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Abstract

Water released from wood during transpiration (capacitance) can meaningfully affect

daily water use and drought response. To provide context for better understanding of

capacitance mechanisms, we investigated links between capacitance and wood anatomy.

On twigs of 30 temperate angiosperm tree species, we measured day capacitance

(between predawn and midday), water content, wood density, and anatomical traits, that

is, vessel dimensions, tissue fractions, and vessel–tissue contact fractions (fraction of ves-

sel circumference in contact with other tissues). Across all species, wood density

(WD) and predawn lumen volumetric water content (VWCL-pd) together were the stron-

gest predictors of day capacitance (r2adj = .44). Vessel–tissue contact fractions explained

an additional �10% of the variation in day capacitance. Regression models were not

improved by including tissue lumen fractions. Among diffuse-porous species, VWCL-pd

and vessel–ray contact fraction together were the best predictors of day capacitance,

whereas among semi/ring-porous species, VWCL-pd, WD and vessel–fibre contact frac-

tion were the best predictors. At predawn, wood was less than fully saturated for all spe-

cies (lumen relative water content = 0.52 ± 0.17). Our findings imply that day capacitance

depends on the amount of stored water, tissue connectivity and the bulk wood proper-

ties arising fromWD (e.g., elasticity), rather than the fraction of any particular tissue.
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1 | INTRODUCTION

Water stored in wood can buffer excessive evaporative demand on

diurnal (Carrasco et al., 2015; Goldstein et al., 1998; Köcher, Horna, &

Leuschner, 2013; Lachenbruch & McCulloh, 2014; Meinzer

et al., 2008; Meinzer, James, & Goldstein, 2004; Meinzer, Johnson,

Lachenbruch, McCulloh, & Woodruff, 2009; F. G. Scholz et al., 2007)

and seasonal time scales (Hao, Wheeler, Holbrook, & Goldstein, 2013;

Pratt & Jacobsen, 2017; Salomón, Limousin, Ourcival, Rodríguez-Cal-

cerrada, & Steppe, 2017). Estimates of the contribution of stored

water to a tree's daily water budget range from 5 to 50% (Carrasco

et al., 2015; Goldstein et al., 1998; Kobayashi & Tanaka, 2001; Köcher

et al., 2013; Meinzer et al., 2004; Phillips et al., 2003; F. G. Scholz

et al., 2007). Thus, water storage can be an important component of

whole-plant water balance (Blackman et al., 2016; Christoffersen

et al., 2016; Gleason, Blackman, Cook, Laws, & Westoby, 2014). How-

ever, the mechanisms of water storage and release, and their struc-

tural underpinnings remain unclear. Consequently, our understanding

of cost vs. benefits of water storage and how storage is coordinated

with other tree functions is limited. Here, our objective was to quan-

tify water storage (amount of stored water) and day capacitance

(water released per wood volume per change in stem water potential

between predawn and midday, kg m−3 MPa−1) across a diverse suite

of 30 temperate angiosperm trees.

Wood capacitance is most often measured using psychrometers

and estimated as the initial slope extracted from a water release–

water potential curve (Jupa, Plavcová, Gloser, & Jansen, 2016;

McCulloh et al., 2012; Meinzer et al., 2008; Meinzer, James,
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Goldstein, & Woodruff, 2003; Santiago et al., 2018; F. G. Scholz

et al., 2007; Siddiq, Zhang, Zhu, & Cao, 2019; Trifilò et al., 2015).

However, if tissues in natura never become fully saturated, or if the

operating water potential of xylem falls outside the initial water

release curve, then this way of estimating capacitance may be func-

tionally irrelevant. Oversaturating wood prior to measuring capaci-

tance may also skew results. Moreover, using psychrometers on

excised material likely results in water being released from the cut

ends of “open” vessels, rather than from tissues that store and

release water in intact wood (Jupa et al., 2016; Tyree &

Yang, 1990). Few studies have estimated day capacitance across the

range of water potentials experienced by field plants, with only two

studies using pressure chamber measurements of non-transpiring

leaves (Wolfe & Kursar, 2015; Zhang, Meinzer, Qi, Goldstein, &

Cao, 2013) and one study using psychrometers on excised tissues

(Richards, Wright, Lenz, & Zanne, 2014). We addressed this short-

coming by measuring capacitance between predawn and midday

during peak summer conditions. To avoid open vessels and over-

saturation artefacts, we estimated capacitance from the difference

in wood water content between predawn and midday with the

corresponding change in stem water potential measured using bag-

ged, non-transpiring (equilibrated) leaves (Begg & Turner, 1970;

Clearwater & Meinzer, 2001). We refer to this measure as “day

capacitance,” following Zhang et al. (2013).

Anatomical structure should determine wood capacitance

(Holbrook, 1995; Tyree & Yang, 1990; Zimmermann, 1983). Tyree

and Yang (1990) proposed that water release consists of three

phases linked to anatomy: (a) an initial phase (0 to ca. −0.6 MPa),

when water is released from capillary storage (already embolized

fibres, vessels and tracheids, and intercellular spaces), (b) a second

phase (< −0.6 MPa but prior to vessel embolization), when water is

released from elastic storage (cells with elastic cell walls) and (c) a

final phase (below the embolization threshold), when water is

released from embolizing vessels and fibres, likely resulting in per-

manent damage to the water transport in xylem tissue, at least in

large trees. Despite this well-developed and popular theory, few

studies have quantified wood anatomy in relation to capacitance,

and none of them used methods which would avoid open vessels

and oversaturation artefacts. As a result, we lack quantitative under-

standing of the anatomical drivers of capacitance, especially for

angiosperm trees, which exhibit substantial variation in stem cell

sizes, types, their proportions and geometry.

Given these knowledge gaps, it is surprising that parenchyma,

the main living tissue in wood commonly believed to have elastic

cell walls, is often assumed the primary source of capacitance in

stems of angiosperm trees (e.g., Li et al., 2018; Meinzer

et al., 2003; Morris et al., 2016; Plavcová & Jansen, 2015;

Rungwattana & Hietz, 2018; Santiago et al., 2018; Steppe &

Lemeur, 2007; Vergeynst, Dierick, Bogaerts, Cnudde, &

Steppe, 2015). Several studies have extended this idea to suggest

that a higher parenchyma fraction may therefore confer higher

capacitance (Borchert & Pockman, 2005; Nardini, Savi, Trifilò, & Lo

Gullo, 2018; Pratt & Jacobsen, 2017; F. G. Scholz, Phillips, Bucci,

Meinzer, & Goldstein, 2011; Secchi, Pagliarani, &

Zwieniecki, 2017). While this may indeed be the case in highly

parenchymatous stems like palms or baobabs (Chapotin,

Razanameharizaka, & Holbrook, 2006a, 2006b; Holbrook &

Sinclair, 1992), it may be less probable for the majority of angio-

sperm tree species, which tend to have lower wood parenchyma

fractions (Morris et al., 2016). In these species, parenchyma cells

are connected with other cells (fibres, vessels and—in some taxa—

tracheids) via highly lignified middle lamellae that likely impede

parenchyma from the independent expansion and contraction.

Moreover, recent microCT studies suggest that water released

from cavitating fibres and vessels may contribute meaningfully to

capacitance at moderate water potentials (Knipfer et al., 2017,

2019; Yazaki et al., 2020). If the cavitation of cell lumens rather

than elastic shrinkage of living tissues is responsible for the release

of capacitance water, we should then expect capacitance to be

linked to fibre and/or vessel lumen fractions, rather than

parenchyma.

