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ABSTRACT
Water storage capacity and capacitance in trees regulate hydration levels, providing water reserves during drought. However,

the effects of varying traits, tissue fractions and of different water pools on the allometry of branch‐/sample‐level properties have
not been systematically investigated. We analyse the relationships between branch size and branch capacity and capacitance

with respect to wood density, xylem vulnerability to embolism, and tissue fractions. The analysis was performed using data from

four tree species sampled from 12 to 15 sites across Europe. We show that of the three phases of the water release curve,

the second phase (dominated by elasticity) was significantly influenced by leaf and bark proportions, the sapwood/heartwood

ratio and xylem vulnerability to embolism for capacity and/or capacitance. However, the first (dominated by capillarity) and the

third phase (characterised by embolism) were not influenced by the morpho‐physiological properties measured. Our results

indicate that branch capacity and capacitance are allometrically related (slope < 1) to branch dry mass, leaf area and total water

content, indicating that normalising by these size measures does not completely remove size‐dependency. We conclude that the

only means of obtaining size‐independent water storage traits directly applicable in comparative and modelling studies is by

normalising by water quantity per phase.

1 | Introduction

Tissue water storage influences diverse facets of tree develop-
ment, functioning and adaptation to environmental changes,
such as drought stress (Holbrook 1995). Water storage helps to
maintain hydraulic continuity from roots to leaves under fluc-
tuating water availability (Brodribb and Holbrook 2003;
Meinzer et al. 2003; Scholz et al. 2007; Meinzer et al. 2008).
Stored water can maintain cell turgor and prevent stomatal
closure, particularly in dry conditions when water uptake from

soil is limited (Holbrook 1995; Brodribb and Holbrook 2003).
After stomatal closure, total water storage capacity and
hydraulic capacitance influence the time to desiccation during
extreme drought (Blackman et al. 2016), thereby delaying
drought‐induced mortality (Martin‐StPaul, Delzon, and
Cochard 2017).

Water is stored throughout all tissues in trees, and principally
the xylem (Tyree and Zimmerman 2013) where cavitation in
conduits and fibres can release significant quantities of water
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(Tyree and Yang 1990). In sapwood, water is also stored and
released from intercellular capillary spaces (Holbrook 1995),
whereas the importance of sapwood living cells for capacitance
is still debated (Pratt et al. 2021; Jupa et al. 2016; Ziemińska
et al. 2020). Heartwood water storage may also play a role in
buffering plant water status, although the extent of this effect is
still unclear (Hu et al. 2018). Water storage in leaves (Tyree and
Ewers 1991) and inner bark, for example, the phloem (Pfautsch,
Hölttä, and Mencuccini 2015) is dominated by the elastic
deformation of cells, facilitating the movement of water without
large turgor changes. Given that water storage properties are
typically measured at organ level, and that tissue fractions are
highly variable both within‐ and among‐plants, a key question
remains on how to scale them to obtain meaningful traits for
the whole plant.

Tree water storage is quantified via water storage capacity and
capacitance (Scholz et al. 2011). Capacity represents the total
volume of water that is contained or can be extracted from the
tissue, and capacitance is the (reversible or irreversible) change
in storage per unit change in water potential (Hartzell, Bartlett,
and Porporato 2017). Tree water storage is characterised using
the relationship between water potential and water loss, known
as the water release curve/pressure‐volume curve. Under-
standing the extent to which water release curves differ across
tissues, organs and species can contribute to a better knowledge
of the maintenance of water balance (Jupa et al. 2016; Scholz
et al. 2007). Tyree and Yang (1990) proposed a conceptual
model to interpret water release curves in leafless branches
(referred to as TY1990), where the curve consists of three
phases, each characterised by distinct water potential ranges.
Phase I includes the capillary release of water from xylem
conduits and intercellular spaces, occurring at high water
content and water potentials, typically ranging from 0 to
−0.5 MPa. Phase II is dominated by the elastic release of water
from living tissues, potentially overlapping with capillary
release at water potentials ranging from −0.5 to −1.5MPa.
Phase III may be associated with the release of water during
embolism when air enters xylem conduits, occurring at low
water potentials (Hölttä et al 2009). This final phase is a critical
point whereby plants undergo significant water stress, and
continued reductions in water potential may result in
irreversible damage to the xylem water transport system
(Mantova et al. 2022). In the case of Pinus, Populus and Fagus,
the three genera examined in this work, the transition from the
initial phases to the cavitation phase in the water release curves
of stem segments in a cavitron occurs before the P50 point in
the vulnerability curve (Pivovaroff et al. 2016).

Despite its importance for our understanding of water release
by woody structures, the TY1990 model has seldom been tested.
Direct tests are complicated by the difficulty of completely
separating the processes controlling the three proposed phases.

We propose here instead an indirect test of the TY1990 model
based on allometric theory, i.e., by examining how the different
processes linked to the three phases change as branches
increase in size. In the context of allometric analysis of water
storage, isometry assumes a linear relationship between water
storage properties and branch size, while allometry recognises
that these relationships may be curvilinear. In a linear

relationship with zero intercept, the ratio of water storage to
size gives a size‐normalised (i.e., size‐independent) value.
However, this is not the case if the relationship is curvilinear. In
this case, the ratio of water storage to size will remain size
dependent. Allometry examines whether, as branches vary in
size, changes in structural organisation, tissue fractions, and
physiological functions result in non‐linear (i.e., allometric)
relationships (Niklas 2004). By way of example, larger branches
have a greater volume. Consequently, larger branches may have
proportionally higher water storage compared to smaller bran-
ches. However, if tissue fractions, such as the heartwood frac-
tion, vary with the dimensions of the branch, then water storage
capacity and capacitance will not vary linearly with branch size,
but with a slope changing in proportion to the volumetric
fraction of each tissue (Pérez Cordero and Kanninen 2003;
Aparecido et al. 2016).

We refer to un‐normalised capacity and capacitance as ex-
tensive and to the size‐normalised versions as intensive prop-
erties (where extensive properties scale with size, while
intensive properties are independent of size) (Mc Naught and
Wilkinson 2014, IUPAC Gold Book). Branch‐level capacity and
capacitance are commonly normalised either using branch dry
mass (e.g., Bryant et al. 2021; Beckett et al. 2024), total saturated
mass in RWC units (e.g., Domec and Gartner 2001; Li
et al. 2018), or leaf area (e.g., Ruffault et al. 2022). With iso-
metric relationships, these standardisations eliminate size‐
dependency, i.e., the exponent of the intensive properties
against size is zero. However, these normalisations may be
misleading with allometric relationships, because when the
exponent of extensive properties against size is different from 1
or the y intercept is different from 0, the normalised property
will remain size‐dependent and therefore not truly intensive.
For these reasons, exploring the allometric relationships of ex-
tensive and size‐normalised (presumably intensive) water stor-
age properties against mass is a key objective of this study.

