ is the biophysically relevant measure of water status in vegetation relating to stomatal, canopy and hydraulic 
conductance, as well as mortality thresholds; yet, this cannot be directly related to measured and modelled fluxes of water at 
plot- to landscape-scale without understanding its relationship with ‘water content’. The capacity for detecting vegetation water 
content via microwave remote sensing further increases the need to understand the link between water content and ecosystem 
function. In this review, we explore how the fundamental measures of water status, water potential and water content are linked 
at ecosystem-scale drawing on the existing theory of pressure-volume (PV) relationships. We define and evaluate the concept and 
limitations of applying PV relationships to ecosystems where the quantity of water can vary on short timescales with respect to 
plant water status, and over longer timescales and over larger areas due to structural changes in vegetation. As a proof of concept, 
plot-scale aboveground vegetation PV curves were generated from equilibrium (e.g., predawn) water potentials and water content 
of the above ground biomass of nine plots, including tropical rainforest, savanna, temperate forest, and a long-term Amazonian 
rainforest drought experiment. Initial findings suggest that the stored water and ecosystem capacitance scale linearly with bio-
mass across diverse systems, while the relative values of ecosystem hydraulic capacitance and physiologically accessible water 
storage do not vary systematically with biomass. The bottom-up scaling approach to ecosystem water relations identified the 
need to characterise the distribution of water potentials within a community and also revealed the relevance of community-level 
plant tissue fractions to ecosystem water relations. We believe that this theory will be instrumental in linking our detailed un-
derstanding of biophysical processes at tissue-scale to the scale at which land surface models operate and at which tower-based, 
airborne and satellite remote sensing can provide information.
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1   |   Introduction

Water fluxes from the land surface to the atmosphere deplete 
pools of water stored in vegetation and soil. These fluxes are me-
diated by water potential (Ψ), which directly determines hydrau-
lic conductivity in soil (van Genuchten 1980), and is a central 
physiological variable in plants mediating stomatal conductance 
(Brodribb and Holbrook 2003; Henry et al. 2019), hydraulic con-
ductance and mortality thresholds associated with water stress 
(McDowell et al. 2022; Tyree and Sperry 1989). Characterising 
the feedbacks between stores and fluxes of water, e.g., water con-
tent and transpiration, requires relating water content (θ) to Ψ—
subsequently referred to as pressure-volume curves (PV curves) 
for both soil and plants. While PV curves tend to be carried out 
on small samples (i.e., leaves, stems or ex-situ soil samples), 
there is mounting interest in understanding how these relation-
ships function at the scale at which land surface models operate, 
and at which tower-based, airborne and satellite remote sensing 
can provide information (Konings et al. 2021). Bridging the gap 
between tissue-level physiological variables and ecosystem-level 
processes (i) creates the potential for identifying and character-
ising large-scale vegetation thresholds (Hartmann et  al.  2018) 
and interactions with climate (Anderegg et al. 2019), while (ii) 
generating a biophysically robust basis for interpreting remote 
sensing data (Konings, Rao, and Steele-Dunne  2019). In this 
review, we address the process of scaling plant water relations 
from tissue to ecosystem by linking sample-scale properties to 
emergent ecosystem form and function.

In PV curves, water volume is typically expressed as an inten-
sive variable (a property whose magnitude is independent of the 
size of the system, Box 1), either per volume of medium (plant 
tissue, soil) or relative to a maximum value. Both Ψ and θ being 
intensive, the PV relationship is scale invariant where the im-
plicit assumption is that the medium is structurally/biologically 
homogeneous. Applying it at larger scales, however, inevitably 
includes varying proportions of media (e.g., leaves, sapwood and 
heartwood) with distinct PV relationships. In this respect, the 
volume (an extensive property) and specific part of the system 
of interest influence the emergent PV relationship. Additionally, 
a higher volume system has a smaller change in relative water 

content per unit water loss, indicating the functional value of 
size to ecosystem water relations. Therefore, linking fluxes to 
PV states requires an understanding of the total volume of water 
in the system, i.e., linking intensive with extensive properties. 
Here, we distinguish the intensive variable ‘water content’ θ, 
which can be applied to any part of the system, from the ex-
tensive volume of stored water, S, which scales with the total 
volume (or biomass) of the ecosystem. The volume of stored 
water in a system changes due to both water stress over short 
timescales and with biomass over longer timescales in response 
environmental change. Consequently, biomass, water volume 
and water potential of ecosystems are fundamentally linked and 
determine the feedbacks between vegetation and climate.

The concept that plant communities tend towards steady-states 
of biomass with respect to the supply and demand of water in the 
system (e.g., the hydraulic environment) and biophysical lim-
itations of plant function is consistent with predictable biogeo-
graphical patterns in global biome distribution (Holdridge 1947; 
Humboldt and Bonpland 1805). Several theories take a probabi-
listic approach to ecosystem organisation, including Eagleson's 
ecohydrological equilibrium theory (Eagleson 1982) and maxi-
mum entropy production theory (Kleidon, Malhi, and Cox 2010; 
Kleidon and Schymanski 2008). In both, ecosystems are proposed 
to converge on optimal solutions with respect to community-
level properties (e.g., biomass, water storage, leaf area index). 
Indeed, multiple plant- to stand-scale vegetation models use 
steady-state traits to predict longer-term vegetation responses 
(Cabon et al. 2018; Dewar et al. 2009; Sperry et al. 2019; Yang 
et al. 2018) over, e.g., decadal timescales, thereby reducing the 
need to model sub-daily vegetation-climate feedbacks (Franklin 
et al. 2020). A complementary approach to modelling fluxes in 
process-based models could be to model steady-states of eco-
system water potential (ΨE) and water volume (SE) in response 
to the longer-term average conditions, i.e., a ‘state-based’ mod-
elling approach, relating to the thermodynamic concept of a 
state function. Potential advantages of a state-based approach 
include lower data requirements, more clearly defined thresh-
olds for system change (Martinez-Vilalta et  al.  2019) and the 
potential to incorporate longer-term vegetation responses such 
as acclimation in biochemical processes, adaptation in resource 
allocation and changes in allometry (Binks et al. 2023; Franklin 
et al. 2020).

Ecosystem water content, SE, is also central to the interpreta-
tion of microwave and other (e.g., hyperspectral) remote sensing 
data as a tool for monitoring ecosystem function. Microwave 
remote sensing measures the dielectric constant of the land sur-
face, which is principally determined by the water contained in 
biomass, and yields a parameter known as vegetation optical 
depth (VOD) (Jackson and Schmugge 1991; Konings et al. 2016). 
However, the interpretation of VOD is currently hampered by a 
lack of information on the amount of water contained in vegeta-
tion, and how vegetation water content links to water potential 
at ecosystem scale (Konings et al. 2021). The potential for using 
VOD to monitor ecosystem function and health, therefore, re-
quires an understanding of SE and ecosystem-level relationships 
between SE and ΨE.

This article will review the concept of the ecosystem PV curve 
and its possible applications, theoretical and practical. While the 

BOX 1    |    Intensive and extensive properties.

“An intensive quantity is one whose magnitude is inde-
pendent of the size of the system”, for example pressure and 
temperature. Whereas “an extensive quantity is one whose 
magnitude is additive for subsystems”, e.g., volume and 
mass (Mc Naught and Wilkinson 1997, IUPAC Gold Book).
Plant physiologists and soil scientists commonly express 
quantities of water intensively by making water volume rel-
ative to a maximum value or by normalizing by the spatial 
extent of the system. This is a convenient way of isolating the 
properties of the system from the environment and provides 
insight into their internal structure and function. However, 
‘reconnecting’ the system to the environment requires ex-
pressing quantities extensively such that a finite input/out-
put results in a quantifiable change in the system. Thus, the 
intensive property θ (water content, m3

water m−3
media) be-

comes an extensive volume of water S (m3) when multiplied 
by the extensive volume of the system V (m3).