Vessel diameter distribution has traditionally been used to cate-

gorize the wood of temperate tree species: diffuse-porous, semi-

ring-porous and ring-porous (“porous” refers to a “pore” which

denotes a “vessel,” IAWA Committee, 1989). Diffuse-porous species

have vessels of similar size that are distributed “diffusely”

(i.e., evenly) across their growth rings. Ring-porous species have rel-

atively large vessels concentrated in a “ring” within the earlywood

and considerably smaller vessels in the latewood. Semi-ring-porous

species exhibit vessel characteristics somewhere in between these

two categories. This spectrum of anatomies is unique to temperate

species, while tropical woods typically display diffuse-porous struc-

ture and, usually, lack annual growth rings. Vessels aside, it remains

uncertain if and how other anatomical features differ between the

porosity types and what consequences they may have on capaci-

tance and other wood functions across a varied set of species (but

see Jupa et al., 2016). To better understand the scope of anatomical

variation and the linkages between anatomy and capacitance, we

selected anatomically-diverse species set that represented the entire

porosity spectrum.

Here, we measured detailed anatomical traits, water storage and

day capacitance across 30 temperate angiosperm tree species to

address two main questions: (a) what is the magnitude and range of

day capacitance and wood water content across species in natura? and

(b) are particular anatomical features associated with these two traits?

2 | MATERIALS AND METHODS

2.1 | Site, species and individuals

All measurements were taken from trees growing at the Arnold Arbo-

retum of Harvard University in Boston, Massachusetts, USA. Mean

annual temperature (MAT) in 2017, the year when day capacitance

measurements were taken, was 10.9�C and annual precipitation

(AP) was 787 mm. From 2013 to 2019 (for which detailed climate
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data was available), average MAT was 10.8�C and average AP was

1,000 mm, indicating that 2017 was a relatively dry year. Mean tem-

perature during sampling (August) was 21.2�C and precipitation was

22 mm. Temperature and precipitation throughout the year preceding

measurements is shown in the Supporting Information (Figure S1 in

Data S1). Soil texture is variable across the Arboretum and sampled

trees grew on: sandy loam, slit loam, loamy sand, and an outcrop

complex.

Thirty species of deciduous, angiosperm trees were selected,

spanning 30 genera and 26 families (Table 1; tree accession numbers

are listed in Table S1 in Data S1), and encompassing a broad diversity

of anatomies (InsideWood, 2004; E. A. Wheeler, 2011). Due to the

limited number of individuals per species, trees were sampled across

the existing variation in topography and soil texture. Trees growing

near streams and ponds were avoided and only healthy trees were

sampled. To minimize within-species variation, trees of similar height

were chosen (mean across all trees: 14 m, range: 7–25 m). Although

we measured branches exposed to the midday sun, it is likely that

some branches received more daily radiation than others.

2.2 | Capacitance and water storage: Sampling and
measurements

Water storage and day capacitance measurements were performed

during the second half of August 2017. Ten individuals per day

were sampled, resulting in a total of nine sampling days. In the case

of rain, sampling was delayed for 1 or 2 days. For stem water

potential, leaves were enclosed in 4 mil thick, opaque, silver zip-lock

bags the evening before sampling. In principle, the water potential

of a bagged, non-transpiring leaf will come into equilibrium with the

stem water potential. As such, bagged leaf water potential (i.e., after

TABLE 1 List of families, species,
porosity types and abbreviations

Family Species Abbr. Porosity Abbr.

Sapindaceae Acer saccharum ace Diffuse D

Sapindaceae Aesculus turbinata aes Diffuse D

Betulaceae Betula dahurica bet Diffuse D

Cercidiphyllaceae Cercidiphyllum japonicum cer Diffuse D

Cornaceae Cornus kousa cor Diffuse D

Eucommiaceae Eucommia ulmoides euc Diffuse D

Fagaceae Fagus grandifolia fag Diffuse D

Altingiaceae Liquidambar styraciflua liq Diffuse D

Magnoliaceae Liriodendron tulipifera lir Diffuse D

Magnoliaceae Magnolia cylindrica mag Diffuse D

Ericaceae Oxydendrum arboreum oxy Diffuse D

Theaceae Stewartia pseudocamellia ste Diffuse D

Styracaceae Styrax obassia sty Diffuse D

Tiliaceae Tilia japonica til Diffuse D

Fabaceae Albizia julibrissin alb Semi-ring S/R

Bignoniaceae Catalpa speciosa cat Semi-ring S/R

Fabaceae Cladrastis kentukea cla Semi-ring S/R

Ebenaceae Diospyros virginiana dio Semi-ring S/R

Fabaceae Gleditsia triacanthos gle Semi-ring S/R

Scrophulariaceae Paulownia tomentosa var. “Coreana” pau Semi-ring S/R

Juglandaceae Carya laciniosa car Ring S/R

Oleaceae Fraxinus angustifolia subsp. oxycarpa fra Ring S/R

Moraceae Maclura pomifera mac Ring S/R

Moraceae Morus alba mor Ring S/R

Rutaceae Phellodendron amurense phe Ring S/R

Simaroubaceae Picrasma quassioides pic Ring S/R

Fagaceae Quercus muehlenbergii que Ring S/R

Lauraceae Sassafras albidum sas Ring S/R

Rutaceae Tetradium daniellii tet Ring S/R

Ulmaceae Zelkova sinica zel Ring S/R
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equilibration) provides an estimate of stem water potential (Begg &

Turner, 1970; Clearwater & Meinzer, 2001). Two leaves at predawn

and two leaves at midday were collected. For wood water content

measurements, three terminal, 0.5–0.7 m long twigs were collected

at predawn and three at midday, per tree. The sampled twigs

included the leaves bagged the previous evening. Twigs for each

predawn-midday pair were located near each other, as close as tree

architecture allowed (usually within 0.5 m), to limit the variation in

water potential and water content resulting from differences in path

length, height, and exposure to radiation. After collecting the

predawn twig, the cut surface on the branch still attached to a tree

was covered with Vaseline to reduce drying from the exposed sur-

face. Twigs were quickly de-leafed and double-bagged in zip-lock

bags. Each sampling event took approximately 2 hr. After collecting

all leaves and twigs, material was transported to the onsite labora-

tory within 5 min.

Immediately after arrival to the laboratory, leaf water potential

was measured on one leaf per tree using a pressure chamber (Model

1,000, PMS Instrument Company, USA). Next, twig segments

ca. 60 mm long and 5 mm diameter (excluding bark and pith) were

cut at a minimum 50 mm distance from the initial, field cut. The seg-

ments were quickly wrapped in Parafilm and placed in a 4 mil

zip-lock bag. After preparing all samples, the following steps were

carried out in a humidity-controlled room (at relative humidity of

75–80%) to minimize water loss. Bark and pith were removed, the

ends were trimmed by a few mm, and fresh mass was measured on

an analytical balance (0.00001 g), after which the samples were

placed in distilled water.

These wood samples were then stored at 4�C for 2 weeks and,

afterwards, saturated mass and volume was measured using Archime-

des principle as described in (Ziemi�nska, Westoby, & Wright, 2015).

For logistic reasons, we were unable to measure volume within

48 hours after sampling, however, across all species studied, volume

measured on fresh vs. saturated samples (after 2 weeks of soaking at

4�C) differed on average by 2% ± 1.1% SD, and as such, should not

meaningfully influence our volume estimates. After saturated mass

and volume measurements, the samples were dried at 102�C for

3 days and dry mass was recorded.

Water storage is defined here as the amount of water contained

in a wood sample. It can be expressed as two distinct indices: relative

water content (RWC) and volumetric water content (VWC). RWC is

the proportion of water in a sample relative to the maximum amount

of water that could be stored in that sample and was calculated as

follows:

RWC =
MF−MD

MS−MD
,

where MF is sample fresh mass, MD is sample dry mass, and MS is

sample saturated mass. RWC values can range from 0 to 1, where

0 indicates a completely empty storage volume and 1 indicates an

entirely full storage volume. RWC is a relative index and it does not

measure how much water is stored in absolute terms.

VWC indicates total water volume per sample volume (Gartner,

Moore, & Gardiner, 2004) and was calculated as follows:

VWC =
MF−MDÞ
� �

× ρ−1

V
,

where ρ is water density, assumed to equal 1 g cm−3 and V is sample

volume. Theoretically, VWC ranges from 0 to 1, where 0 indicates

that there is no water in a sample and 1 indicates that the entire sam-

ple is comprised of only water. Given that wood contains cell wall,

VWC values can never be 1. We calculated VWC because this mea-

surement is directly comparable to the tissue fractions measured here.