The main aim of this work is to explore the allometry of
capacity and capacitance in the three distinct phases of a branch
water release curve. Because multiple authors normalise
capacity and capacitance by branch size (e.g., Gleason
et al. 2014, Wolfe and Kursar 2015; Bryant et al. 2021), our first
null hypothesis is that extensive branch water storage properties
have an isometric relationship with size, that is, with an ex-
ponent of the log–log relationship of 1.00. Conversely, if the
relationship is allometric, the slope against mass should be
different from 1.00. Specifically, the slope of the log–log rela-
tionship will be lower than 1.00 if the sizes of the water pools
that are released during the three phases vary less than pro-
portionally with size. Consequently, if the relationship is allo-
metric, normalising water storage by either branch mass, leaf
area or total water content will not eliminate the size‐
dependency of these properties.

Second, if allometric relationships are explained by a trait
related to the different processes controlling the three phases of
the TY1990 model, then incorporating that trait in the regres-
sion should increase the allometric exponent to a value closer to
1.00. We tested whether allometric relationships of water stor-
age properties are affected by branch wood density (WD), xylem
vulnerability to embolism, and changes in tissue proportions
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between sapwood and heartwood and between branch leaf,
bark and wood mass. Our second set of predictions are that (a)
WD affects the allometry of all three phases of the water release
curve, albeit not equally. We also expect (b) vulnerability to
embolism (as quantified by xylem P50, cf., Table 1 for defini-
tions) and the heartwood ratio to affect the allometry only in
Phase III, which includes the discharge of embolism water and
residual water from the heartwood. Finally, we predict (c) that
leaf and bark proportions affect the allometry of Phase II
(elastic water release), while wood proportion affects Phase I
(capillary water release) and Phase III.

Our third and final prediction is that, if the hypotheses em-
bedded in TY1990 are correct, the three phases of the model
refer to functionally distinct pools of water. In other words, that
these pools are released because of different processes. There-
fore, employing the water content of each phase (instead of
branch dry mass, leaf area or total water content) as basis for
size‐normalisation should result in size‐independent properties
(size‐normalised exponent =0). However, if the phases refer to a
single functional pool, this normalisation should still result in
size‐dependency (size‐normalised exponent ≠0).

2 | Materials and Methods

2.1 | Study Sites, Species and Sampling Design

Four species were sampled across a large portion of their nat-
ural range in Europe, with each species being measured at
12–15 sites (see map, Supporting Information: Figure S1). The
sites were selected within protected areas (Gene Conservations
Units, part of EUFORGEN, de Vries et al. 2015). Black poplar
(Populus nigra L.) and maritime pine (Pinus pinaster Ait.) were
sampled in 2021, European beech (Fagus sylvatica L.) and Scots
pine (Pinus sylvestris L.) in 2022. The two angiosperms were
sampled during spring/early summer to capture branches under
full foliation but before the onset of summer drought. The
evergreen conifers were sampled instead during autumn. At
each site, 10 individual trees were sampled in parallel transects
separated by at least 30m of distance from one another. Two to
three branches with a length of about 1.5–2.0 m were cut from
the top of each tree on which branch‐level capacitance, xylem
vulnerability to embolism, and WD were determined. Following
sampling, branches were recut under water to obtain sub-
samples for capacitance with different sizes for each species:
Populus nigra and Pinus pinaster (40–50 cm), Pinus sylvestris
(40–60 cm) and F. sylvatica (70–80 cm). Branch length corre-
sponds to the distance from the branch tip to the base. Even if
branch length was standardised within species, there was sub-
stantial variation in total branch biomass, largely due to varia-
tions in branching structure and location of the sample.
Different lengths were chosen for different species to obtain
always more than 20 leaves, twigs or brachyblasts per branch
for water potential measurements. Branches were temporarily
stored in the field in the shade inside a double black plastic bag
with wet paper towels and then shipped to the laboratory,
where they were stored in a cold chamber (4°C–10°C). For
hydraulic conductivity and vulnerability to embolism, different
branch subsamples were obtained from the same branches by
cutting 50‐cm‐long straight segments. These branches were also

stored inside sealed wet bags, shipped to the laboratory and
kept in a refrigerated room at 6°C before their measurements.
Measurements of branch water release curves and vulnerability
to embolism were done less than a week from collection. Total
sample size was 545 branches across the four species.

2.2 | Branch Dehydration Experiment

Our protocol broadly followed Gleason et al. (2014). In the
laboratory, branch bases were submerged and the bottom 5 cm
of the branch re‐cut under water. Branches were then left in a
cold chamber at 5°C to saturate overnight inside a black plastic
bag. The following morning, branches were equilibrated at air
temperature for 15min inside a black plastic bag with a small
ball of wet paper towel inside. One or two leaves (Populus
nigra), small twigs (F. sylvatica and Pinus sylvestris) or brachy-
blasts (Pinus pinaster) were cut from the branch and their water
potential (ΨP) measured in a PMS 1505D pressure chamber
(PMS Instruments, Albany, OR, USA). The branch was then
weighed and left to desiccate in a temperature‐controlled room
using a fan to stir the air. For the two pine species, an oven
equipped with a water‐filled tray and with temperature set at
30°C was employed in some cases to speed up the desiccation
process towards the end of the curve. In both cases, tempera-
tures and humidity were monitored continuously. Using cycles
with variable dehydration times (depending on the species), the
branch was put back inside the plastic bags for 15–20min to
equilibrate, to allow the leaf to approximate the water potential
of the stem, and each step was then repeated for at least 11
more times. Our curves therefore were carried out under quasi‐
equilibrium conditions (as in standard PV curves), something
that would be impossible to do under in vivo conditions.

Because of logistical limitations due to the large number of
samples to process, the experiment generally ended at a pres-
sure balance of around 3MPa. For all four species, this value
went beyond the end of Phase II of the stem dehydration, while
the third phase involving embolism was covered to a variable
extent.

2.3 | Capacity and Capacitance

We analysed water release by splitting the curve into three parts,
using cut‐off points (see Figure 1). The lowest (most negative)
limit for Phase I (capillarity) was taken as the inflection point of
the curve of moisture release against water potential (Ψ), using a
segmented function in R (Muggeo and Muggeo 2017). The
inflection point differed for each species (Populus nigra
Ψ=−0.272MPa, Pinus sylvestris Ψ=−0.230MPa, Pinus pinaster
Ψ=−0.178MPa and Fagus sylvatica Ψ=−0.220MPa). Values
comprised between these species‐specific inflection points and
the branch‐specific P12 (pressure inducing 12% loss of conduc-
tivity), were employed to quantify the elastic phase (Phase II).
Finally, values below P12 were used to estimate the third phase,
when cavitation becomes prevalent. Note that this study included
leaves in branches, while TY1990 did not. Consequently, the pool
of water coming from leaves might influence significantly the
elastic phase, and as a result the Ψ thresholds limiting this phase
may not correspond exactly with those of TY1990. Specifically in
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TABLE 1 | A primer of terms and symbols used in this study.

Symbol Meaning Units

Ψ Water potential MPa

Mbranch Dry mass of the branch g

Sbranch Saturated mass of the branch g

% wood Percentage of the dry mass of the wood with respect to the sum of bark, leaves and
wood dry masses

%

% bark Percentage of dry mass of the bark with respect to the sum of bark, leaves and wood
dry masses

%

% leaves Percentage of dry mass of the leaves with respect to the sum of bark, leaves and wood
dry masses.