 13652486, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17567 by Law

ren Sack - U
niversity O

f C
alifornia, Los A

ngeles , W
iley O

nline Library on [22/09/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



3 of 18

PV curve has been applied to many different media, ecosystems 
differ notably in scale, spatial heterogeneity and temporal vari-
ability. Therefore, we will open the discussion on the applicabil-
ity of the PV curve to the ecosystem, referring to fundamental 
physical concepts described more fully in text boxes. We review 
the theoretical basis for deriving a single value for ecosystem 
water potential and water volume, together with practical as-
pects pertaining to measurement in the field and use of exist-
ing data. We also estimate ecosystem and vegetation PV curves 
for nine sites representative of different biomes and derive some 
preliminary conclusions, based on established theory and exist-
ing data.

2   |   Pressure-Volume Theory and Application

There are some key challenges with scaling PV relationships to 
large, heterogeneous systems with no clear boundary and that 
are open to continuous exchanges of mass and energy. In this 
section, we provide some background on water potential and 
how a concept from equilibrium thermodynamics might be ap-
plied to ecosystems. We separate the ecosystems into relevant 
pools of water and discuss how each pool may contribute to the 
ecosystem PV relationship. Finally, we present a set of equations 
describing how each component contributes to ecosystem water 
relations.

2.1   |   Water Potential and Equilibrium Systems

Water potential is a measure of free energy, or chemical poten-
tial energy, of water and as such the relationship between water 
potential and water content is of interest in a variety of con-
texts and media, e.g., leaves (Tyree and Hammel 1972), wood 
(Meinzer et al. 2003), rocks (Franzen and Mirwald 2004), soil 
(Brooks and Corey  1964), even food (Andrade, Lemus, and 
Pérez  2011) and fabrics (Svennberg and Wadsö  2008) – see 
Box 3 for a Summary of Water Potential in the Environment. 
The product of water potential and volume (here Ψ∙S) rep-
resents the difference in the potential energy available to per-
form work from the same volume of pure water (Gibbs 1873) 
and is therefore of fundamental importance in biological 
processes.

In other, smaller-than-ecosystem media, PV parameters tend 
to be measured under equilibrium conditions, i.e., the absence 
of gradients in water potential (Box 2). If an ecosystem were to 
achieve a perfect equilibrium state, ΨE would be close to zero at 
every point within the vertical profile (differing only by gravi-
tation potential) and horizontally across the land surface. This 
would occur due to capillary rise and vapour transport of water 
(Rao and Rekapalli 2020) from the water table and horizontal 
redistribution throughout the soil profile, resulting in full hy-
dration of the plant community. In reality, under conditions of 
limiting moisture availability arising from evapotranspiration, 
low soil hydraulic conductance prevents the efficient redistribu-
tion of water at sub-seasonal timescales, leading to gradients of 
Ψ through the soil profile and, therefore, non-saturated ecosys-
tems by definition cannot be at equilibrium. Thus, having es-
tablished that ecosystems are non-equilibrium systems open to 
the exchange of mass and energy, the questions arise of how to 

establish the boundary of an ecosystem, and under what state 
estimates of system water potential and water volume can rea-
sonably be made.

2.2   |   Defining Ecosystem Water Potential, ΨE

One necessary initial step is to establish the extent of the sys-
tem, in particular: how deep is an ecosystem? The water table is 
hydraulically continuous with water in the upper layers of soil 
and vegetation (Rao and Rekapalli 2020), and the hydraulic con-
ditions below the water table are characterised by the presence 
of free water (Ψ ≥ 0 according to depth) across all ecosystems. 
Ecosystems, therefore, become hydraulically distinct from the 
water table upwards, making the water table a useful reference 
point (Binks et al. 2021).

The challenge of representing a system out of hydraulic equi-
librium is in characterising the distribution of both water po-
tential and content, which may vary significantly over small 
temporal and spatial scales, especially during periods of high 
flux (Figure 1, (Christoffersen et al. 2016)). Assuming compre-
hensive knowledge of the system, one approach might be to 
volumetrically weight Ψ between the canopy and water table. 
Yet, as almost all ecosystem water is contained in the soil 
(Figure  1e), this would weight Ψ in favour of the part of the 
system that is least dynamic and least representative of plant 

BOX 2    |    Equilibrium and Steady State.

‘Equilibrium’ refers to the thermodynamic concept of a 
system at maximum entropy, where energy gradients have 
dissipated and there are no net fluxes. While evaporation is 
minimal, the system tends to a state in which the sum of 
water potential (Ψ) and gravitational potential at any point 
along the vertical profile is equal to the water potential of 
the source of water, i.e., there is no net gradient in the sum of 
energy potentials. Therefore, when transpiration is zero and 
the vegetation is at maximum possible hydration given the 
available soil water, the system is at equilibrium. This differs 
from ‘steady-state’, which refers to a constant gradient and/
or constant flux.
PV curves of leaves (Tyree and Hammel 1972), water reten-
tion curves of soil (van Genuchten 1980) and moisture sorp-
tion isotherms of porous media (Franzen and Mirwald 2004) 
are all generated under equilibrium conditions, as gradients 
in water potential may result in mischaracterising the PV 
relationship. However, an equilibrium value for a given 
value of Ψ and water content (θ) may still be approximated 
in the presence of a Ψ gradient, providing the gradient and 
the material properties of the medium are sufficiently well 
characterised (e.g., Figure S1). This could be achieved under 
steady-state conditions where the gradient is constant, or is 
changing slowly, over time. For example, it may be possible 
to know the relevant soil and canopy water potentials of a 
transpiring tree, but the Ψ and therefore θ at each point in 
the stem is unknown. In contrast, under ‘equilibrium’ con-
ditions where the Ψ of the canopy and soil differ only by the 
difference in gravitational potential, the Ψ is known at each 
height in the stem, and the θ can be applied based on the 
known PV curve parameters.
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water stress. Furthermore, because the relationship between 
water potential and content can be strongly non-linear, Jensen's 
Inequality applies, where the mean of function(x) is not equal to 
the function of mean(x) (Ruel and Ayres 1999); as a result, the 
volume-weighted mean water potential is not equal to the equi-
librium water potential (Data S1. A comparison of equilibrium 
and volume-weighted water potential).

Although a moisture-limited ecosystem is not at equilibrium, 
individual non-transpiring plants can theoretically approach 
hydraulic equilibrium under any prevailing conditions (e.g., 
Figure 1a,c), either through equilibration with the soil or hy-
draulic discontinuity between the soil and the roots (Faiz and 
Weatherley 1982; Rodriguez-Dominguez and Brodribb 2020). 
In the latter case, the system at equilibrium then becomes the 
individual plant, which is functionally separated from the soil 
by a zone of extremely low hydraulic conductance between 
the soil and roots. Thus, vegetation tends towards a state of 

hydraulic equilibrium at night in the absence of nocturnal 
transpiration (Donovan, Richards, and Linton  2003) driven 
by negative atmospheric water potentials, and during drought 
when stomatal conductance, and therefore transpiration, is 
minimal (Mallick et al. 2016; Zeri et al. 2014). As drought pro-
gresses, the difference between midday and predawn water 
potential decreases, indicating minimal flux rates, and it is 
under these conditions that drought-induced mortality and 
canopy die-back tend to occur (Martínez-Vilalta and Garcia-
Forner  2017), i.e., systems approaching thresholds are typi-
cally close to equilibrium water potentials. However, adjacent 
trees can tend towards different equilibrium water potentials 
due to variation in rooting depths and the presence of gradi-
ents in soil water potential (Sanchez-Martinez et  al.  2020), 
leading to horizontal spatial heterogeneity of equilibrium 
water potentials across plants. Consequently, the average 
equilibrium water potential across multiple trees effectively 
relates to biomass water potential down to a representative 
community-level rooting depth or functional rooting depth 
(Binks et al. 2021), i.e., the uppermost soil depth at which a 
plant is hydraulically equilibrated (Donovan, Richards, and 
Linton  2003). Thus, a horizontal spatial average of equilib-
rium/predawn water potentials in individual plants would 
provide a value of water potential that is reasonably repre-
sentative of both the above ground biomass, and the average 
soil depth to which the vegetation is equilibrated (Figure 1). 
Vegetation equilibrium water potentials may therefore be a 
suitable proxy for ecosystem water potential.