For example, a VWC of 0.5 relates to a tissue fraction also of 0.5.

Because water can be present in both cell lumen and wall, and

water in cell lumen is presumably more relevant for day capacitance,

we partitioned VWC to lumen (VWCL) and wall (VWCW) water con-

tent. To do this, we assumed that the fibre saturation point (FSP),

defined as the point where only water bound in cell wall is present, is

at 30% moisture content (MC, Ross, 2010; Dlouhá, Alméras, Beau-

chêne, Clair, & Fournier, 2018). We used a standard equation for MC:

MC =
MF−MD

MD
×100%

(Ross, 2010). When moisture content equals 30%, MF becomes

mass of the sample at fibre saturation point (MFSP):

30%=
MFSP−MD

MD
×100%,

which then can be estimated as follows:

MFSP =1:3×MD:

We then substituted MFSP into the VWC equation (defined

above) to estimate the VWCL:

VWCL =
MF−MFSPð Þ× ρ−1

V

and for cell wall:

VWCW =
MFSP−MDð Þ× ρ−1

V
:

Next, we estimated the lumen relative water content (RWCL,

Longuetaud et al., 2016):

RWCL =
MF−MFSP

MS−MFSP
:

All water content indices were estimated at predawn and midday,

indicated by subscripts “pd” and “md,” respectively.

4 ZIEMIŃSKA ET AL.



Following a simplified version of the equation from Meinzer

et al. (2003) and Richards et al. (2014), cumulative water released

(CWR, kg m−3) was calculated, separately for predawn and midday, as

follows:

CWR=
MS−MF

V
,

where V is sample volume, and then multiplied by 1,000 to convert

the units from g cm−3 to kg m−3. Wood day capacitance

(kg m−3 MPa−1) was estimated as:

Day capacitane=
CWRmd−CWRpd

ψpd−ψmd
,

where Ψ is stem water potential, and subscripts indicate predawn

(‘pd') and midday (‘md'). This calculation of day capacitance takes satu-

ration as a reference point, to minimize the effect of intrinsic differ-

ences between predawn and midday samples (e.g., in their wood

density). An alternative equation for calculation of day capacitance is

discussed in Supporting Information (Notes S1, Figure S2 in Data S1).

All measured traits, their abbreviations and units are listed in

Table 2.

TABLE 2 Measured traits, abbreviations and units

Trait Abbr Units

Day capacitance kg m−3 MPa−1

Cumulative water released CWRpd, CWRmd, ΔCWRmd-pd kg m−3

Stem water potential Ψpd, Ψmd, ΔΨpd-md MPa

Volumetric water content VWCpd, VWCmd, ΔVWCpd-md Unitless

Volumetric water content: Saturated VWCsat "

Lumen volumetric water content VWCL-pd, VWCL-md, ΔVWCL-pd-md "

Lumen volumetric water content:

Saturated

VWCL-sat "

Wall volumetric water content VWCW "

Relative water content RWCpd, RWCmd, ΔRWCpd-md "

Lumen relative water content RWCL-pd, RWCL-md, ΔRWCL-pd-md "

Wood density WD g cm−3

Fibre fraction: w, l Unitless

Axial+ray parenchyma fraction: w, l "

Axial parenchyma fraction: w, l "

Ray fraction: w, l "

Vessel fraction: w, l "

Living fibre fraction: w + l "

Conduits15 fraction: w + l "

Vessel–fibre contact fraction "

Vessel–axial+ray parenchyma contact

fraction

"

Vessel–axial parenchyma contact fraction "

Vessel–ray contact fraction "

Vessel–vessel contact fraction "

Vessel–living fibre contact fraction "

Vessel–conduits15 contact fraction "

Vessel mean area μm2

Vessel mean diameter μm

Hydraulically weighted vessel diameter DH "

Vessel number per area mm−2

Vessel size to number ratio mm4

Lumen and wall fraction per given tissue For example, lumen fractionfibre, wall

fractionfibre

Unitless

Note: Fractions of wall (w), lumen (l) and wall + lumen (w + l) of a given tissue were measured. Subscripts denote: lumen (L), predawn (pd), midday (md) and

difference between predawn and midday (pd-md).
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2.3 | Anatomy: Sampling and measurements

For anatomical measurements, one, midday sun-exposed twig per tree

was collected in August 2016. Twigs were transported to the lab and

stored in 70% ethanol for 3 months until further processing. In about

a third of cases, samples collected in 2016 and 2017 were taken from

different individuals (Table S1 in Data S1) due to either deteriorated

tree health or storm damage. Twig size (diameter and length) and loca-

tion on the tree were consistent between 2016 and 2017 sampling,

although in some cases slightly lower branches were measured in

2017 to allow for leaf bagging.

Cross-sections �10–20 μm thick were made using a Reichert

sledge microtome, stained in a mixture of safranin O and Alcian Blue

(0.35 g safranin O in 35 ml 50% ethanol +0.65 g of Alcian Blue in

65 ml of distilled water) and mounted in glycerol. Longitudinal radial

and tangential sections of one sample per species were also taken to

assist in anatomical interpretations. Several photos of a pie-shaped

region stretching from pith to cambium were taken using a 20x objec-

tive, Zeiss Axiophot microscope and AxioCam 512 camera (ZEISS,

Germany). The photos were then stitched together in Image Compos-

ite Editor.

Anatomical measurements were done on one cross-section per

individual, three individuals per species (Table S1 in Data S1), across

all growth rings (4.4 ± 1.5 SD). Only vessel–tissue contact fractions

(see below) were measured on all except the innermost ring due to

the substantial time/labour cost of this measurement. The potential

error resulting from this approach is likely minimal. Our tests on a sub-

set of samples indicated that fractions measured on all growth rings

were strongly correlated with fractions measured on all except inner-

most ring (r2 > .9 for most tissues). All samples exhibited a clear poros-

ity pattern typical for a given species, except for the innermost

growth ring of ring-porous species, which often displayed a semi-ring-

or diffuse-porous anatomy.

Lumen and wall tissue fractions were measured for all major tis-

sues: fibre, axial parenchyma, ray parenchyma and vessels. From these

measurements, we also calculated the fraction of lumen and wall per

given tissue. Conduits with maximum diameter <15 μm—denoted

hereafter “conduits15”—were also recorded. Conduits15 likely included

small vessels, the tapered ends of vessels (tails), and tracheids. Living

fibres were identified by the presence of starch, nuclei or septa, and

their wall thickness was similar to fibres and/or thicker than paren-

chyma walls. For conduits15 and living fibres, the fractions of lumen

and wall were counted together. The vessel characteristics measured

included: vessel mean area and diameter (mean of minimum and maxi-

mum diameters of a given vessel), hydraulically weighed diameter

(DH = Σdiameter5 / Σdiameter4; Sperry, Nichols, Sullivan, &

Eastlack, 1994), vessel number per cross-sectional area, and the vessel

size-to-number ratio (mean vessel area divided by vessel number per

cross-sectional area). We also measured the proportion of vessel cir-

cumference in contact with other tissues, referred to collectively as

“vessel–tissue contact fraction.” For example, “vessel–axial paren-

chyma contact fraction” is the proportion of vessel circumference in

contact with axial parenchyma.

All vessels, excluding protoxylem, were coloured in GIMP (www.

gimp.org) and measured in ImageJ (Schneider, Rasband, &

Eliceiri, 2012). Images were processed using Wacom Cintiq 22HD pen

display (Wacom Technology Corporation, Portland, USA).