%

prop_heartwood Heartwood ratio. Proportion of non‐active xylem cross‐sectional area with respect to
stem cross‐sectional xylem area without bark.

proportion

WD Wood Density. Calculated as: Dry mass wood

Fresh wood volume
g cm−3

P50 Water potential at 50% loss of hydraulic conductivity. Obtained from vulnerability
curves (Delzon et al. 2010)

MPa

P12 Water potential at 12% loss of hydraulic conductivity. Obtained from vulnerability
curves (Delzon et al. 2010)

MPa

WI max First and maximum branch mass measured in the phase I of the water release curve g

WI min Last and minimum branch mass measured in the phase I of the water release curve g

WII max First and maximum branch mass measured in phase II of the water release curve g

WII min Last and minimum branch mass measured in the phase II of the water release curve g

WIII max First and maximum branch mass measured in the phase III of the water release curve g

WIII min Last and minimum branch mass estimated in the phase III of the water release curve g

PII Last water potential measured in the phase II of the water release curve MPa

PIII First water potential measured in the phase III of the water release curve MPa

WP12 Branch mass estimated at P12. Calculated as: g

PW = W + *(P12 – )
P PP12 II min

(W – W )

( – ) II
III max II min

III II

WP99 Branch mass estimated at P99, assuming 25,2% of moisture content g

P99 Water potential at 99% loss of hydraulic conductivity. Obtained from vulnerability
curves (Delzon et al. 2010)

MPa

WS Branch capacity, calculated as: g H2O

Phase I: WI max – WI min; Phase II: WII max – WII min; Phase III: WP12 –WP99

Ce Extensive branch capacitance, calculated as the slope of the linear relationship
between weight of water loss and Ψ

g H2O MPa‐1

Phase I and II:
∆

−
Δwater loss

Ψ
; Final part: WS

P12− P99
Phase III

cDM Intensive branch capacitance normalised by dry mass. Calculated as: g H2O g‐1 MPa‐1

C

M
e

branch

cWC Intensive branch capacitance normalised by phase water content. Calculated as: RWC MPa‐1

Phase I: ;
C

W −W
e

I max I min
Phase II: ;

C

W −W
e

II max II min
Phase III: C

W −W
e

P12 III min

cTWC Intensive branch capacitance normalised by total water content. RWC MPa‐1

Calculated as:
C

S −M
e

branch branch

cLA Intensive branch capacitance normalised by leaf area. Calculated as: gH2Ocm
‐2MPa‐1

C

Leaf area
e
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our branches, the leaf turgor loss point often occurs close to
wood P12. The relationships between leaf and wood properties
will be investigated more in depth in a second paper. Although
we use the ‘classic’ three phases from TY1990, we recognise that
in vivo visualisation approaches (Utsumi et al. 1996; Utsumi
et al. 1998; Longuetaud et al. 2016; Longuetaud et al. 2017; Zie-
mińska et al. 2020) are changing our understanding of how the
different processes interact with one another.

The extent of the curve covered during the third phase varied
greatly from branch to branch. To standardise the extent of the
third phase of the curve across branches, one extra point was
estimated by assuming that the branch water content at P99 of
the vulnerability curve was in equilibrium with the value of
relative humidity corresponding to that water potential (as it
would be if the branch were bench‐dried down to P99). While
the P99 differed across branches, the equilibrium relative
humidity (RHP99) differed by < 0.1% across samples with tem-
perature values of 17°C–40°C, and therefore moisture content
(MC) was taken to be 25.2% for all branches, based on
(Ross 2010; Engelund et al. 2013):

( )RH e= ,P

V
RT99

−P99 w




 




MC
M

K RH

K RH

K K RH K K K RH

K K RH K K K RH

=
18

+
1 −

+
+ 2

1 + +
,

P

P

P

P P

P P

99

99

1 99 1 2
2

99
2

1 99 1 2
2

99
2

where RHP99 is the equilibrium relative humidity at P99, P99 is
Ψp at 99% loss of hydraulic conductivity (MPa); Vw is partial
molal volume of water (1.8 × 10−5 m3 mol−1); R is the gas
constant (8.31 J K−1 mol−1); T is temperature (°C), MC is the
moisture content (in %), 18 refers to molecular mass of water
and MP = 388, K = 0.824, K1 = 6.22, K2 = 2.73 are all empirical
coefficients.

Water storage capacity (WS) is obtained as the difference
between first and last branch weight measured during each of
the three phases of the dehydration curve. Extensive

FIGURE 1 | Scheme of the approach used in this study to calculate capacity and capacitance for the three parts of the curve. The figure shows the

relationship between water loss (%) and water potential (−Ψ, MPa) obtained from the branch dehydration experiment. The brown square marks the

zone where measurements were taken. The curve was split into three parts, based on two cut‐off points. The first part (extreme left, dominated by

capillarity) includes all points above inflection point (grey line). The second part is between the inflection point (grey line) and P12 (Ψ causing 12%

loss of conductivity) of the vulnerability curve (green line) and defines the elasticity phase. The third and final part included all points measured at

Ψ< P12 plus one estimated point at P99 when the branch was assumed to have reached 25.2% equilibrium moisture content (point in red) (Engelund

et al. 2013 and Ross 2010). Mass estimated at P12 pressure (WP12, red X), total water content (dark blue arrow) and water contents present in each

phase (light blue arrows) are also given. Data from a Fagus sylvatica branch.
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capacitance (Ce) is calculated from the slope of the linear
regression between cumulative water loss and water potential
during the first two phases of the curve or as the ratio between
WS (calculated as the difference between branch mass at P12
and branch mass at equilibrium moisture content) and the
difference between P12 and P99 for the third phase (Table 1).
Conversely, we compare different size‐normalisations to see
whether they result in truly intensive properties, normalising Ce

by dry mass (cDM, in gH2O g−1 DM MPa−1), by total water
content, that is, branch saturated mass minus dry branch mass
(cTWC, in RWC MPa−1), by leaf area (cLA, gH2O cm−2 MPa−1),
or by water content present in each phase (cWC, in RWC
MPa−1). Due to the absence of leaf volumes, the normalisation
of the whole branch by leaf + branch volume is not tested in
this study. Additionally, alternative calculations (i.e., using the
following definitions: Phase I: values higher than −0.5 MPa;
Phase II values between −0.1MPa and P12; and Phase III:
values lower than P12, but with the final extra point estimated
by assuming that the branch was completely dry) were carried
out (cf., Supporting Information: Figures S2, S3, S4, and S5 and
Tables S3 and S4) to check that our conclusions are robust to
assumptions regarding the employed cut‐off points and defini-
tion of equilibrium wood moisture content.