2.3   |   Defining Ecosystem Water Volume, SE

The scaling of water content θ to an extensive volume S presents 
the challenge that θ is a property of the medium, not the system, 
that is, it does not equilibrate. Therefore, even at water potential 
equilibrium, adjacent media, for example, leaves, wood and soil, 
may have very different θ.

The amount of water contained in the soil environment (Ssoil) 
is around one to two orders of magnitude higher than in veg-
etation on a ground-area basis (Figure  1e). Consequently, the 
temporal variation of water stored in the upper fraction of a for-
est canopy is highly dynamic but of low magnitude, while the 
amount of water stored in soil layers close to the water table var-
ies over longer time scales and is quantitatively substantial. The 
remainder of this section focusses on the water content of above 
ground biomass, SAGB, while Ssoil is discussed more fully in the 
Section 2.4.

Characterising the equilibrium PV relationships in a whole tree 
requires consideration of the roots, heartwood, sapwood, bark 
and leaves. Roots play a key role in ecosystem hydraulics, sub-
stantially mediating the conductance of water between the soil 
and canopy (Rodriguez-Dominguez and Brodribb 2020; Sperry, 
Stiller, and Hacke 2003; Steudle 2000), whilst typically having 
different PV characteristics than either leaves or soil (Aritsara 
et al. 2022; Bartlett et al. 2022). Root structure (including bio-
mass) and function, however, is very difficult to character-
ise, while root water relations also remain poorly understood. 
Therefore, more data are required to address the contribution of 
root water relations to ecosystems.

BOX 3    |    Summary of Water Potential in the Environment.

Chemical processes, including phase changes and diffusion, 
progress towards an equilibrium state in which gradients 
in chemical potential are fully dissipated (Gibbs 1873). The 
hydrological cycle results from the continuous movement of 
water down a gradient of water potential towards an equilib-
rium state and is perpetuated by the spatially and temporally 
variable input of energy across the Earth's surface (Kleidon 
and Schymanski 2008; Konings et al. 2012).
Following the pathway of water vertically upwards from its 
lowest point in a terrestrial system, we can define the water 
potential (Ψ) of the water table as 0 MPa, being free water at 
atmospheric pressure and assuming the osmotic potential is 
negligible. Above the water table, water is bound to the sur-
face of soil particles and in pore spaces via capillarity, where 
the force of gravity, surface tension acting on menisci, and 
the resistance to the movement of water generates tension 
on the water column referred to as matric potential (nega-
tive hydrostatic pressure) (Hillel 1977). The relationship be-
tween water content of the soil and Ψ is determined by the 
pore size distribution whereby larger pores empty initially at 
pressures closer to 0 Pa, while the smallest pores can retain 
water at substantially lower pressures (Hollander 1979).
In plants, the relationship is more complex where adjacent 
tissues can maintain Ψ equilibrium by balancing osmotic 
potential and hydrostatic pressure. In the xylem and in cell 
walls, pressure is the dominant determinant of water poten-
tial (referred to as tension in xylem and matric potential in 
cell walls), and osmotic potential contributes minimally. In 
living tissues, water potential is determined by a combina-
tion of osmotic potential and turgor pressure (Pickard 1981).
The interface of the liquid-vapour phase change, in vege-
tation or soil, is typically the point of the system in which 
liquid water has its lowest chemical potential during evap-
oration. Evaporation and condensation are driven by the 
difference in chemical potential between the liquid and va-
pour (Ambaum 2020). The evaporation of water reduces the 
hydrostatic pressure, thus Ψ, of the evaporative surface, and 
the resulting gradient in Ψ is transmitted through the vege-
tation and/or soil to the point at which Ψ is at its least neg-
ative value along the monotonic gradient of Ψ (Nobel 2009; 
Pickard 1981).
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The current consensus is that the water contained in heart-
wood, which comprises 40%–60% of wood volume in ma-
ture trees (Čermák et  al.  2007; Cordero and Kanninen  2003; 
Knapic, Tavares, and Pereira  2006; van der Sande, Zuidema, 
and Sterck 2015), does not contribute substantially to plant hy-
draulic function (Holbrook Gartner 1995; Venturas, Sperry, and 
Hacke  2017). However, the consideration of heartwood water, 
Shw, also depends on the extent to which it can be detected by 
microwave remote sensing signals. Low frequency signals (e.g., 

L-band) can penetrate through dense canopy to ground-level 
(Brandt et al. 2018; Frappart et al. 2020). While this is not evi-
dence in of itself that signals penetrate the inner tissues of tree 
stems, some field-based studies indicate L-band woody tissue 
penetration depths of 5–10 cm (Koubaa et  al.  2008; Mavrovic 
et al. 2018; Ulaby and Long 2014), providing an estimate of the 
maximum likely sensing depth of satellite signals. Thus, it may 
be necessary to consider the total heartwood water to serve as an 
upper limit on the estimate of total above ground water content.

FIGURE 1    |    A schematic representing the distributions of water potential (Ψ), water storage (S) and biomass, throughout a forest profile. Panels 
A to C represent predawn non-drought (a); midday non-drought (b); and drought (c). The square boxes indicate ‘representative’ water potentials 
of the canopy and biomass in each scenario (where the colours relate to the water potential scale in the legend), i.e., the Ψ value of leaves at the 
top of the canopy, and a value intermediate between upper leaves and roots—these values converge at equilibrium. Panel (d) indicates the vertical 
profile of Ψ. Panel (e) represents the profile of water stored per ground area such that, for each horizontal slice (of 1 m vertical thickness), the water 
content is weighted by the biomass density given in (f) – note the different x axis applying to above and below ground fractions, and that 1 kgwater 
m−2

ground area = 1 mm water thickness = 10 Mgwater ha−1. Panel (f) shows a profile of the fraction of woody cross sectional area (m2
biomass m

−2
ground area) 

of a notional temperate forest. All gradients in Ψ are linear for simplicity (panel d), but this is unlikely to be representative of real conditions.
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Sapwood contains a physiologically and quantitatively import-
ant store of water (Ssw) at ecosystem level, while water stored in 
leaves (Sleaves) may be small in proportion to Ssw in high biomass 
systems but likely contributes significantly to daily transpira-
tion fluxes. Moreover, Sleaves may have a disproportionate effect 
on the VOD signal from microwave remote sensing applications 
(Holtzman et al.  2021). Therefore, sapwood and canopy water 
content comprise the physiologically active and temporally vari-
able store of water in above ground biomass, and we refer to this 
as the ‘dynamic’ water, SD.