For tissue fractions, a grid method was applied. A grid point

matrix was laid over the pie region in ImageJ and was classified using

a “Cell counter” plugin depending on which tissue each point fell onto

(figure 1 in Ziemi�nska et al., 2015). The distance between grid points

was 55 μm. On average, we analysed 484 (± 128) points per pie

region. For ray wall fraction we counted only walls perpendicular to

the cross-section plane, and as such our measurements are likely

underestimates. The features attributable to living fibres (starch,

nuclei and septa) were not always visible within each cross-section,

and hence, our measurements of living fibre fractions may have been

underestimated as well. For vessel–tissue contact fractions, all vessels

in a pie region were analysed except for the innermost growth ring

(see above). In Photoshop, dots were placed at equal distances to each

other at 22.5 μm along the vessel lumen circumference (Figure 1; the

distance between the first and last dot varied as a result of variable

circumference, and the last dot was counted only when its distance to

the first dot was larger than 11 μm). Next, using the “Cell counter”

plugin, we classified each dot depending on the neighbouring tissue.

For instance, if the dot fell on the border with ray, it was classified as

vessel–ray contact dot. We then took the ratio of all vessel–ray

F IGURE 1 Illustration of the method used to estimate vessel–
tissue contact fractions between vessels and other tissues (fibres,
axial parenchyma, rays, vessels, living fibres, conduits15). The image
shows a fragment of a cross-section of Fraxinus angustifolia subsp.
oxycarpa. Yellow dots distributed on a vessel (black) circumference are
classified based on the tissue in contact with a vessel (1 – axial
parenchyma, 2 – rays, 3 – fibres, 4 – vessels, not shown: conduits15
and living fibres) [Colour figure can be viewed at
wileyonlinelibrary.com]
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contact dots to total analysed dots in each pie region, and did the

same for the other tissues. This “dot-ratio” is therefore the vessel–

tissue contact fraction for each abutting tissue. On average, we

analysed 943 dots (±605) per each pie region.

2.4 | Wood density

Basic wood density, hereafter “wood density” (WD) for brevity, was

measured on the same samples as water storage and day capacitance

measurements, and was calculated as dry mass divided by saturated

volume (g cm−3).

2.5 | Data analysis

The studied species encompassed 14 diffuse-porous, 10 ring-porous,

and 6 semi-ring-porous species. Preliminary data analysis showed con-

siderable anatomical differences, not only in vessel size, as might be

expected, but also in tissue fractions and vessel–tissue contact frac-

tions. Anatomically, diffuse-porous species were very different from

ring-porous and semi-ring-porous species, which in turn were similar

to each other (Figure S3 in Data S1). Moreover, many of the ring-

porous and semi-ring-porous species occur in both forms

(InsideWood, 2004). Consequently, we grouped ring-porous and

semi-ring-porous into one category, denoted hereafter as “semi/ring-

porous.” All analyses were run within as well as across porosity

groups.

Statistical analyses were performed in R (R Core Team, 2018). We

used linear bivariate and multiple regression models to assess predic-

tors of day capacitance using the “lm” function. The distribution of

residuals was evaluated using the “residualPlot” and “qqPlot” func-

tions in the “car” package (Fox & Weisberg, 2011). Our modelling

approach was as follows: (a) firstly, we analysed bivariate relationships

between capacitance (response variable) and a set of predictors (wood

density, VWCL-pd, RWCL-pd, vessel average area and hydraulically

weighted diameter, all tissue lumen fractions and all vessel–tissue

contact fractions. (b) secondly, we built multiple regression models

that contained the two strongest predictors of capacitance, (c) To

assess the potential influence of anatomical features in addition to

WD and VWCL-pd, we built five multiple regression models of the fol-

lowing structure: (a) VWCL-pd + WD + tissue fraction, (b) VWCL-

pd + WD + contact fraction, (c) VWCL-pd + tissue fraction, (d) VWCL-

pd + contact fraction and (e) VWCL-pd + tissue fraction + contact frac-

tion. We repeated these steps three times: across all species, diffuse-

porous and semi/ring-porous. However, to avoid over-fitting, within-

porosity group models contained a maximum of two predictors. We

selected the three best models based on r2 (bivariate) or r2adj (multiple)

values. Anatomical traits analysed in the multiple models included

lumen fractions of fibre, vessel, axial parenchyma, ray parenchyma,

and axial+ray parenchyma, and contact fractions of vessel–fibre,

vessel–vessel, vessel–axial parenchyma, vessel–ray parenchyma,

vessel–axial+ray parenchyma. Collinearity of predictors was assessed

using the variance inflation factor (VIF, “vif” function). When VIF > 4,

we removed the variables from the model (Kabacoff, 2015). Correla-

tion matrices were obtained using the “corrplot” function in “corrplot”

package (Wei & Simko, 2017), and scatterplot matrices were obtained

using the “pairs” function. For all regression models and correlation

analyses, we removed Paulownia tomentosa because due to its excep-

tionally high capacitance, it was often an outlier (see Results and

Figures).

3 | RESULTS

3.1 | Hydraulic traits: Day capacitance, water
storage, cumulative water released and stem water
potential

Day capacitance was on average 53 ± 26 (mean ± one SD)

kg m−3 MPa−1, excluding P. tomentosa, and ranged from 8 to

99 kg m−3 MPa−1. The outlier, P. tomentosa, had a day capacitance of

505 kg m−3 MPa−1. In comparison with other studied species,

P. tomentosa leafed out the latest (late May/early June; up to

2 months after the early leaf flushing species) and had the largest pith

water volume. These factors likely contributed to the observed high

water content (Figure 2a), low ΔΨpd-md (0.13 MPa), and exceptionally

high capacitance for this species.

The amount of water released between predawn and midday

(ΔCWRpd-md) was on average 37 ± 14 kg per m3 of wood (range:

11 to 69 kg m−3). Mean predawn stem water potential (Ψpd) was

−0.46 MPa and ranged from −0.21 to −0.93 MPa. Mean midday stem

water potential (Ψmd) was −1.22 MPa and ranged from −0.37 to

−2.1 MPa. The largest change between predawn and midday water

potentials (ΔΨpd-md) was 1.6 MPa and the smallest was 0.13 MPa.

Table S2 in Data S1 lists summary statistics for all measured traits.

Mean lumen volumetric water content (VWCL), which indicates

the fraction of wood volume that is occupied by water in cell lumen,

was 0.25 ± 0.09 at predawn, 0.21 ± 0.08 at midday and 0.47 ± 0.09 at

saturation (Table S2 in Data S1, Figure 2a). Mean wall VWC (VWCW)

was 0.16 ± 0.03 and was positively correlated with total wall fraction

(r2 = .62, p < .001). Lumen relative water content (RWCL) was

0.52 ± 0.17 at predawn and 0.45 ± 0.16 at midday, meaning that

about half of cell lumen volume was occupied by water (Figure 2b),

and half was devoid of it. Results for total (wall+lumen) VWC and

RWC are reported in Supporting Information (Table S2, Figure S4 in

Data S1). Predawn water content was strongly associated with mid-

day water content for all water content indices (r2 > .97, p < .001),

therefore, we hereafter report predawn measurements only.

Tissue lumen fractions and VWCL are directly comparable to each

other because they both express the proportion of wood volume that

is taken up by cell lumen or water in lumen. Therefore, total lumen

fraction (lumen fraction for all tissues) should be correlated with

VWCL at saturation (VWCL-sat) i.e., when all cell lumen is filled up with

water. In concordance with this expectation, VWCL-sat was strongly

correlated with total lumen fraction (r2 = .63, p < .001, Figure S5 in
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Data S1). The slope of this relationship was not significantly different

from 1 (p = .53, major axis fit, Warton, Duursma, Falster & Taskinen

2012) and the intercept was not significantly different from

0 (p = .29), suggesting that these two measurements—tissue fractions

calculated from cross-sections and water fractions calculated from

sample mass measurements—are indeed directly comparable. This

result validates the analysis of tissue lumen fractions and VWCL

relationships.