2.4 | Additional Trait Measurements

At the end of the branch dehydration experiment, the branch
was cut into smaller parts, and the dry mass of leaves, wood, and
bark was calculated. The percentages of dry mass for each tissue
type were determined by the ratio of each tissue's dry mass to the
total dry mass of all tissues. To separate heartwood from sap-
wood, the proportion of active xylem was quantified by flowing a
filtered solution dyed with toluidine blue through a wood seg-
ment, consisting of a straight fresh stem without leaves, admin-
istering the dye through the segment under gravity pressure. WD
(g/cm3, ratio of dry mass to saturated volume), was determined
on a 10‐cm‐long stem segment cut from the bottom section of the
branch. Leaf area was obtained using ImageJ by digitally scan-
ning 10–20 needles/leaves taken from random positions within
the branch to derive specific leaf area and then scaled to the
branch using leaf mass. Vulnerability to embolism was measured
in the Bordeaux ‘CaviPlace’ laboratory, following Delzon et al.
(2010) and Burlett et al. (2022). Vulnerability curves were fitted
to the relationship between PLC (%) and xylem pressure using
the Pammenter model (Pammenter and Willigen 1998). Sum-
mary data expressed as species averages for the studied traits is
included in Supporting Information: Table S6.

2.5 | Statistical Analyses

Linear mixed models were used to test the allometric relation-
ships of WS, Ce, cDM, cTWC, cLA, and cWC with branch size. All
the models (Table 2) included branch dry mass (Mbranch) as
independent variable. In addition, for the extensive properties
we also tested the interaction between Mbranch and other in-
fluencing variables (prop_heartwood, WD, P50, % leaves, %
bark and % wood; one variable at a time) as fixed effects, with
species and population nested within species as random effects.
Capacity, capacitance and branch masses were natural log‐

transformed. Traits (P50 and WD) and tissue proportions (%
wood, % leaves and % bark and prop_heartwood) were not
transformed. We started from models with the interaction
present, and simplified them until including only Mbranch, if
necessary. Notice that a significant trait effect implies that water
storage changes as a function of the second variable at constant
mass. Conversely, a significant trait interaction implies that the
slope of the effect of mass was modified by the trait. Scaling
relationships are generally examined using Model II regression
approaches (e.g., standardised major axis regression). This is
not done here for three reasons, that is, the hierarchical nature
of the data, the use of multiple regression models and finally,
the clear distinction between response variables (capacity and
capacitance) versus independent variables, that is, dry mass and
branch traits.

Linear mixed‐effects models were fitted using the lme4 package
version 1.1.31 (Bates et al. 2015). We used the partR2 package
(Stoffel, Nakagawa, and Schielzeth 2021) to estimate the stan-
dardised coefficients (ie., beta weights) and the inclusive R2 for
each fixed effect (i.e., Mbranch, WD, P50, prop_heartwood, %
bark, % leaves and % wood). Inclusive R2 refers to the variance
explained by an independent predictor in the model, both
uniquely and jointly with other predictors and beta weights
refer to the standardised model estimates, allowing a compari-
son of their relative impacts (Stoffel, Nakagawa, and
Schielzeth 2021). Models with significant interactions were
plotted using the interact_plot function, from the interactions
package (Long and Long 2019). In Supporting Information, we
also report models with an alternative approach for selection of
cut‐off points for each part of the curve. All statistical analysis
were conducted in R software version 4.2.2 (R Core Team 2023).

3 | Results

3.1 | Allometric Relationships of Extensive
Water Storage Properties Against Branch Dry Mass

We first tested the allometric relationships between extensive
water storage properties and branch dry mass (Hypothesis 1).
The log‐log relationships between branch dry mass, water

TABLE 2 | Allometry of water storage capacity (WS) and capaci-

tance (Ce) with branch dry mass was tested using the following model:

WS or Ce~ Mbranch * factor + (1 | species/population). See legend in

Table 1 for further details.

WS or Ce or cDM or cWC or cTWC or cLA ~ Mbranch

WS or Ce ~ Mbranch + P50 WS or Ce~ Mbranch * P50

WS or Ce ~ Mbranch +WD WS or Ce ~ Mbranch * WD

WS or Ce ~ Mbranch +
prop_heartwood

WS or Ce ~ Mbranch *
prop_heartwood

WS or Ce ~
Mbranch + % bark

WS or Ce ~ Mbranch *
% bark

WS or Ce ~
Mbranch + % wood

WS or Ce ~ Mbranch *
% wood

WS or Ce ~ Mbranch + %
leaves

WS or Ce ~ Mbranch * %
leaves

4016 of 4719 Plant, Cell & Environment, 2025
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storage capacity and capacitance were strongly positive for all
three phases of the curve (Figure 2), although with significant
intercept and slope differences across species. We generally
found high values of conditional (between 0.35 and 0.96) and
marginal R2 (between 0.26 and 0.82) for models predicting WS
and Ce as a function of branch mass, even though models for
Phase I had lower values. The slopes for branch dry mass were
lower than 1 in all cases. Without interactions, slopes in Phases
I (between 0.51 and 0.57) and II (between 0.43 and 0.76) were
generally lower than in Phase III (between 0.78 and 0.83),
although in some cases the 95% confidence intervals overlapped
among phases.

3.2 | Trait Effects on the Allometry of Extensive
Water Storage Properties

To test Hypothesis 2, we examined whether other variables
influenced the allometry of water storage properties against
Mbranch, as intercept and/or slope. Inclusive R2 and standar-
dised coefficients (i.e., beta weights) were always higher for
Mbranch compared to other variables (with one exception),
indicating higher explanatory power and sensitivity of WS and
Ce towards this variable (Tables 3 and 4; all complete models
are in Supporting Information: Tables S1 and S2). Mbranch was
almost always highly significant in the multiple regressions.
WD was significant for WS in Phase III but without a significant
interaction with Mbranch. P50 was significant in Phases II and III

and its interaction with Mbranch was significant in Phase II for
Ce (Table 3). The prop_heartwood was significant for WS in
Phase I, and its interactions with Mbranch were significant for Ce

in phase II and marginally significant for WS in Phase III (p‐
value = 0.053, not shown in Table 4). The % bark was significant
in Phases I and III of WS and its interaction with Mbranch was
significant in Phase II of WS and Ce. The % leaves was signifi-
cant in Phases I and III and its interaction with Mbranch was
significant in Phase II, both for WS and Ce. The % wood was
significant in all three phases of WS and in Phase III of Ce,
although its interactions with Mbranch were not significant.

Finally, slope analysis was employed to explore the direction of
the significant interactions between Mbranch and other variables
(Figures 3 and 4 and Supporting Information: Figures S4
and S5), by plotting the effects of high ( + 1 SD), average (mean)
and low (−1 SD) values of the variable. For WS (Figure 3 and
Supporting Information: Figure S4), lower % bark and higher %
leaves in Phase II increased the Mbranch slope. For Ce (Figure 4
and Supporting Information: Figure S5), decreased (more neg-
ative) P50 decreased the Mbranch slope, while prop_heartwood,
lower % bark and higher % leaves all increased the Mbranch slope
in Phase II.

All results obtained using the alternative approach (Supporting
Information) were consistent with the main results with only a
few exceptions, i.e., the interactions of Mbranch with pro-
p_heartwood and P50 were significant in phase III.