2.4   |   Soil Water

The volume of water stored in soil is a function of soil depth, 
Ssoil(Dx). Selecting a representative soil depth (Dx) requires con-
sideration of the challenges in characterising gradients in Ψ and 
θ, representation over time and the possibility for the compari-
son between different ecosystems.

Three possibilities for standardising soil depth across systems 
are: (i) water table depth; (ii) the rooting depth as determined 
by predawn water potentials in conjunction with known soil 
water potential profiles (i.e., the ‘functional rooting depth’); 
and (iii) zero depth, i.e., excluding the soil component. The 
first two options vary spatially and temporally and are rarely 
known with a high degree of certainty. The final option avoids 
the problem of ‘drowning’ out the signal from the plants, is 
easy to standardise across sites, is effectively equal to the 
functional rooting depth at soil saturation (i.e., Ψsoil = 0) and 
selects the fraction of the system relating to above ground bio-
mass, which is relatively well characterised. See Data S2. Soil 
Depth for further discussion of the limitations to characteris-
ing Ssoil.

For those reasons, we define ecosystem water content, SE, as in-
cluding a soil fraction to depth Dx for the sake of providing a 
complete theory. However, in our Proof of Concept we address 
the water contained in above ground biomass only (SAGB) in the 
main text, but include the calculation of SE for a single site in 
Data S3.

2.5   |   Ecosystem Pressure-Volume Curves: 
Combining the Components

Following the previous discussion, we may treat the eco-
system as having four relevant components, where the total 
amount of water stored in the ecosystem (SE) is partitioned 
between the leaf area (Sleaves), sapwood (Ssw), heartwood (Shw) 
and soil (Ssoil), where each component is a quantity of water 
normalised by ground area, e.g., kg m−2 or equivalently mm. 
With the exception of Shw, which may remain constant, each 
component potentially has a unique PV relationship. Because 
we are considering a system at equilibrium, these components 
all have the same water potential (Ψeq), and therefore, the 
ecosystem PV curve becomes the sum of the water from each 
component at each value of equilibrium water potential over 
a given range.

For the purpose of analysis and interpretation it is useful to sub-
divide SE into the water stored in the above ground biomass only:

And into the above ground components relating to plant water 
status, that is, the dynamic stored water:

The water contained in each component is the product of its 
volume V (m3) and water content θ (m3 m−3) as a function of 
Ψ, which we express per ground area as total water thick-
ness (mm):

Where D (m) is soil depth (Equation 2); Vsw/hw_tree is the volume 
of sapwood or heartwood per tree (noting that θhw in this analy-
sis does not change with Ψ) in a plot of area Aplot (m

2) with n trees 
(Equation 3); LAI (m2

leaf_area m−2
ground_area) is the leaf area index, 

and leaf water content (θleaf) is expressed per one-sided leaf area 
(kg m−2, Equation 4). For practical purposes, the ‘leaves’ fraction 
(Equation 4) does not separate leaf area into individual trees as 
this information is rarely known, but instead uses a value for 
θleaf that represents a stand average.

Scaling sapwood and heartwood water content θsw/hw to tree-
level requires their respective volumes per tree.

Where the subscript ‘tree’ denotes individual tree-level values, 
AGB is the above ground biomass (kg), ρwood is wood density 
(kg m−3) and Fsw is the volume fraction of sapwood (see Data S4 
Deriving the sapwood fraction, Fsw).

Soil, sapwood and leaves have different PV curves determining 
θ (Ψ), where the slope of dθ/dΨ is referred to as hydraulic ca-
pacitance. Various equations have been derived to model the 
PV relationship in soils (see Data S1 for a typical example (van 
Genuchten 1980)). In both leaves and sapwood, PV curves tend to 
have a linear region of constant hydraulic capacitance at higher 
values of Ψ (Bartlett, Scoffoni, and Sack 2012; Carrasco et al. 2015; 
Meinzer et al. 2003; Scholz et al. 2007; Tyree and Ewers 1991; Wolfe 
and Kursar 2015; Ziemińska et al. 2020), which in sapwood is typ-
ically expressed intensively (Csw, kg m−3 MPa−1), while in leaves it (1a)SE

(

Ψeq

)

= Sleaves
(

Ψeq

)

+ Ssw
(

Ψeq

)

+ Shw + Ssoil
(

Ψeq

)

(1b)SAGB
(

Ψeq

)

= Sleaves
(

Ψeq

)

+ Ssw
(

Ψeq

)

+ Shw

(1c)SD
(

Ψeq

)

= Sleaves
(

Ψeq

)

+ Ssw
(

Ψeq

)

(2)Ssoil(Ψ) = �water ∙ D ∙ �soil(Ψ)

(3)Ssw∕hw(Ψ) = �water

[

n
∑

tree=1

Vsw∕hw_tree ∙ θsw∕hw_tree(Ψ)∕Aplot

]

(4)Sleaves(Ψ) = LAI ∙ �leaf(Ψ)

(5a)Vsw_tree =
AGBtreeFsw_tree

�wood_tree
= VtreeFsw_tree

(5b)Vhw_tree = Vtree − Vsw_tree

 13652486, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17567 by Law

ren Sack - U
niversity O

f C
alifornia, Los A

ngeles , W
iley O

nline Library on [22/09/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



7 of 18

is often expressed per leaf area (kg m−2 MPa−1). Following the lin-
ear region of capacitance in leaves and sapwood, they then rapidly 
lose water in a post-threshold phase in which capacitance declines 
exponentially towards 0. The relationship between θ and Ψ can 
therefore be modelled in two phases (‘leaves or sapwood’ denoted  
as ‘l/sw’):

where subscripts 0 and threshold indicate the corresponding 
water potentials, and C is the (constant) intensive hydrau-
lic capacitance (Box 1) of the linear proportion of the curve. 
Figure 2a illustrates the shapes of the curves and their param-
eters. The ‘Ψthreshold/[Ψ0-Ψ]’ term in Equation 6 is based on a 
more general form of Equation 3 in Christoffersen et al. (2016) 
describing the post-threshold part of the leaf PV curve. See 
Data  S5 Deriving post-threshold capacitance in leaves and 
sapwood.

3   |   Proof of Concept

Here we explore the relationship between Ψ and S at large scale 
using plot-level PV curves of the above ground biomass from 
nine sites representing tropical rainforest, temperate forest, 
tropical savanna and semi-arid savanna (Data S6, Table S6.1). 
The sites were chosen to represent a broad range of biomass, 
and climates, and based on available data. We address each 
pool of water in turn discussing practical ways of using existing 
data to best represent the theory generated above. See Table 1 
for the descriptions and equations describing each of the vari-
ables in the derivation. Values of θ(Ψ) were generated for each 
component based on a sequence of Ψ from −10 MPa (Ψmin) to 
0 (Ψ0). We omitted the soil component from the main analysis 

(see Section 2.4), addressing only the components of the above 
ground biomass, but have illustrated a full ecosystem PV curve 
including a soil component for one site in Data S3.

3.1   |   Canopy PV Curves

Leaf-level PV curves were generated (Equations 4 and 6) from 
each site largely based on the biome-level parameter values re-
ported in Bartlett, Scoffoni, and Sack (2012) and modelled rela-
tionships from Christoffersen et al. (2016). Leaf turgor loss point 
was used as the threshold value for leaves (ΨTLP = Ψthreshold), 
marking the transition from the linear to the non-linear phase 
of the PV relationship (Tyree and Hammel 1972). See Table S6.2 
for leaf water relations parameters.