(b)

(a)

F IGURE 2 Predawn and midday lumen volumetric water content (VWCL, a) and lumen relative water content (RWCL, b). VWCL is the fraction
of sample volume that is occupied by water in lumen in a fresh sample and RWCL is the ratio of water volume in lumen in a fresh sample relative
to maximum amount of water volume that can be stored in lumen. Error bars denote one SD (n = 3). “D” denotes diffuse-porous and “S/R,” semi/
ring-porous species. Three-letter codes indicate different species (Table 1). Horizontal lines indicate predawn and midday mean values across all
species (n = 30). Barplots showing VWC and RWC for entire wood sample (wall + lumen), instead of lumen only, are shown in Figure S4 in
Data S1
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3.2 | Anatomical traits: Tissue fractions, vessel–
tissue contact fractions and vessels

Anatomical variation in tissue fractions, vessel–tissue contact frac-

tions and vessel dimensions was considerable (Table S2 in Data S1,

Figure 3). Fibres represented the highest fraction (0.45 ± 0.08),

followed by axial+ray parenchyma (0.28 ± 0.08), and then vessels

(0.24 ± 0.11). Average axial+ray parenchyma fraction was higher than

that found by a previous global analysis of �400 temperate angio-

sperm species (0.21) and ranged from 0.16 to 0.43, spanning nearly

the entire range of variation in temperate angiosperm species, and

nearly half of variation existing across angiosperm species worldwide

(Morris et al., 2016). Vessel fraction encompassed almost the entire

spectrum of global variation (Zanne et al., 2010). Conduits15 were the

least abundant (0.016 ± 0.023, absent in P. tomentosa). Living fibres

were observed in eight species and comprised only a small fraction of

total wood cross-sectional area (0.026 ± 0.037) with Acer saccharum a

notable outlier (0.11).

The proportion of a given tissue that is occupied by lumen (lumen

fractiontissue) and wall (wall fractiontissue) varied considerably across

tissue types (Table S2 in Data S1, Figure 3a), with vessels exhibiting

the largest lumen fractionvessel (0.82 ± 0.04), followed by rays

(0.64 ± 0.05), axial parenchyma (0.52 ± 0.10), and fibres (0.30 ± 0.15).

These results are discussed in Supporting Information (Notes S2,

Figure S6 in Data S1).

Vessel–tissue contact fractions differed significantly between tis-

sues and across species, more so than tissue fractions (Table S2 in

Data S1, Figure 3b). The largest contact fraction was between vessels

(b)

(a)

F IGURE 3 Tissue fractions sorted along increasing axial+ray parenchyma fraction (a) and vessel–tissue contact fractions sorted along
increasing vessel–axial+ray parenchyma contact fraction (b) of all species examined in this study (n = 30). Three-letter codes indicate different
species (Table 1). “D” denotes diffuse-porous and “S/R,” semi/ring-porous species [Colour figure can be viewed at wileyonlinelibrary.com]
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and axial parenchyma (0.36 ± 0.28) and between vessels and fibres

(0.27 ± 0.22). Vessel–vessel contact fraction was on average

0.18 ± 0.09, followed by vessel–ray contact (0.13 ± 0.07).

Mean vessel diameter was 33 ± 7 μm (mean vessel area:

1077 ± 531 μm2) and DH was 61 ± 25 μm. Vessel number per mm2

ranged from 37 to 625 (mean: 247 ± 198).

Anatomical characteristics differed considerably between diffuse-

porous and semi/ring-porous species. Diffuse-porous species had

higher vessel lumen fraction, vessel number per mm2, vessel–fibre

contact fraction and lower axial parenchyma fraction, vessel–axial

parenchyma contact fraction, mean vessel diameter and DH in com-

parison with semi/ring-porous species (Figure 4).

Wood density averaged at 0.53 ± 0.1 g cm−3 and ranged from

0.32 to 0.71.

3.3 | Relationships between day capacitance,
anatomy and wood density

Across all species, WD and VWCL-pd were the strongest predictors of

day capacitance. Species with higher day capacitance tended to have

lower WD (r2 = .35, p < .001, Figure 5a) and higher VWCL-pd (r
2 = .29,

p < .01, Figure 5b). Tissue lumen fractions were not correlated with

day capacitance except for a weak positive relationship with vessel

lumen fraction (r2 = .14, p < .05, Figure 5c,d).

Together, WD and VWCL-pd explained 44% of the variation in day

capacitance (r2adj = .44, p < .001, Table 3), meaning that for a given WD,

species with higher VWCL-pd, had higher day capacitance. Adding tissue

lumen fractions to this model did not improve its strength but adding

contact fractions did (Table 3). For a given VWCL-pd and WD, day

(b)(a) (c) (d)

(f)(e) (g) (h)

(j)(i) (k) (l)

F IGURE 4 Boxplots illustrating the differences between diffuse-porous (D, n = 14) and semi/ring-porous (S/R, n = 16) species. Symbols
denote species means (n = 3). Traits shown: tissue fractions (F, a–d), vessel–tissue contact fractions (CF, e–h), mean vessel diameter (i),
hydraulically weighted vessel diameter (DH, j), vessel number per area (k) and wood density (WD, l). An outlier in (h) is Sassafras albidum (sas).
Means of the two porosity groups were compared using t-test and Wilcoxon test, and the asterisks indicate statistical significance levels:
“***”p < .001, “**”p < .01, “*”p < .05, “.” p < .1, “ns” p > .1
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capacitance was higher in species with higher vessel–axial parenchyma

contact fraction (r2adjj = .56, p < .001), lower vessel–fibre contact frac-

tion (r2adj = .54, p < .001) and lower vessel–ray contact fraction

(r2adj = .54, p < .001, Table 3). These were the strongest models describ-

ing correlates of day capacitance across all species.

Relationships between day capacitance and other traits differed

between porosity types. Among diffuse-porous species, WD or

VWCL-pd were not or were only marginally correlated with day capaci-

tance (Table 3). The trait combination that was most strongly related

to day capacitance was VWCL-pd minus vessel–ray contact fraction

(r2adj = .52, p < .01). In semi/ring-porous species, VWCL-pd together

with WD explained the largest proportion of day capacitance variation

(r2adjj = .59, p < .01, or after excluding Sassafras albidum, r2adjj = .73,

p < .001; S. albidum was the only species with large portions of

(c) (d)

(a) (b)

(c) (d)

F IGURE 5 Relationships between day capacitance and: wood density (WD, a), predawn lumen volumetric water content (VWCL-pd, b), axial
+ray parenchyma lumen fraction (c), and vessel lumen fraction (d). Symbols correspond to species means (n = 3). Error bars denote one SD.
Porosity types are reported in the legend. Fitted lines and r2 values are shown for statistically significant relationships (solid line: p < .05, dashed
line: p < .1) across all species (n = 29). Open symbol: P. tomentosa (excluded from the regression analyses). F: fraction. “***” p < .001, “**” p < .01,
“*” p < .05, “.” p < .1
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TABLE 3 Best models predicting wood day capacitance, based on r2 (bivariate) or r2adj (multiple)

Species group Model rank Model predicting capacitance r2/ r2adj p

Bivariate

All species 1 - WD*** 0.35 .001

2 + VWCL-pd** 0.29 .003

Diffuse 1 - average vessel area* 0.30 .041

2 - WD. 0.25 .069

Ring/semi-ring 1 + VWCL-pd** 0.41 .010

2 - WD* 0.37 .016

VWCL-pd + WD

All species na + VWCL-pd* - WD** 0.44 .000

Diffuse na + VWCL-pdns - WD. 0.23 .095

Ring/semi-ring na + VWCL-pd** - WD* 0.59 .002

VWCL-pd + WD + tissue fractions

All species 1 + VWCL-pd** - WD** + axial lumen fractionns 0.47 .000

2 + VWCL-pd** - WD* - ray lumen fractionns 0.46 .000

3 + VWCL-pd** - WD* - vessel lumen fractionns 0.43 .001

VWCL-pd + WD + contact fractions

All species 1 + VWCL-pd*** - WD*** + vessel–axial contact fraction** 0.56 .000

2 + VWCL-pd*** - WD*** - vessel–fibre contact fraction* 0.54 .000

3 + VWCL-pd** - WD** - vessel–ray contact fraction* 0.54 .000

VWCL-pd + tissue fractions

All species 1 + VWCL-pd*** + fibre lumen fraction. - ray lumen fraction. 0.42 .001