FIGURE 2 | Relationship between branch dry mass, capacity (WS) and extensive capacitance (Ce) in a log‐log scale calculated for the three

phases of the curve. The black line shows the 1:1 relationship (slope = 1 and intercept = 0). [Color figure can be viewed at wileyonlinelibrary.com]

4017 of 4719

 13653040, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.15409 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [09/07/2025]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


T
A
B
L
E
3

|
L
in
ea
r
m
ix
ed

m
od

el
re
su
lt
s
of

th
e
te
st
s
of

th
e
ef
fe
ct
s
of

br
an

ch
dr
y
m
as
s
an

d
th
e
tr
ai
ts
W
oo

d
de

n
si
ty

(W
D
)
an

d
P
50

on
ca
pa

ci
ty

an
d
ex
te
n
si
ve

ca
pa

ci
ta
n
ce
.T

h
e
ta
bl
e
in
cl
u
de

s
th
e
co
ef
fi
ci
en

ts

(C
oe
ff
.)
,w

it
h
th
e
p‐
va
lu
es

si
gn

if
ic
an

ce
(S
ig
.,
si
gn

if
ic
an

ce
co
de

s:
0‘
**
*’
0.
00
1
‘**

’,0
.0
1
‘*’
0.
05

‘n
s’)

an
d
w
it
h
co
n
fi
de

n
ce

in
te
rv
al
s
of

95
%
(C

I)
.I
ta

ls
o
in
cl
u
de

s
th
e
st
an

da
rd
is
ed

co
ef
fi
ci
en

ts
(s
ta
n
d.

co
ef
f.,

i.e
.,
be
ta

w
ei
gh

ts
),
co
n
di
ti
on

al
R
2
(R

2 ‐C
),
m
ar
gi
n
al

R
2
(R

2 ‐M
),
an

d
in
cl
u
si
ve

R
2
(I
R
2 )

fo
r
ea
ch

fa
ct
or

of
th
e
m
od

el
.
B
ra
n
ch

m
as
s,
W
S
an

d
ca
pa

ci
ta
n
ce

w
er
e
lo
g
tr
an

sf
or
m
ed

,
W
D

an
d
P
50

w
er
e
n
ot
.

W
S
g
H

2O
P
h
as
e
I:
C
ap

il
la
ri
ty

P
h
as
e
II
:
E
la
st
ic
it
y

P
h
as
e
II
I:

E
m
bo

li
sm

+
R
es
id
u
al

w
at
er

M
od

el
C
oe

ff
.
|

Si
g.

(C
I)

St
an

d
.
C
oe

ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2
C
oe

ff
.
|

Si
g.

(C
I)

St
an

d
.
C
oe

ff
.

R
2 ‐C

(R
2 ‐M

))
IR

2
C
oe

ff
.
|

Si
g.

(C
I)

St
an

d
.

C
oe

ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2

M
b
ra
n
ch

0.
57
**
*

(0
.4
8–
0.
66
)

0.
67

0.
70

(0
.4
7)

0.
47

0.
63
**
*

(0
.5
5–
0.
71
)

0.
55

0.
80

(0
.4
3)

0.
43

0.
82
**
*

(0
.7
6–
0.
88
)

1.
24

0.
94

(0
.8
0)

0.
79

W
D

—
—

—
—

—
—

—
—

−
0.
70

*
(−

1.
33

to
−
0.
13
)

−
0.
11

0.
14

M
b
ra
n
ch

*
W
D

—
—

—
—

—
—

—
—

—
—

—
—

M
b
ra
n
ch

0.
57
**
*

(0
.4
8–
0.
66
)

0.
67

0.
70

(0
.4
7)

0.
47

0.
64
**
*

(0
.5
7–
0.
72
)

0.
56

0.
85

(0
.8
0)

0.
75

0.
82
**
*

(0
.7
7‐
0.
88
)

1.
24

0.
94

(0
.7
7)

0.
74

P
50

—
—

—
—

−
0.
45
**
*

(−
0.
57

to
0.
35
)

−
0.
34

0.
66

0.
22
**
*

(0
.1
1‐
0.
33
)

0.
29

0.
31

M
b
ra
n
ch

*
P
50

—
—

—
—

—
—

—
—

—
—

—
—

C
e
g

H
2O

M
P
a−

1
P
h
as
e
I.

C
ap

il
la
ri
ty

P
h
as
e
II
:
E
la
st
ic
it
y

P
h
as
e
II
I:
E
m
bo

li
sm

+
R
es
id
u
al

w
at
er

M
od

el
C
oe
ff
.
|

Si
g.

(C
I)

St
an

d.
C
oe
ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2
C
oe
ff
.
|
Si
g.

(C
I)

St
an

d.
C
oe
ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2
C
oe
ff
.
|

Si
g.

(C
I)

St
an

d.
C
oe
ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2

M
b
ra
n
ch

0.
51
**
*

(0
.3
7–
0.
67
)

0.
47

0.
46

(0
.2
6)

0.
26

0.
64
**
*
(0
.5
7‐
0.
71
)

0.
74

0.
80

(0
.6
5)

0.
65

0.
78
**
*

(0
.6
6–
0.
90
)

0.
90

0.
89

(0
.3
6)

0.
36

W
D

—
—

—
—

—
—

—
—

—
—

—
—

M
b
ra
n
ch

*
W
D

—
—

—
—

—
—

—
—

—
—

—
—

M
b
ra
n
ch

0.
51
**
*

(0
.3
7–
0.
67
)

0.
47

0.
46

(0
.2
6)

0.
26

0.
17

n
s
(−

0.
09

to
0.
44
)

0.
20

0.
81

(0
.6
5)

0.
65

0.
80
**
*

(0
.6
8–
0.
91
)

0.
92

0.
85

(0
.2
9)

0.
26

P
50

—
—

—
—

0.
52
**

(0
.1
7–
0.
86
)

0.
52

0.
40

0.
36
**

(0
.1
4–
0.
58
)

0.
35

0.
07

M
b
ra
n
ch

*
P
50

—
—

—
—

−
0.
15

**
*
(−

0.
23

to
0.
07
)

−
1.
01

0.
59

—
—

—
—

4018 of 4719 Plant, Cell & Environment, 2025

 13653040, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.15409 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [09/07/2025]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E
4

|
L
in
ea
r
m
ix
ed

m
od

el
re
su
lt
s
of

th
e
te
st
s
of

th
e
ef
fe
ct
s
of

br
an

ch
dr
y
m
as
s
an

d
of

th
e
h
ea
rt
w
oo

d
ra
ti
o
(p
ro
p_

h
ea
rt
w
oo

d)
an

d
ti
ss
u
e
pe

rc
en

ta
ge
s
(%

ba
rk
,%

le
av
es

an
d
%
w
oo

d)
on

ca
pa

ci
ty

(W
S)

an
d
ex
te
n
si
ve

ca
pa

ci
ta
n
ce

(C
e)
.T

h
e
ta
bl
e
in
cl
u
de

s
th
e
co
ef
fi
ci
en

ts
(C

oe
ff
.)
,w

it
h
th
e
p‐
va
lu
es
's
ig
n
if
ic
an

ce
(S
ig
.,
si
gn

if
ic
an

ce
co
de

s:
0‘
**
*’
0.
00
1
‘**

’0
.0
1
‘*’
0.
05

‘n
s’)

an
d
w
it
h
co
n
fi
de

n
ce

in
te
rv
al
s
of

95
%
(C

I)
.I
t

al
so

in
cl
u
de

s
th
e
st
an

da
rd
is
ed

co
ef
fi
ci
en

ts
(s
ta
n
d.

co
ef
f.,

i.e
.,
be
ta

w
ei
gh

ts
),
co
n
di
ti
on

al
R
2
(R

2 ‐C
),
m
ar
gi
n
al

R
2
(R

2 ‐M
)
an

d
in
cl
u
si
ve

R
2
(I
R
2 )
fo
r
ea
ch

fa
ct
or

of
th
e
m
od

el
.B

ra
n
ch

m
as
s,
W
S
an

d
ca
pa

ci
ta
n
ce

w
er
e
lo
g
tr
an

sf
or
m
ed

,
%

ti
ss
u
es

w
er
e
n
ot
.