3.2   |   Sapwood PV Curves

Sapwood PV curves were generated per tree according to 
Equations 3, 5a and 6, and plot-level values were calculated from 
the combined properties of all trees (Figure 2) based on forest 
inventory data from the sites listed in Table S6.1 (All data are 
available in a Dryad repository, see Binks et al. 2024). The indi-
vidual tree-level approach enables the incorporation of random 
variability of parameters between individuals and species; and 
allows the addition of individual- or species-specific traits (e.g., 
wood density) resulting in different values of θ(Ψi).

The Ψ0 value in Equation 6 was substituted for Ψmax in the sap-
wood which is the least negative water potential with respect 
to tree height (Table 1) assuming no foliar water uptake (Binks 
et al. 2019).

Ideally, the threshold water potential in sapwood, Ψthreshold, 
should represent the most negative Ψ from which plants can 

(6)

θl∕sw
(

Ψi

)

=

{

θl∕sw
(

Ψ0

)

−Cl∕sw

[

Ψ0−Ψ
]

Ψ≥Ψthreshold

θl∕sw
(

Ψthreshold

)

∙
([

Ψ0−Ψthreshold

]

∕
[

Ψ0−Ψ
])

Ψ<Ψthreshold

FIGURE 2    |    Panel (a) shows a schematic relationship between water content (θ) and water potential (Ψ) of sapwood or leaves, generated using the 
following parameters: 1. Saturated water content, θ(Ψ0); 2. Maximum water potential, Ψmax; 3. Constant hydraulic capacitance throughout ‘normal’ 
physiological range indicated by the red double ended arrow, C; 4. Threshold water potential at which the PV relationship transitions into non-
linear region, Ψthreshold; 5. Exponentially declining capacitance as a function of water potential, Cpost-threshold. Panel (b) shows modelled relationships 
between the amount of water stored in the sapwood of individual trees (black lines, left axis) versus their equilibrium water potential in a simulated 
one hectare stand. The blue line in panel (b) shows the total water stored in the above ground biomass (SV, right axis) including the sum of all the 
sapwood water expressed per ground area, with respect to the equilibrium ‘ecosystem water potential’ (ΨE), blue line.
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TABLE 1    |    Parameters used to derive the pressure-volume curves at the canopy- (plot-level averages), sapwood- and plot-level.

Parameter (units) Description Derivation and/or references

Ψmax (MPa) Maximum (least negative) 
water potential

Htree x − 0.01, where Htree is tree height (m), and − 0.01 
is a constant describing the gravitation effect on 

pressure (MPa m−1) in a water column.

Ψpredawn (MPa) Measured predawn canopy 
water potentials

See Table S1 for sources of data.

Ψthreshold (MPa) Minimum safe water potential This value is based on dry season midday leaf water potentials 
for the purpose of this analysis (See Data S4. Choosing a 

threshold water potential). Each tree was randomly allocated 
a value for Ψthreshold from a random normal distribution 

generated from the mean and standard deviation of 
midday leaf water potential values taken at a given site.

ΨTLP (MPa) Leaf turgor loss point Values taken from Bartlett, Scoffoni, and Sack 2012; 
Binks et al. 2016; Peters et al. (2021). See Table S3

Sleaves(Ψi) (mm) Canopy leaf water Total water contained in leaf area per 
ground area at Ψi. Equation 4.

Ssw(Ψi) (mm) Sapwood water Total water contained in sapwood per 
ground area at Ψi. Equation 3.

Shw(Ψi) (mm) Heartwood water Total water contained in heartwood per 
ground area at Ψi. Equation 3.

Ssoil (mm) Soil water Total water contained in soil from the 
surface to depth D. Equation 2.

SD (mm) Dynamic vegetation water Total water contained in the sapwood and 
canopy per ground area at Ψi.

SD = Sleaves + Ssw

SAGB (mm) Above ground biomass water Total water contained in the sapwood, canopy and 
heartwood per ground area at Ψi. SAGB = Sleaves + Ssw + Shw

SAGB_a (mm) Accessible vegetation stored water The difference in SAGB between Ψmax and the (equilibrium) 
threshold water potential, i.e., the theoretical maximum 

change in vegetation seasonal water storage.

SE (mm) Ecosystem water content Total water contained in ecosystem per ground 
area. SE = SAGB + Ssoil. Equation 1a.

Csw (kg m−3 MPa−1) Sapwood intensive capacitance 
of the linear phase of the 
pressure-volume curve.

Where field data exist, each tree was randomly allocated a 
value for C1 from a random normal distribution generated 

from the mean and standard deviation of capacitance values. 
In the absence of field data, the mean value was derived 

from an empirical equation from Ziemińska et al. (2020) of 
the form: Csw = −157.8⸱ρ + 137.7, where ρ is wood density, 

and the standard deviation was taken as 0.5Csw.

Cleaves (mm MPa−1) Hydraulic capacitance of leaf area Cleaves =
(

LAI ∙ θleaf(Ψ0)
[

1−Θleaf(ΨTLP)
]

−ΨTLP

)

CAGB (mm MPa−1) Vegetation hydraulic capacitance The sum of the plot-level sapwood capacitance 
and the canopy capacitance. Equation 8.

Fsw (dimensionless 
fraction)

Sapwood as a fraction 
of total volume

Fsw = 2.9⸱DBH−0.6, derived as a compromise between 
the empirical relationship presented by Cordero and 

Kanninen (2003), and the ratio of sapwood area to basal area from 
Kunert et al. (2017), Moore et al. (2017), Aparecido et al. (2016) 
and Wang et al. (2009). See S2 for full details on deriving Fsw.

(Continues)
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recover full hydraulic function without growing new/replace-
ment tissue (Data  S7. Choosing a threshold water potential). 
Here, Ψthreshold at plot-level was based on the plot-level mean 
of the observed dry season midday water potentials (Ψmd). 
Critically, when the system is at equilibrium and the system 
has dehydrated to the threshold water potential, it follows that 
the water potential throughout the entire sapwood is also at the 
threshold water potential (Figure 1c). Thus, when the system is 
at Ψthreshold, the canopy is experiencing a Ψ that occurs within 
the ‘normal’ diurnal range, while the majority of the sapwood 
is experiencing lower than normal water potentials. Individual 
trees were allocated a value for Ψthreshold taken from a random 
normal distribution based on the mean and standard error of 
reported plot-level Ψmd (Table 1).

3.3   |   Heartwood Water Content

Because of the sparsity of data on heartwood water content, Shw, 
the mixed evidence that it is hydraulically coupled with the sap-
wood (See Section 4.6), and the lack of PV information on heart-
wood, we have treated heartwood water content as constant, i.e., 
not changing with water potential. Assuming that there is mini-
mal change over seasonal to annual time scales is a parsimonious 
approach given the available evidence and data.

We use a mean value for heartwood water content of 0.328 
m3

water m−3
heartwood +/− 0.013 standard error. This was based 

on data taken from Umebayashi  (2011–10 species), Glass & 

Zelinka (2010–68 species) and combined with unpublished data 
(13 species) collected from an Amazonian rainforest plot in 
Caxiuana, Brazil. See Data  S8 Heartwood water content for de-
tails. Heartwood volume was calculated per tree according to 
Equation 5b.

3.4   |   Vegetation Hydraulic Capacitance and Water 
Storage

Hydraulic capacitance of the plot-level above ground biomass 
(CAGB, mm MPa−1) was calculated as the sum of tree-level sap-
wood capacitance (Csw_tree, kg MPa−1) normalised by ground 
area (Aplot, m

2) and canopy capacitance (Cleaves, mm MPa−1) in 
the linear phase of the PV curves:

Where Θleaf(ΨTLP) is the leaf relative water content at turgor loss 
point (θTLP/θSaturated, Table 1).

‘Accessible water’ (SAGB_a, mm) was taken to be the difference 
in SAGB between Ψmax and the (equilibrium) threshold water po-
tential, i.e., the difference in water content in panels A and C in 
Figure 1.