2 + VWCL-pd*** + fibre lumen fraction** + axial lumen

fractionns

0.40 .001

3 + VWCL-pd*** + fibre lumen fraction* 0.38 .001

Diffuse 1 + VWCL-pd. + fibre lumen fraction. 0.25 .081

Ring/semi-ring 1 + VWCL-pd** + vessel lumen fraction* 0.55 .003

2 + VWCL-pd** - axial+ray lumen fraction* 0.55 .003

3 + VWCL-pd** + fibre lumen fraction. 0.50 .006

VWCL-pd + contact fractions

All species 1 + VWCL-pd*** + vessel–vessel contact fraction* + vessel–
axial contact fraction*

0.42 .001

2 + VWCL-pd*** - vessel–ray contact fraction* 0.41 .000

3 + VWCL-pd*** + vessel–vessel contact fraction. 0.32 .003

Diffuse 1 + VWCL-pd** - vessel–ray contact fraction** 0.52 .007

2 + VWCL-pd* + vessel–vessel contact fraction* 0.41 .022

Ring/semi-ring 1 + VWCL-pd** + vessel–fibre contact fraction* 0.62 .002

VWCL-pd + tissue fractions + contact fractions

All species 1 + VWCL-pd*** + fibre lumen fraction* - vessel–ray contact

fraction*

0.50 .000

2 + VWCL-pd*** + fibre lumen fraction** + vessel–axial contact
fraction*

0.48 .000

3 + VWCL-pd*** + fibre lumen fraction** - vessel–fibre contact

fraction*

0.47 .000

Note: The three best-fit models (with p < .1) for each species group are shown. For all species (n = 29, excluding P. tomentosa), we allowed a maximum of three

explanatory variables, and for diffuse-porous (n = 14) and semi/ring-porous (n = 15) species, we allowed a maximum of two explanatory variables, to avoid

model overfitting. One outlier was removed (S. albidum, see Figure 4h) from the models including vessel–fibre contact fraction among semi/ring-porous species.

Description of the modelling approach is in “Materials and Methods.” axial: axial parenchyma. Bold: r2 or r2adj > .5, regular: r2 or r2adj < .5, grey: r2 or r2adj < .4.

Abbreviations: VWCL-pd, lumen volumetric water content at predawn; WD, wood density.

Significance levels: “***” p < .001, “**” p < .01, “*” p < .05, “.” p < .1, “ns” p > .1.
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gelatinous fibres and an outlier in vessel–fibre contact fraction,

Figure 4h). In addition, per given VWCL-pd, species with higher vessel–

fibre contact fraction also had higher day capacitance (r2adjj = .63,

p < .01) but only after removing S. albidum.

When we substituted VWCL-pd with RWCpd in the models listed

in Table 3, their strength was either comparable (‘RWCpd + WD'

model across diffuse-porous species), weaker by 2–7%, or not statisti-

cally significant. We also ran a set of models substituting VWCL-pd

with WD, but none of these alternative models surpassed models

including VWCL-pd (0.28 < r2adjj < .37, p < .01). Among diffuse-porous

species, none of the models were significant (p > .15), whereas across

semi/ring-porous species only WD was statistically significant

predictor.

Species with higher day capacitance tended to have less negative

Ψmd (r
2 = .39, p < .001) and narrower ΔΨpd-md (r

2 = .45, p < .001).

The amount of water released between predawn and midday

(ΔCWRpd-md) was positively correlated with VWCL-pd (r2 = .24,

p < .01). Tissue lumen fractions or vessel–tissue contact fractions

were not related to ΔCWRpd-md, except for a weak positive correla-

tion with vessel lumen fraction (r2 = .21, p < .05) driven by the differ-

ence in vessel lumen fraction between the two porosity groups.

3.4 | Relationships between water storage,
anatomy and wood density

Across all species, VWCL-pd was positively correlated with vessel

lumen fraction (r2 = .39, p < .001, Figure 6a) and negatively with axial

parenchyma lumen fraction (r2 = .18, p < .05). Other tissue lumen frac-

tions were either weakly correlated or not correlated with VWCL-pd

(Figure 6b,c). VWCL-pd tended to be higher in species with smaller ves-

sels (log10 mean vessel area: r2 = .44, p < .001; log10 DH: r
2 = .48,

p < .001). VWCL-pd was only marginally negatively correlated with

WD (r2 = .12, p < .1, Figure 6d) across all species. Within the two

porosity groups, neither tissue lumen fractions nor WD were corre-

lated with VWCL-pd. Relationships between RWCL-pd and tissue frac-

tions were somewhat different than for VWCL-pd, and are presented

in the Supporting Information (Notes S3 and Figure S7 in Data S1).

Bivariate correlations for major measured traits are reported in

Figures S8 and S9 in Data S1.

4 | DISCUSSION

4.1 | Day capacitance and its structural correlates

Across all species, WD and VWCL-pd were most strongly and nega-

tively correlated with day capacitance (Table 3, Figure 5a,b). An

inverse relationship between WD and capacitance was also found in

other studies, using the bagged leaf/shoot method (Li et al., 2018;

Wolfe & Kursar, 2015), as well as in studies using psychrometers,

across a wide range of water potentials (Jupa et al., 2016; Meinzer

et al., 2003, 2008; Richards et al., 2014; Santiago et al., 2018; F. G.

Scholz et al., 2007; Siddiq et al., 2019; Trifilò et al., 2015). Our results

provide additional evidence that the native water content of stems is

associated with day capacitance.

The finding that higher water content (here VWCL-pd) is necessary

to achieve high day capacitance is new, but also intuitive, that is, the

more water there is, the more water can potentially be released. Per-

haps less intuitive is the result that WD was a stronger driver of day

capacitance than the proportions of any individual tissues. This implies

that day capacitance is an emergent property of the whole wood,

rather than being linked strongly to any one anatomical component.

All cells in wood are tightly packed (Figure 1), in contrast to leaves,

and joined via highly lignified lamellae. Therefore, any change in cell

volume, resulting from water release, would require a coordinated

change across neighbouring cells (Holbrook, 1995). This, presumably,

would be more feasible in lower WD species that have a greater

whole-organ ability to shrink (Irvine & Grace, 1997). This shrinkage

would result from cell volume change due to water release and/or cell

wall shrinkage due to adhesive forces between water and the surfaces

of the water transporting conduits (Rosner, Karlsson, Konnerth, &

Hansmann, 2009). Indeed, daily sapwood shrinkage has been

observed in several angiosperm trees (Hölttä et al., 2018; Lintunen,

Lindfors, Nikinmaa, & Hölttä, 2017; F. C. Scholz et al., 2008; Sevanto,

Hölttä, & Holbrook, 2011), although F. C. Scholz et al. (2008) found

no correlation between WD and diurnal sapwood shrinkage across six

species. The latter study, however, encompassed a narrow WD range

(�0.42–0.62 g cm−3) and when lower density tissues from bark were

included, strong covariation with capacitance was observed. Enlarging

the number of species and broadening the wood density range in

future studies would likely help to clarify this issue.

Parenchyma lumen fraction, as well as all other tissue lumen frac-

tions, either were not correlated with day capacitance or were less

strongly correlated than WD (e.g., vessel lumen fraction, Figure 5a,c,

d). Furthermore, the tissue fractions that were significant in multiple

regression models were also correlated with WD (fibre lumen and

axial+ray parenchyma lumen fractions, but not vessel lumen fraction,

see below). This finding is in concordance with previous studies,

which, using psychrometers, also found no relationship between

parenchyma fraction and capacitance in four (Jupa et al., 2016) and

nine angiosperm species (Pratt, Jacobsen, Ewers, & Davis, 2007).