W
S
g
H

2O
P
h
as
e
I.

C
ap

il
la
ri
ty

P
h
as
e
II
:
E
la
st
ic
it
y

P
h
as
e
II
I:
E
m
bo

li
sm

+
R
es
id
u
al

w
at
er

M
od

el
C
oe

ff
.|

Si
g.

(C
I)

St
an

d
.

C
oe

ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2
C
oe

ff
.|

Si
g.

(C
I)

St
an

d
.

C
oe

ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2
C
oe

ff
.|

Si
g.

(C
I)

St
an

d
.

C
oe

ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2

M
b
ra
n
ch

pr
op

_h
ea
rt
w
oo

d
M

b
ra
n
ch

*p
ro
p_

h
ea
rt
w
oo

d

0.
57
**
*

(0
.4
8–
0.
65
)

0.
42
*

(0
.1
0–
0.
76
)

–

0.
68

0.
08 –

0.
70

(0
.4
9)

0.
48

0.
03 –

0.
63
**
*

(0
.5
5–
0.
71
)

– –

0.
55 – –

0.
80

(0
.4
3) – –

0.
43 – –

0.
82
**
*

(0
.7
6–
0.
88
)

– –

1.
24 – –

0.
95

(0
.7
8) – –

0.
78 – –

M
b
ra
n
ch

%
ba

rk
M

b
ra
n
ch

*%
ba

rk

0.
55

**
*

(0
.4
6–
0.
64
)

−
0.
01
*

(−
0.
02

to
−
0.
00
)

–

0.
65

−
0.
11 –

0.
72

(0
.5
0) –

0.
50

0.
23 –

0.
74
**
*

(0
.6
0–
0.
89
)

0.
02

n
s
(−

0.
01

to
−
0.
04
)

−
0.
01
*
(−

0.
01

to
−
0.
00
)

0.
65

0.
15

−
0.
20

0.
80

(0
.4
9)

0.
48

0.
23

0.
03

0.
83
**
*

(0
.7
7–
0.
88
)

−
0.
01
**
*
(−

0.
01

to
−
0.
01
)

–

1.
25

−
0.
15 –

0.
96

(0
.7
8) –

0.
77

0.
21 –

M
b
ra
n
ch

%
le
av
es

M
b
ra
n
ch

*%
le
av
es

0.
56
**
*

(0
.4
7–
0.
65
)

0.
01
**

(0
.0
0–
0.
01
)

–

0.
66

0.
15 –

0.
71

(0
.4
7) –

0.
45

0.
03 –

0.
43
**
*

(0
.2
4–
0.
62
)

−
0.
01

n
s

(−
0.
02
‐0
.0
0)

0.
00
*

(0
.0
0–
0.
01
)

0.
37

0.
15

0.
35

0.
81

(0
.4
6)

0.
43

0.
04

0.
26

0.
83
**
*

(0
.7
7–
0.
88
)

0.
01
**
*

(0
.0
0‐
0.
01
)

–

1.
25

0.
20 –

0.
95

(0
.8
0) –

0.
78

0.
01 –

M
b
ra
n
ch

%
w
oo

d
M

b
ra
n
ch

*%
w
oo

d

0.
57
**
*

(0
.4
8–
0.
66
)

−
0.
01
*
(−

0.
01

to
−
0.
00
)

–

0.
68

−
0.
16 –

0.
70

(0
.4
4) –

0.
41

0.
00 –

0.
63
**
*

(0
.5
6–
0.
71
)

−
0.
01
*

(−
0.
01
—
0.
00
)

–

0.
55

0.
11 –

0.
81

(0
.4
0) –

0.
38

0.
00 –

0.
82
**
*

(0
.7
6–
0.
88
)

−
0.
01
**
*
(−

0.
02

to
−
0.
00
)

–

1.
24

−
0.
29 –

0.
94

(0
.8
2) –

0.
78

0.
10 –

C
e
g
H

2O
M
P
a−

1
P
h
as
e
I.

C
ap

il
la
ri
ty

P
h
as
e
II
:
E
la
st
ic
it
y

P
h
as
e
II
I:
E
m
bo

li
sm

+
R
es
id
u
al

W
at
er

M
od

el
C
oe
ff
.
|
Si
g.

(C
I)

St
an

d.
C
oe
ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2
C
oe
ff
.
|
Si
g.

(C
I)

St
an

d.
C
oe
ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2
C
oe
ff
.
|
Si
g.

(C
I)

St
an

d.
C
oe
ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2

M
b
ra
n
ch

pr
op

_h
ea
rt
w
oo

d
M

b
ra
n
ch

*
pr
op

_h
ea
rt
w
oo

d

0.
51
**
*

(0
.3
7–
0.
66
)

0.
70
**

(0
.1
7–
1.
22
)

–

0.
47

0.
10 –

0.
48

(0
.2
7)

0.
26

0.
03 –

0.
67
**
*

(0
.6
1–
0.
75
)

1.
55
**

(0
.4
5–
2.
64
)

−
0.
35
**

(−
0.
60

to
−
0.
09
)

0.
79

0.
28

−
0.
28

0.
81

(0
.6
5)

0.
65

0.
02

0.
06

0.
78
**
*

(0
.6
6–
0.
90
)

– –

0.
90 – –

0.
89

(0
.3
6) – –

0.
36 – –

(C
on

ti
n
u
es
)

4019 of 4719

 13653040, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.15409 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [09/07/2025]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E
4

|
(C

on
ti
n
u
ed

)

W
S
g
H

2O
P
h
as
e
I.

C
ap

il
la
ri
ty

P
h
as
e
II
:
E
la
st
ic
it
y

P
h
as
e
II
I:
E
m
bo

li
sm

+
R
es
id
u
al

w
at
er

M
od

el
C
oe

ff
.|

Si
g.

(C
I)

St
an

d
.

C
oe

ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2
C
oe

ff
.|

Si
g.

(C
I)

St
an

d
.

C
oe

ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2
C
oe

ff
.|

Si
g.

(C
I)

St
an

d
.

C
oe

ff
.