(7)

CAGB =

�

∑n
tree=1

�

Csw_treeVsw_tree

�

Aplot

�

+ LAI

�

θleaf
�

Ψ0

��

1 − Θleaf

�

ΨTLP

��

− ΨTLP

�

(8)SAGB_a = SAGB
(

Ψmax

)

− SAGB
(

Ψthreshold + sd
)

Parameter (units) Description Derivation and/or references

Fhw (dimensionless 
fraction)

Heartwood as a fraction 
of total volume

Fhw = 1—Fsw

Vsw_tree (m
3) Volume of sapwood in a single tree Vsw_tree = Fsw⸱AGBtree/ρ

Vhw_tree (m
3) Volume of heartwood 

in a single tree
Vhw_tree = Fhw⸱AGBtree/ρ

θleaf(Ψ0) 
(kg m−2

leaf area)
Leaf saturated water content Derived from leaf mass per area (LMA) data as per 

Stewart et al. 1990, except for field site in Caxiuana, 
Brazil, which were measured by Binks et al. (2016). Plot 

mean LMA data from non-Caxiuana field sites were 
estimated from MODIS data (ORNAL DAAC 2018).

Θleaf(ΨTLP) (unitless) Leaf relative water content 
at turgor loss point

Biome-level values taken from Bartlett, Scoffoni, and 
Sack 2012, except for field site in Caxiuana, Brazil, 

which were measured by Binks et al. 2016

θsw(Ψ0) (kg m−3) Saturated sapwood water content An empirical relationship reported by Dlouhá et al. (2018) where
Θsat_sw = −0.67⸱ρ + 1, and ρ is wood density.

ρwood (kg m−3) Wood density The ratio of dry mass to fresh volume used to derive Csw, Θsat_sw, 
and VAGB. Obtained at species-level from plot inventories.

ρwater (kg m−3) Water density 1000 kg m−3

Htree (m) Tree height Available in the datasets.

AGB (Mg ha−1) Oven dried above ground biomass Taken from existing datasets

LAI (m2 m−2) Leaf area index Values taken from Beringer et al. 2016, except for field site in 
Caxiuana, Brazil, which were measured by Fisher et al. (2006).

TABLE 1    |    (Continued)
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The lower boundary was taken to be Ψthreshold + 1 standard de-
viation of measured Ψmd (sd) to account for the distribution of 
Ψthreshold of the individual trees, half of which would be less neg-
ative than plot mean Ψthreshold.

3.5   |   Results of the ‘Proof of Concept’

Values relating to the dynamic water storage (sapwood and 
leaves, SD) are presented followed by the total above ground 
water storage (including heartwood, SAGB) in square brack-
ets. The analysis showed a range of SD(Ψ0) from 0.2 mm [0.3] 
in semi-arid savanna to 17.0 mm [33.6] in tropical rainforest 
(Figures 3 and S6.1). Water in leaves (Sleaves) ranged from 19.4% 
[14.9] to 1.2% [0.5] of SD(Ψ0) [SAGB(Ψ0)] in the lowest to highest 
biomass systems, respectively (Figure 4). The traits relating to 
extensive quantities of stored water (Figure 5a,c,e,f) were all re-
lated to stand biomass (also an extensive quantity), i.e., they scale 
with system size, including hydraulic capacitance (p = 0.003, 

r2 = 0.70), accessible storage (p = 0.009, r2 = 0.71), maximum dy-
namic water content (SD(Ψ0), p = 0.001, r2 = 0.77) and the total 
water stored in above ground biomass (SAGB(Ψ0), p < < 0.001, 
r2 = 0.92). The ratio of SD(Ψ0) to biomass was approximately 1:3 
(0.31 +/− 0.06 kgwater kgbiomass

−1, regression slope +/− standard 
error, Figure 5e) across all sites, and for SAGB(Ψ0) it was 2:3 (0.66 
+/− 0.07 kgwater kgbiomass

−1, Figure 5f). The SD(Ψ0) to biomass 
relationship was largely driven by sapwood water content, al-
though θsw(Ψ0) was derived from an empirical relationship with 
wood density (Dlouhá et  al.  2018) which differed across sites, 
and the relationship included low biomass sites with proportion-
ally higher Sleaves.

The mean intensive vegetation capacitance was 0.023 +/− 0.003 
kgwater kg−1

biomass MPa−1 across sites. Two relative values of ca-
pacitance were derived by normalising by SD(Ψ0) (0.069 +/− 
0.009 MPa−1) and SAGB(Ψ0) (0.034 +/− 0.004 MPa−1), but neither 
of these relativised capacitance values varied systematically 
with biomass (Figure 5b, Figure S6.2).

According to the thresholds selected in the analysis the relative 
accessible storage, i.e., the maximum difference in above ground 
water storage without incurring physiological damage, is around 
14.6% +/− 2.4 of SD(Ψ0) and 7.4% +/− 1.6 of SAGB(Ψ0) (Figure 5d, 
Figure S6.2). The first value, relating to the functionally active 
tissue, is within the range of empirically derived values of the 
relative water loss between saturation and the water potential 
threshold of leaves (i.e., ΨTLP, (Martinez-Vilalta et al. 2019) and 
stems (Rosner, Heinze, and Savi 2019)).

4   |   Discussion of Ecosystem Pressure-Volume 
Relationships

The emergent properties arising the from the Proof of Concept 
are used as a basis to discuss the utility and limitations of up-
scaling plant water relations. The state-based approach to eco-
system water relations is reviewed in the context of generating 
new perspectives on climate-biomass thresholds and how it re-
lates to remote sensing and modelling at large spatial scales. We 
also consider how spatial scaling of ecophysiological character-
istics may require an alternative approach to sampling vegeta-
tion at the plot scale. Finally, we discuss some limitations of the 
approach and avenues for further research.

4.1   |   Thresholds

A key focus of large-scale vegetation ecology is in predicting 
and detecting thresholds of water stress that lead to significant 
mortality events or transitions in vegetation type. In sapwood, 
the transition between the pre- and post-threshold phases of the 
PV curve is often apparent from a change in the dθ/dΨ gradient 
caused by the release of water from cavitating vessels (Hölttä 
et al. 2009; M. Tyree and Ewers 1991). It is possible that a simi-
lar mechanism of water release occurs at large spatial and time 
scales. Drought, soil and/or atmospheric, leads to the death 
of living biomass (leaves, branches, whole plants) causing the 
amount of ‘dynamic’ water contained in the system to decrease 
rapidly, while both the competition for soil water and the soil-
atmosphere hydraulic conductance are reduced, slowing the 

FIGURE 3    |    Ground area based dynamic water storage (sapwood + 
canopy) versus equilibrium water potential of the ecosystems described 
in Table  S2: 1. Caxiuana (non-drought); 2. Caxiuana (artificially 
droughted); 3. Litchfield; 4. Tumbarumba; 5. Cow Bay; 6. Robson 
Creek; 7. Alice Mulga (semi-arid savanna); 8. Great Western Woodland; 
9. Cumberland Plain. Each ‘curve’ is constructed from two lines, where 
the lower line represents the plot-level PV curve of the sapwood, and the 
upper line is the sum of the water content from sapwood and the canopy/
leaf area; so, the difference between the curves, i.e., the line thickness, 
represents the canopy water content. The filled areas were constructed 
using data, while the hatched areas represent approximations of the PV 
relationship at water potentials below the water potential threshold. 
The points on each curve represent equilibrium water potentials as 
measured at predawn (blue), threshold, i.e., midday (red), and leaf 
turgor loss point (orange).
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decline in plant equilibrium water potentials. The ecosystem 
thus transitions into a phase where the loss of water in above 
ground biomass, SAGB, happens more rapidly than the corre-
sponding change in water potential, ΨAGB, and this continues 
until there is sufficient water for ΨAGB to be maintained within 
physiologically tolerable limits in the remaining vegetation.