Wood parenchyma is often assumed to be a reservoir of capacitance

water (Bittencourt, Pereira, & Oliveira, 2016; Li et al., 2018; Meinzer

et al., 2003; Morris et al., 2016; Plavcová & Jansen, 2015;

Rungwattana & Hietz, 2018; Santiago et al., 2018; Steppe &

Lemeur, 2007; Vergeynst et al., 2015) with some studies suggesting

that more abundant parenchyma confers higher capacitance

(Borchert & Pockman, 2005; Nardini et al., 2018; Pratt &

Jacobsen, 2017; F. G. Scholz et al., 2011; Secchi et al., 2017). Here,

we show that parenchyma lumen fraction does not limit capacitance

(Figure 5c, Table 3). If anything, vessel lumen fraction had the stron-

gest (albeit weaker than WD), link to day capacitance (r2 = .14,

p < .05, Figure 5d) and ΔCWRpd-md (r
2 = .21, p < .05) across all species,

as well as within semi/ring-porous species (multiple regression,

r2adjj = .55, p < .01, Table 3). This result aligns with the idea that
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cavitating vessels might contribute to capacitance, even at xylem

water potentials well above critical thresholds (Hölttä, Cochard,

Nikinmaa, & Mencuccini, 2009; Knipfer et al., 2019; Vergeynst

et al., 2015; Yazaki et al., 2020). Moreover, ΔVWCL-pd-md averaged at

0.04 ± 0.02, which is small in comparison with tissue lumen fractions

(Figure 3a, Table S2 in Data S1), suggesting that lumen fraction might

not limit water release or that water could be released from multiple

tissues simultaneously. The interpretation of these results is further

complicated by the possibility of variable water distribution across

growth rings as well as within growth rings, as documented in previ-

ous studies (Umebayashi et al., 2008, 2010; Utsumi, Sano, Fujikawa,

Funada, & Ohtani, 1998; Utsumi, Sano, Ohtani, & Fujikawa, 1996).

(d)(c)

(b)(a)

F IGURE 6 Relationships between predawn lumen volumetric water content (VWCL-pd) and vessel lumen fraction (a), axial + ray parenchyma
lumen fraction (b), fibre lumen fraction (c) and wood density (WD, d). Symbols correspond to species means (n = 3). Error bars denote one SD.
Porosity types are reported in the legend. Fitted lines and r2 values are shown for statistically significant relationships (solid line: p < .05, dashed
line: p < .1) across all species (n = 29). Open symbol: P. tomentosa (excluded from the regression analyses). F: fraction. “***” p < .001, “.” p < 0.1,
“ns” not significant
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More sophisticated methods, for example, micro-computed tomogra-

phy (microCT) or magnetic resonance imaging (MRI) would be neces-

sary to resolve these questions (Fukuda et al., 2015; Knipfer

et al., 2019; Yazaki et al., 2020).

Instead of tissue lumen fractions, vessel–tissue contact fractions

tended to be more strongly linked to day capacitance (as independent

variables in multiple regression models) across all species, as well as

within porosity groups. Within semi/ring-porous species, per given

VWCL-pd, day capacitance increased with higher vessel–fibre contact

fraction (Table 3), suggesting that water may be drawn from fibres

into vessels in these species, as well as released from cavitating ves-

sels (see above). This is in agreement with microCT evidence of emp-

tying fibres (and vessels) as water potential decreases (Knipfer

et al., 2017, 2019; Yazaki et al., 2020). An interesting path forward

would be to measure the size of fibre lumina and taper, because these

characteristics could have an additional effect on capillary water

release as capillary tension and lumen diameter are negatively corre-

lated (Hölttä et al., 2009; Tyree & Yang, 1990).

Across diffuse-porous species, per given VWCL-pd, day capaci-

tance decreased with higher vessel–ray contact fraction (Table 3). Fur-

thermore, across all species, vessel–axial (positive), vessel–fibre

(negative) and vessel–ray (negative) contact fractions were all linked

to day capacitance with similar strength (Table 3). Because the three

contact fractions are correlated with each other (Figures S8 and S9 in

Data S1), it is not possible to decipher which one of these models may

represent a mechanistic link. Nevertheless, the vessel–ray contact

influence is consistent across all species and within the diffuse-porous

species (Table 3). How could the inverse influence of vessel–ray con-

tact fraction on capacitance be explained? One possibility is that

water is released from bark and/or pith (and transported via rays) in

species that have limited wood capacitance (Cochard, Forestier, &

Améglio, 2001; Goldstein, Meinzer, & Monasterio, 1984; Mason

Earles et al., 2016; Pfautsch, Hölttä, & Mencuccini, 2015; Pfautsch,

Renard, Tjoelker, & Salih, 2015). If this is true, then higher vessel–ray

contact would potentially facilitate the transport and release of this

water into vessels. Partitioning capacitance between bark, wood and

pith could possibly clarify our understanding of whole-stem capaci-

tance and the role of vessel–ray contact fraction.

Alternatively, there could be a mechanistic link between day

capacitance and vessel–axial parenchyma contact fraction (positive

relationship in our study). MicroCT studies showed that water can be

released at points of contact between axial parenchyma (or fibres and

vessels; Knipfer, Cuneo, Brodersen, & McElrone, 2016; Brodersen,

Knipfer, & McElrone, 2018). Other investigations have shown

increased molecular activity at the interface of parenchyma and ves-

sels suggesting that parenchyma may export solutes into vessels, thus

creating a solute gradient between vessels and neighbouring cells,

which would drive water influx to the vessels from the surrounding

tissues (Pagliarani et al., 2019; Secchi et al., 2017; Secchi &

Zwieniecki, 2011). Although these studies investigated water move-

ment from storage into embolized vessels, perhaps it is not implausi-

ble that similar water release routes could be used in day capacitance.

Altogether, the different lines of evidence suggest axial and ray

parenchyma may function as “gatekeepers” of water influx, but not

necessarily as the main storage reservoir.

4.2 | The magnitude of capacitance and water
storage

None of the studied species were fully saturated at predawn. About

half of the cell lumen was empty (mean RWCL-pd: 0.52 ± 0.17,

Figure 2b). Similar values were reported in the trunk wood of three

temperate angiosperms (Longuetaud et al., 2016, 2017). Other studies

have estimated the proportion of wood occupied by gas to range

between 0.18 (0.01–0.50) in tropical angiosperms to 0.26 (0.07–0.40)

in temperate angiosperms (Gartner et al., 2004; Poorter, 2008). These

and our results illustrate that considerable portions of wood are

devoid of water and instead filled with gas. The water content values

observed here and previously may seem dangerously low. For exam-

ple, Rosner, Heinze, Savi, and Dalla-Salda (2019) reported as much as

�80% conductivity loss at �0.65 RWC, which is the mean RWCpd in

our study. However, in temperate species water is not distributed

evenly throughout all growth rings nor within a growth ring. In ring-

porous species, the most recent one or two rings may transport the

bulk of water, whereas the innermost rings, having only small vessels,

may transport little water or no water at all. In contrast to this,

diffuse-porous species typically have more conductive growth rings,

but also a heterogeneous distribution of conductive vessels within

each growth ring (Bush, Hultine, Sperry, & Ehleringer, 2010; Chaney &

Kozlowski, 1977; Ellmore & Ewers, 1986; Gebauer, Horna, &

Leuschner, 2008; Granier et al., 1994; Umebayashi et al., 2008, 2010;

Utsumi et al., 1996, 1998). Therefore, the RWC of conductive growth

rings or within-ring regions may be markedly different from the whole

wood. We suggest that identifying the conductive portions of sap-

wood would improve our understanding of structure–function

relationships.