R
2 ‐C

(R
2 ‐M

)
IR

2

M
b
ra
n
ch

%
ba

rk
M

b
ra
n
ch

*%
ba

rk

0.
51
**
*

(0
.3
7–
0.
67
)

– –

0.
47 – –

0.
46

(0
.2
6) – –

0.
26 – –

0.
76
**
*

(0
.6
5–
0.
88
)

0.
02

n
s
(−

0.
00

to
0.
04
)

−
0.
01
**

(−
0.
01

to
−
0.
00
)

0.
89

0.
21

0.
31

0.
83

(0
.6
8)

0.
66

0.
35

0.
05

0.
78
**
*

(0
.6
6–
0.
90
)

– –

0.
90 – –

0.
89

(0
.3
6) – –

0.
36 – –

M
b
ra
n
ch

%
le
av
es

M
b
ra
n
ch

*%
le
av
es

0.
53
**
*

(0
.4
0–
0.
74
)

0.
01
**

(0
.0
0–
0.
02
)

–

0.
49

0.
19 –

0.
46

(0
.3
2) –

0.
28

0.
04 –

0.
46
**
*

(0
.3
1–
0.
61
)

−
0.
01

n
s

(−
0.
02

to
0.
01
)

0.
00
*

(0
.0
0–
0.
01
)

0.
53

−
0.
13

0.
40

0.
83

(0
.6
3)

0.
58

0.
06

0.
36

0.
79
**
*

(0
.6
7–
0.
91
)

0.
01
*

(0
.0
0–
0.
01
)

–

0.
91

0.
14 –

0.
88

(0
.3
7) –

0.
36

0.
01 –

M
b
ra
n
ch

%
w
oo

d
M

b
ra
n
ch

*%
w
oo

d

0.
51
**
*

(0
.3
7–
0.
67
)

– –

0.
47 – –

0.
46

(0
.2
6) – –

0.
26 – –

0.
64
**
*

(0
.5
7–
0.
71
)

– –

0.
74 – –

0.
80

(0
.6
5) – –

0.
65 – –

0.
79
**
*

(0
.6
7–
0.
91
)

−
0.
02
**

(−
0.
02

to
−
0.
01
)

–

0.
91

−
0.
34 –

0.
84

(0
.3
9) –

0.
33

0.
02 –

4020 of 4719 Plant, Cell & Environment, 2025

 13653040, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.15409 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [09/07/2025]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.3 | Allometric Relationships of Size‐Normalised
Capacitance

Finally, to test Hypothesis 3, we compared the mass depen-
dency of size‐normalised properties (cDM, cTWC, cLA, and cWC)
across the three distinct phases (Table 5 and Supporting
Information: Figure S6). Normalising extensive capacitance
using branch‐level properties (i.e., branch dry mass, leaf area or
total water content), the slopes against branch dry mass were
now negative (significantly lower from zero) in all cases, except
for Phase III in cTWC, indicating quasi‐asymptotic relationships.
Conversely, normalising capacitance using the water content
available in each of the three phases, the slopes for Mbranch were
not significantly different from zero for any of the three phases.

4 | Discussion

4.1 | Water Storage Properties Change
Allometrically With Branch Dry Mass

Coefficients lower than 1 support allometric (quasi‐asymptotic)
relationships of branch capacity and extensive capacitance with
size across the distinct phases of the water release curve. The
nature of the allometric relationship of extensive water storage
properties with branch mass has not been investigated previ-
ously, at least to our knowledge. Significant effects of tree size
on capacitance and water storage capacity were reported in

previous works, with larger trees having higher stem intensive
capacitance (Phillips et al. 1997; Meinzer, James, and
Goldstein 2004; Scholz et al. 2011). Our results point to the
opposite direction, with slopes of the extensive properties
always < 1 and hence slopes < 0 against mass for the intensive
properties. Slopes of extensive properties against mass varied
between 0.43 and 0.83, and mostly between 0.5 and 0.75, that is,
including the ½, ⅔ and the ¾ slopes. A detailed analysis of the
congruence of our slopes against these theoretical slopes was
not attempted here, also given that Model II regression was not
employed. We simply note that the ⅔ slope obtained with
maximum likelihood regression is broadly consistent with the
scaling of the ratio of surface losses to internal water volumes.

4.2 | Traits and Mass Fractions Affect the
Allometry of Water Storage

According to our second hypothesis, allometry of extensive
properties is explained by how variables related to water stor-
age, such as tissues proportions, WD and xylem vulnerability to
embolism change with mass. When WD was significant, bran-
ches with less dense wood had higher values of WS, as expected
from the trade‐off occurring in saturated branches between the
space available for water storage and the space occupied by cell
walls, similar to other reports (e.g., Dlouhá et al. 2018; Li
et al. 2018; Wolfe and Kursar 2015; Ziemińska et al. 2020;
O'Keefe et al. 2023). Some studies (Utsumi et al. 1996; Utsumi

FIGURE 3 | Plots of interactions between dry mass branch (Mbranch) and (a) %bark, and (b) % leaves for the models of capacity (WS) on a natural‐
log transformed scale, using the model: ln(WS) ~ ln(Mbranch) * trait + (1| species/Population). [Color figure can be viewed at wileyonlinelibrary.com]
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et al. 1998; Longuetaud et al. 2016; Longuetaud et al. 2017;
Ziemińska et al. 2020) show that some cell lumen volume in
wood can be totally or partially empty in certain circumstances,
and therefore not contribute to storage. If so, the finding that

WD was rarely a significant explanatory variable is consistent
with a limited role for this trade‐off. The interaction between
WD and branch dry mass was also never significant, supporting
the inference that allocation to intercellular space versus cell

FIGURE 4 | Plots of interactions between dry mass branch (Mbranch) and a) P50, b) %heartwood, c) %bark, and d) %leaves for the models of

extensive capacitance (Ce) on a natural‐log transformed scale, using the model: ln(Ce) ~ ln(Mbranch) * trait + (1| species/Population). [Color figure can

be viewed at wileyonlinelibrary.com]

TABLE 5 | Linear mixed model results of the significance of the branch dry mass coefficients for intensive capacitances. The table includes the

dry mass branch coefficients (Mbranch Coeff.), with p‐values' significance (Sig., significance codes: 0‘***’ 0.001 ‘**’0.01 ‘*’0.05 ‘ns’) and with confident

intervals of 95% (CI). It also includes the conditional R2 (R2‐C) and marginal R2 (R2‐M) of the model.

Intensive capacitances cDM cTWC cLA cWC
Units g H2O g−1 MPa−1 RWC MPa−1 g H2O cm−2 MPa−1 RWC MPa−1

Phase I: MbranchCoeff. −0.49*** −0.27 *** −0.59*** −0.01 ns

Capillarity CI (−0.63 to −0.33) (−0.40 to −0.09) (−0.76 to −0.43) (−0.14 to 0.12)

R2‐M 0.24 0.10 0.15 0.00

R2‐C 0.45 0.30 0.73 0.20

Phase II: MbranchCoeff. −0.36*** −0.21*** −0.38*** −0.01 ns

Elasticity CI (−0.43 to −0.29) (−0.26 to −0.15) (−0.46 to −0.28) (−0.08 to 0.05)

R2‐M 0.37 0.17 0.09 0.00

R2‐C 0.65 0.64 0.85 0.58

Phase III: MbranchCoeff. −0.22*** −0.01 ns −0.37*** −0.03 ns

Embolism CI (−0.34 to −0.10) (−0.12 to 0.10) (−0.57 to −0.17) (−0.15 to 0.09)

R2‐M 0.04 0.00 0.07 0.00

R2‐C 0.83 0.77 0.73 0.47
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walls did not change as the branches grew in mass. Consistent
with this result, WD did not scale with branch dry mass
(Supported Information: Table S5).