A central consideration of thresholds at community-level 
is whether there is an acute transition between the pre- and 
post-Ψthreshold parts of the EPV curve (Wood et al. 2023). For 

the purpose of the Proof of concept, the post-Ψthreshold PV re-
lationship was based on the shape of published PV curves, 
by simplifying the derivation of Christoffersen et  al.  (2016). 
However, the extent that ecosystems follow the same pattern 
as plant tissues is unknown, and might only become appar-
ent from large-scale observation and experiments (Mcculloh 
et al. 2014; Meir et al. 2015). Evidence from the Caxiuana long-
term throughfall-exclusion experiment (CTFE) in Amazonian 
rainforest in Brazil (Meir et al. 2018) suggests that the pre- and 
post-threshold change in dθ/dΨ may be considerable, that is, 

FIGURE 4    |    Relative water volume versus water potential of the sites described in Table 1, where the upper curve in each panel is the estimated 
total above ground water content, including sapwood, heartwood and leaves, and lower curve includes only sapwood and leaves (the ‘dynamic’ 
fraction). Each ‘curve’ is constructed from two lines, where the lower line represents the plot-level PV curve of the wood fraction, and the upper line 
is the sum of the water content from the wood and the canopy/leaf area; so the difference between the curves, that is, the line thickness, represents 
the canopy water content. The filled areas were constructed using data, while the hatched areas represent approximations of the PV relationship 
following the water potential threshold for sapwood. The points on each curve represent equilibrium water potentials (Ψ) as measured at predawn 
(blue), threshold, that is, midday (red) and leaf turgor loss point (orange).
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the transition from one line to the other in Figure 6. The CTFE 
excluded 50% of the throughfall from 1 ha of rainforest contin-
uously since 2002, resulting in elevated mortality and lower 
biomass (da Costa et  al.  2010; Yao et  al.  2022). The drough-
ted forest now has lower ecosystem water content, while the 
diurnal range of canopy leaf water potentials remains simi-
lar, although slightly more negative, than those in the con-
trol (Bittencourt et al. 2020). The opposite effect has also been 
observed in forest irrigation experiments, where biomass 
increases but water potentials remain similar (Schönbeck 
et  al.  2018). These experimental results are consistent with 
the theory presented here: that changes in the hydraulic envi-
ronment result in co-dependent changes in biomass and SAGB 
such that the water: biomass ratio is approximately conserved, 

while maintaining water potentials within the narrow limits 
required for physiological function (Figure 5e,f).

At community-level, transitions may become gradual due to the 
averaging-effect between individuals of different species and 
sizes. This is illustrated in Figure 3 where the Caxiuana traces 
have a gradual transition due to the higher standard deviation 
of the midday water potential data (based on 161 trees from 36 
species in the Brazilian Amazon (Bittencourt et al. 2020)) than 
in other sites. On the other hand, soil contains such a high pro-
portion of the water in ecosystems (Figures  1 and S3.1), that 
community-level transitions could be driven by the shape of the 
soil water release curve (Asgarzadeh et al. 2014; Dexter, Czyz, 
and Richard 2012; Wood et al. 2023). The degree of coordination 

FIGURE 5    |    Plot-level water relations parameters in relation to biomass expressed in absolute terms (a, c, e, f) and relative to the maximum 
water stored in the sapwood and leaves (b, d), i.e., shown in panel e. Hydraulic capacitance (a, b), accessible stored water between the maximum 
water potential and the threshold water potential (c, d), the amount of water stored in sapwood and leaves at saturation (e), and the total maximum 
amount of water stored in above ground biomass including the heartwood (f). Each number on the plot represents data from each site described in 
Table 1, where colours represent tropical rainforest (green), temperate forest (blue) and savanna (black): 1. Caxiuana (non-droughted); 2. Caxiuana 
(droughted); 3. Litchfield (wet trop. savanna); 4. Tumbarumba; 5. Cow Bay; 6. Robson Creek; 7. Alice Mulga (semi-arid savanna); 8. Great Western 
Woodland; 9. Cumberland Plain. Linear regressions are shown where the relationships are significant (a, c, e, f), although none of the intercepts 
differ significantly from 0; the y variable was multiplied by 103 to reduce the significant figures of the coefficients. 1 mm of water thickness = 1 kgwater 
m−2

ground area = 10 Mgwater ha−1.
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in PV relationships between vegetation and soil requires further 
investigation.

4.2   |   Modelling Applications

The trend in the water: biomass ratio (Figure 5e,f) and the lack 
of systematic change in the relative capacitance across sites, 
provides a starting point for addressing the question of whether 
we can model ecosystems as structures that self-organise to 
achieve a steady state with respect to longer-term environmen-
tal pressures. This approach is complementary but distinct from 
the process-based approach (Fisher et al. 2018) by having lower 
resolution data requirements, requiring only information on 
‘states’ (Ψ and θ), which are more feasibly sampled and inter-
polated across larger areas, and reducing the dependence on 
characterising the highly dynamic flux responses and variation 
across trees, species, size classes and functional types. Our abil-
ity to link climate with large-scale trends in vegetation proper-
ties will continue to increase with the growth of global databases 
on plant traits (Mencuccini et  al.  2019) and water potentials 
(Novick et al. 2022), coupled with the increased capacity to esti-
mate water content at large scales (Konings et al. 2021). Water is 
more directly linked to climate and land surface energy budgets 
than is carbon (Bonan 2008; Malhi et al. 2002; Tesař et al. 2007). 
Thus, in a process analogous to modelling water levels in a lake, 
the state-based approach may offer an alternative method for 

making long-term predictions of climate-related changes in veg-
etation structure in terms of biomass, leaf area and allometry.

4.3   |   Temporal and Spatial Resolution

How relevant are changes in equilibrium water potential to 
vegetation structure and function? Across the nine sites in this 
study, a complete loss of leaf area would result in a median 
of < 5% decrease in the dynamic storage fraction, SD. Leaf 
turgor loss point is typically around 80%–90% relative water 
content (Bartlett, Scoffoni, and Sack  2012; Martinez-Vilalta 
et al. 2019), suggesting daily variations in leaf water storage, 
Sleaves, of only 10%–20% of the thickness of the solid lines in 
Figures  3 and 4, i.e., a small fraction of the accessible stor-
age. The change in water status of this small fraction of the 
system determines sub-daily rates of water and carbon fluxes, 
which therefore cannot be estimated using equilibrium water 
potential.

Systems are most dynamic, however, when they are least water 
stressed, i.e., the less negative predawn water potentials are, the 
greater the difference between predawn and midday water po-
tentials can be. In contrast to what may occur at tissue-level, a 
system-level threshold is only likely to be crossed when at, or 
close to, equilibrium water potentials (Figure  1c). Therefore, 
while equilibrium water potentials do not capture sub-daily vari-
ation in fluxes, the state-based approach does capture changes 
in water status over the longer term which are likely to relate 
more directly to climate-related changes in biomass (Bauman 
et al. 2022).

4.4   |   Remote Sensing Applications

The VOD signal from satellite microwave remote sensing is 
most sensitive to upper canopy dynamics, while the timing of 
satellite VOD measurements is predetermined by overpass times 
making it difficult to ‘select’ equilibrium/predawn conditions. 
Consequently, the degree to which VOD relates to the EPV 
curves is dependent on the frequency of the signal where e.g., 
X-band may only detect canopy dynamics, while L- (and lower 
frequency) bands may relate more to the total amount of water 
in the system and equilibrium water potentials.