Lack of saturation may explain why our day capacitance values

are lower, sometimes by an order of magnitude, than capacitance esti-

mated as the initial slope of the water release curve (on saturated

samples) in several studies of tropical (Carrasco et al., 2015; Meinzer

et al., 2003, 2008; Santiago et al., 2018) and temperate species (Jupa

et al., 2016), but similar in range to Cerrado species (F. G. Scholz

et al., 2007). Additionally, given that most of these studies measured

capacitance on short xylem segments, it is possible that water may

have been released from open conduits, thus resulting in an over-

estimation of capacitance (Jupa et al., 2016; Tyree & Yang, 1990). Our

values overlap more so with studies which used the bagged leaf

method on tropical species (Wolfe & Kursar, 2015; Zhang

et al., 2013). Note that Zhang et al. (2013) measured capacitance on

entire stems, including bark and pith, which may explain the presence

of species with high capacitance in that study. Our results also overlap

with capacitance values of Australian angiosperms, estimated from

excised material using psychrometers within the native operating

shoot water potential range of these species (Richards et al., 2014), as

well as with capacitance values estimated from the second, “flatter”
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phase of the water release curve (Jupa et al., 2016). Overall, these and

previous findings highlight the importance of in natura water content

when evaluating capacitance and the need to compare the methods

used to measure capacitance.

VWCL-pd was more strongly correlated with day capacitance than

total VWCpd (wall+lumen) or the more commonly measured RWC,

suggesting that absolute, lumen-based water indices are more rele-

vant for day capacitance than relative ones. Moreover, we estimated

that the amount of wall-bound water was considerable (VWCW-pd

mean: 0.16 ± 0.03) in comparison with lumen water content (VWCL-pd

average: 0.25 ± 0.09, Figure 2a). Although, these estimates may

include some error associated with our assumptions (i.e., MFSP = 1.3 *

MD), which has been questioned previously (Dlouhá et al., 2018; Kel-

logg & Wangaard, 1969), our findings highlight the need to better

understand the mechanistic linkages between capacitance and the dif-

ferent sources of water in wood tissues.

WD, a direct outcome of total lumen and wall fractions, was

weakly or not related to fresh water content indices (Figure 6d and

Figure S7d in Data S1), similar to previous studies of tropical and tem-

perate angiosperms, representing a combined total of 573 species

(Kenzo, Sano, Yoneda, & Chann, 2017; Kenzo, Tomoaki, Yuta, Joseph

Jawa, & Sophal, 2016; Longuetaud et al., 2016, 2017; E. Suzuki, 1999).

The lack of correlation between WD and water content in these and

our studies may have resulted from a large portion of the lumen frac-

tion being filled with gas instead of water (see earlier paragraph about

water and gas contents). These results caution against interpretation

of WD as a direct proxy of water content and capacitance in natura.

4.3 | Functional significance of wood porosity
types

Anatomical differences between diffuse-porous and semi/ring-porous

species were significant, not only in vessel properties, as has been

documented before (e.g., Davis, Sperry, & Hacke, 1999; Jupa, Doub-

ková, & Gloser, 2019; McCulloh et al., 2010; Yang, Wang, Zhang,

Bradshaw, & Hao, 2020), but also in tissue fractions and vessel–tissue

contact fractions. To our knowledge, this has not been reported previ-

ously with high anatomical detail and across a considerable number of

species (but see Fujiwara, Sameshima, Kuroda, & Takamura, 1991;

Fujiwara, 1992; Jupa et al., 2019). What could be functional conse-

quences of these anatomical differences between porosity groups?

Here, day capacitance did not significantly differ between

diffuse-porous and semi/ring-porous species (p = .22, excluding

P. tomentosa) but capacitance–trait relationships did, implying poten-

tially different mechanisms of water release, as discussed above.

Apart from capacitance, the porosity-related anatomical differences

may also affect other wood functions, and we discuss these below.

We focus on differences in tissue fractions and vessel–tissue contact

fractions as these are the most novel results.

What could be the costs and benefits of higher parenchyma frac-

tion in ring-porous species than in diffuse-porous? This difference

could simply be a consequence of competition for space that would

allow optimal water conductivity. Diffuse-porous species have small

vessels and, consequently, small per-vessel conductivity. Yet, they

may increase overall xylem conductivity by increasing vessel fraction

(via higher vessel number per area). This rise in vessel fraction and the

necessity to keep fibre fraction large enough to maintain mechanical

stability, would necessarily result in lower parenchyma fraction. This

tradeoff would likely be less important for ring-porous species

because they have wide and efficient vessels and, consequently, they

do not require high vessel fraction (Figure 4a).

Larger parenchyma fraction reflects larger capacity to store non-

structural carbohydrates (NSC, Plavcová, Hoch, Morris, Ghiasi, &

Jansen, 2016). We might therefore expect larger NSC pools in ring-

porous species, and that these additional carbohydrate reserves could

supply the carbon and energy required for new wood growth in the

spring (Barbaroux, Bréda, & Dufrêne, 2003; Bréda & Granier, 1996).

Available evidence implies that ring-porous species have lower ability

to recover from previous year embolism than diffuse-porous species

(Améglio, Bodet, Lacointe & Cochard 2002, Cochard et al., 2001;

Hacke & Sauter, 1996), and thus must build new wood before or con-

currently with new leaves development (M. Suzuki, Yoda, &

Suzuki, 1996; Takahashi, Okada, & Nobuchi, 2013, 2015); while

diffuse-porous species may use photosynthates from new leaves for

wood growth. Indeed, larger drops in stem NSC content were

observed in spring in several ring-porous than in diffuse-porous spe-

cies (Barbaroux & Bréda, 2002; Furze et al., 2019).

Large vessel–axial parenchyma contact fraction could facilitate

embolism refilling. As mentioned earlier, recent molecular (Pagliarani

et al., 2019; Secchi & Zwieniecki, 2011) and microCT (Brodersen

et al., 2018; Knipfer et al., 2016) studies have implied the role of

parenchyma in refilling of embolized vessels. And although water

could be drawn from any dead tissue (fibres, vessels or tracheids) in

contact with an embolized vessel or connected to it via parenchyma

cells, the amount of vessel–axial parenchyma contact fraction may

determine the rate of the solute influx and the success of the refilling

process. Potentially, refilling would be more beneficial in ring-porous

species with large vessels. A comparison between ring-porous oak

and diffuse-porous maple showed that cavitated vessels in oak were

regularly refilled overnight, whereas in maple, cavitated vessels were

not refilled (Taneda & Sperry, 2008). Ray parenchyma, on the other

hand, runs radially, connecting bark with the inner parts of wood, and

may possibly transport water, osmotically-active solutes, and other

resources, thus facilitating conduit refilling (Nardini, Lo Gullo, &

Salleo, 2011). However, given that there is also evidence that conduit

refilling, especially in woody dicotyledons, may be rare, or even

unlikely (Charrier et al., 2016; Cochard & Delzon, 2013; Sperry, 2013;

J. K. Wheeler, Huggett, Tofte, Rockwell, & Holbrook, 2013), we sug-

gest that more studies are needed to test these hypotheses.

5 | CONCLUSIONS

This work examined the anatomical correlates of twig wood water

storage and day capacitance. Contrary to our expectations, tissue
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lumen fractions did not constrain day capacitance. Notably, paren-

chyma lumen fraction was unrelated to day capacitance, challenging

the common assumption that parenchyma acts as the main reservoir

of capacitance water. Instead, WD, VWCL-pd and the connectivity

between vessels and other tissues were more closely related to day

capacitance than were tissue lumen fractions. Given that the fresh

wood measured in this study was never saturated, we may need to

rethink our interpretation of the functional and ecological relevance

of capacitance estimated on saturated samples, at least in temperate

species. Our understanding of wood functioning is limited by a lack

of information on: (a) water distribution across and within growth

rings, and (b) the combined and independent effects of wood, bark

and pith. Addressing these issues would likely clarify the linkages

between capacitance and the anatomical traits that are aligned with

it. Notwithstanding these limitations, our findings offer new

insights into capacitance and its anatomical determinants, as well as

the anatomical differences between diffuse-porous and semi/ring-

porous species, which all represent important avenues for future

research.
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