The effect of P50 was significant only as an intercept in WS and
its sign shifted from negative to positive between Phases II and
III. A less negative P50 was associated with lower WS during
the elastic phase but higher WS during the embolism phase, as
expected from the fact that the transition between the two
phases was defined based on P12. In general, this result is
consistent with the trade‐off between the amount of water
released to support canopy transpiration under non‐extreme
drought and drought tolerance as determined by resistance to
xylem embolism (Meinzer et al. 2009; O'Keefe et al. 2023). The
results were similar for Ce. However, in this case the significant
interaction with P50 during Phase II implied that the trade‐off
mentioned above was mass dependent. Greater vulnerability
was associated with higher Phase II capacitance in small
branches but corresponded to lower Phase II capacitance in
large branches. In Phase III, the interaction between P50 and
dry mass on Ce was not significant. Overall, these results are
also consistent with the reported trade‐off between resistance to
embolism and capacitance (Mcculloh et al. 2014), although
other studies did not find evidence for this trade‐off (Gleason
et al. 2014). Additionally, the limited number of data points at
the end of the curve and the use of only four species could
explain why P50 did not influence this final phase in our study.

Interestingly, when prop_heartwood was significant, a lower
heartwood ratio was associated with higher slope of WS (Phase
I only) and Ce (Phases I and II). A significant interaction term
for Phase II of Ce also implies that as mass increases, the
amount of Phase II water increases as the prop_heartwood
decreases, suggesting that heartwood water was not released
during Phases I and II. Nonetheless, prop_heartwood did not
scale significantly with branch mass in our data, a somewhat
surprising result. The results above reflect the observed variance
across branches, but using a wider range of branch sizes would
have likely resulted in stronger effects. Contrary to expectations,
the effects of heartwood ratio were not apparent during Phase
III, suggesting that water release from heartwood was probably
not insignificant during this phase. It should be noted, however,
that our calculations for the final part of the curve may have
over‐estimated the water available for WS and Ce.

When % leaves was significant, a higher % leaves was associated
with higher WS and Ce. Considering Phase II, higher values of
WS and Ce in branches with a higher proportion of leaf mass
imply that with a greater proportion of leaf mass, more water is
released during the elasticity phase. It may also imply that
leaves release water more rapidly than the rest of tissues
(Beckett et al. 2024).

The trends for % leaves were reversed when % bark was examined.
When % bark was significant, a lower % bark was associated with
higher WS and Ce. A higher slope on branches with a lower
proportion of bark mass implies that as mass increases, the
available water increases as the % bark decreases during the
elasticity phase. Because % bark scaled negatively with branch dry
mass, the two effects reinforce each other. Larger branches have
less % bark and having lower % bark increases the allometric slope.

It would therefore appear that bark water storage is limited to
short terminal branches where both effects are small. This con-
trasts with the argument that bark provides a significant water
store for capacitance in large branches thanks to its elastic cellular
properties (e.g., Pfautsch, Hölttä, and Mencuccini 2015).

These results suggest that at the beginning of dehydration, not all
stored water may in fact be available to be released. As branch
dehydration progresses, bark, sapwood and heartwood may lose
less water proportionally than leaves. Upon reaching embolism,
all left‐over water may become available (Beckett et al. 2024).

Overall, our results confirm the relevance of already proposed
trade‐offs, with respect to the roles of WD and P50. In addition,
we show that additional trade‐offs exist related to tissue frac-
tions (sapwood/heartwood and leaf/bark/wood fractions).
These trade‐offs only become apparent if an allometric
approach is taken across a range of branch sizes. Overall, P50
and the leaf fraction emerge as the most important variables,
with the role of leaf capacitance during the elastic phase and
water release following embolism during the final phase likely
dependent on these properties.

4.3 | Allometric Relationships of Size‐Normalised
Capacitance and Branch‐Level Traits

When extensive capacitance is normalised by branch dry mass or
leaf area or total water content, the coefficients expressing size‐
dependency remain significant, therefore (negative) allometry
persists. However, when Ce is normalised by the water content
present in each phase, the coefficients expressing size‐dependency
become non‐significant, such that allometry disappears and a size‐
independent property (in effect, a branch‐level trait) is obtained.
These results support the TY1990 model, that branch capacitance
is given by a mix of functionally different pools of water, in
agreement with our third hypothesis. Using rehydration, as
opposed to dehydration curves, previous research documented
biphasic recharge in the stem (O'Keefe et al. 2023), also implying
that capacitance is constituted by different pools of water. Our
results at the branch scale are also consistent with results at the
leaf scale, whereby leaf capacitance is calculated separately pre‐
and post‐turgor loss point, albeit employing total water content for
both cases, again because of differences in the processes involved.

Implicitly assuming a single functional pool of water is espe-
cially inappropriate across a large range of branch sizes, because
the importance of the processes accessing the different pools
vary with branch size. Consequently, the only effective way to
standardise branch‐level capacitance and obtain a size‐
independent trait and intensive property is to normalise it rel-
ative to the water available in each phase.

4.4 | Implications for Allometric Predictions and
Modelling

Our study carries three main implications for modelling pur-
poses. Firstly, each branch is characterised by one capacitance
value for each phase, similarly to the case for leaves, but with
limits among phases estimated from capillarity (between −0.2
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and −0.5 MPa), and the parameters of the xylem vulnerability
curve. Secondly, values of WS and (extensive) capacitance can
be estimated from branch size. Our preliminary results suggest
that allometric slopes against dry mass of between 0.50 and 0.70
are appropriate for all three phases of WS and Ce. Thirdly,
accurate estimates of capacitance need to account for declining
leaf mass fraction in larger branches, consistent with how var-
iations in carbon allocation to various plant structures can affect
water retention approaches. In future research, selecting the
best normalisation scheme of capacitance may be crucial to
model capacitance at branch, tree and ecosystem scales. Further
work is required to test how the branch‐level results presented
here can be scaled to entire trees.

5 | Conclusions

Water storage capacity and capacitance show allometric re-
lationships with branch dry mass, influenced by distinct vari-
ables. For Phase I, characterised by capillarity, there is no
evidence of factors affecting the allometric exponent on capacity
and capacitance, although water storage at constant mass can
vary depending on proportion of heartwood, leaves, bark and
wood. In Phase II, characterised by elasticity, the most signifi-
cant influences on water storage capacity and capacitance
appear to be the proportions of leaves and bark. Additionally,
the heartwood ratio and P50 (representing xylem vulnerability)
impact the allometric relationships of capacitance. Overall,
changes in xylem vulnerability and tissue proportions, such as
leaves, bark or heartwood, play a significant role as the branch
grows in mass, while variables such as intercellular space
allocation (mediated by WD) and changes in wood proportions
showed a low importance. These results support the TY1990
model and the existence of different branch water pools. Nor-
malising capacitance by the relevant range of water contents
results in a size‐independent branch‐level trait that could be
applied in comparative and modelling studies.
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