Because the penetration depth of the VOD signal is not known, 
it is currently difficult to relate VOD to an absolute quantity of 
water. However, understanding generalised relationships be-
tween water relations and biomass potentially leads to a better 
understanding of plant water relations at the relevant spatial 
scale. The evidence suggesting that (i) maximum vegetation 
water content varies predictably with biomass, and that (ii) 
relative accessible water storage does not appear to differ sys-
tematically between systems (Figure 5), provide a starting point 
for inferring ecosystem water status from remote sensing data. 
Nevertheless, additional research is needed to account for the 
varying sensitivity of the remote sensing data to canopy water 
content across different depth layers (Holtzman et  al.  2021), 
and what observation times and other conditions would be 
most closely related to the equilibrium conditions described in 
this study.

FIGURE 6    |    A comparison of the dynamic water storage (sapwood 
and canopy) and plot equilibrium water potential of the drought plot 
(thick dashed line) and control plot (thick solid line) in the Caxiuana 
throughfall-exclusion experiment, based on data presented in Figure 3. 
The red and blue points on each thick line represent the threshold water 
potential and measured predawn water potentials, respectively. The 
blue section of each line indicates the amount of water available in each 
plot for ‘reversible’ changes in ecosystem water content, i.e., changes 
that do not cause physiological damage. The red section of each of the 
thick lines represent a trajectory of water loss resulting in physiological 
damage and loss of living tissue/functional biomass. We hypothesise 
that the transition of the drought plot into its current reduced biomass 
state followed the red arrows to the point at which the biomass reached 
its current value given the available water. At that point, the equilibrium 
water potential would have returned to within the normal physiological 
range represented by the blue arrow (highlighted by the ellipse).
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4.5   |   Ecological Sampling Strategies—Species 
Versus Landscape

The state-based approach uses ‘vegetation’ as the functional 
unit, rather than species, functional types, or individuals, 
thereby differing from the trait-based information that typically 
informs process-based models. The assumption is that the emer-
gent structure of natural communities is more predictable than 
the abundance or trajectory of any given species or functional 
type, and therefore, that climate-mediated changes in vegeta-
tion structure could be predicted in the absence of species-level 
or trait information. An open question is whether our data col-
lection practices have led to an accurate representation of veg-
etation as a functional unit, rather than of individual species 
functioning in isolation.

Field studies tend to collect data that represents the most 
stressed part of the system (e.g., midday leaf water potentials 
in upper canopy sunlit leaves (Martínez-Vilalta and Garcia-
Forner 2017)) and traits of dominant species (e.g., vulnerabil-
ity thresholds). While such data are well-suited to predicting 
relatively short-term stress responses of ecosystems, they 
may be less informative of longer-term transitions and fail to 
capture possible steady-state ecosystem-climate interactions. 
One limitation is that, under given conditions, the physical 
location and size of an individual may account for greater dif-
ferences in state variables (e.g., water potential, stomatal con-
ductance) than species-level traits (Meinzer, Goldstein, and 
Andrade 2001). An additional limitation is that the character-
istics of a tissue sample may not represent the organism; where 
hydraulic measurements are principally taken on leaves and 
small twigs which can be expendable at the organism-level—
as indicated by self-pruning and non-fatal canopy die-back 
(Zimmermann 1983).

To capture responses of ecosystems over longer time scales, 
it may be necessary to characterise the distribution of state 
variables across individuals and through space (horizontally 
and vertically), rather than just the extreme values. The dis-
tribution of water potential within a community arises as a 
function of the traits, species and the feedbacks between 
community structure and the boundary layer conditions. 
Therefore, randomised spatial sampling, or systematic point 
sampling over a grid or transect, may be more suitable for 
representing ecosystem properties, relating more directly to 
landscape-level feedbacks between vegetation, climate and 
biogeochemical cycles. Systematic sampling of the landscape 
may therefore reveal trends and commonalities between tax-
onomically distinct but climatically and functionally similar 
systems, while potentially being more practical for character-
ising highly biodiverse communities.

4.6   |   Further Considerations

Vegetation predawn water potentials are commonly not in equi-
librium with the root water source owing to nocturnal fluxes 
such as transpiration (Donovan, Richards, and Linton  2003; 
Kangur et  al.  2021) or foliar water uptake (Binks et  al.  2019; 
Kangur, Kupper, and Sellin  2017). The effect of wrongly as-
suming plants are in equilibrium with the soil is typically in 

assuming that they are in equilibrium with a different part of 
the soil profile. If the nocturnal flux is small, it seems likely that 
the disequilibrium soil depth is also small (Kangur, Kupper, and 
Sellin 2017).

We used an empirical relationship between wood density and 
the saturated water content of sapwood to calculate S when 
Ψ = 0. There is a known ‘plateaux effect’ in leaves, wood and 
porous media in general, where pore spaces that would be 
empty at very small negative water potentials become full of 
water. This effect has not been accounted for in the Proof of 
concept due to the difficulty in characterising it at whole tree 
scale and given the uncertainty in the other parameters. The 
plateaux effect may have resulted in an overestimation of the 
total water content at Ψ = 0, although this error is likely to be 
small in comparison with the uncertainty surrounding the 
heartwood contribution.

5   |   Summary

The ecosystem-scale PV curve reconciles our detailed and phys-
ically rigorous understanding of small-scale field-measurable 
processes to the spatial scale applicable to ecosystem and cli-
mate science. The ‘state-based’ approach to understanding 
climate-vegetation feedbacks is based on the principle that 
ecosystems reach a thermodynamic steady state with respect 
to environmental conditions. This assumption allows us to use 
data with low temporal resolution, thereby determining long-
term changes in stores of carbon and water and becoming less 
dependent on the measurement of processes with high spatial 
and temporal variability. Acknowledging the existence of addi-
tional constraints (e.g., soil nutrients), we propose that to a first 
approximation the water content and biomass of an ecosystem is 
a direct function of the hydraulic environment, that is, the water 
potential of the soil and the atmosphere.

We conclude that using the water content of the leaves and above 
ground sapwood, the dynamic fraction, and water potentials 
during equilibrium (e.g., predawn or drought) conditions, are 
practical options for calculating baseline ecosystem PV param-
eters. This is based on (i) the practicality of applying an equi-
librium concept to a non-equilibrium system, (ii) the relevance 
of these parameters in relating large-scale vegetation function 
to the hydraulic environment and (iii) the availability of exist-
ing data. Derivations of both water potential and storage (ΨAGB 
and SAGB) could be improved from our estimates with more 
comprehensive data on water potential, water content and ca-
pacitance at larger scale and better spatial representation across 
landscapes.

Our first estimates here, for a range of ecosystems, suggest that 
there appears to be a consistent ratio of ‘dynamic’, or physio-
logically active, water to biomass across the examined plots of 
approximately 1:3. In absolute terms, the water available for re-
versible changes in SD, and hydraulic capacitance, also increases 
with biomass. In relative terms, there were no significant re-
lationships between water relations properties and biomass, 
possibly suggesting these relative values are conserved across 
ecosystems. Such generalisations across biomes offer the first 
insight into the utility of the state-based approach for gaining 

 13652486, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17567 by Law

ren Sack - U
niversity O

f C
alifornia, Los A

ngeles , W
iley O

nline Library on [22/09/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



15 of 18

ecophysiologically meaningful interpretations of landscape-
scale data and provide a robust basis for the interpretation of 
remote sensing VOD observations.
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