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Parenchyma is an important component of the secondary xylem. It has multiple functions and its fraction is known to
vary substantially across angiosperm species. However, the physiological significance of this variation is not yet fully
understood. Here, we examined how different types of parenchyma (ray parenchyma [RP], axial parenchyma [AP] and AP
in direct contact with vessels [APV]) are coordinated with three essential xylem functions: water conduction, storage of
non-structural carbohydrate (NSC) and mechanical support. Using branch sapwood of 15 co-occurring drought-adapted
woody species from the subtropical Bonin Islands, Japan, we quantified 10 xylem anatomical traits and examined their
linkages to hydraulic properties, storage of soluble sugars and starch and sapwood density. The fractions of APV and
AP in the xylem transverse sections were positively correlated with the percentage loss of conductivity in the native
condition, whereas that of RP was negatively correlated with the maximum conductivity across species. Axial and ray
parenchyma fractions were positively associated with concentrations of starch and NSC. The fraction of parenchyma was
independent of sapwood density, regardless of parenchyma type. We also identified a negative relationship between
hydraulic conductivity and NSC storage and sapwood density, mirroring the negative relationship between the fractions
of parenchyma and vessels. These results suggest that parenchyma fraction underlies species variation in xylem hydraulic
and carbon use strategies, wherein xylem with a high fraction of AP may adopt an embolism repair strategy through an
increased starch storage with low cavitation resistance.

Keywords: axial parenchyma, drought-induced embolism, functional xylem anatomy, oceanic island, ray parenchyma,
subtropical forest.

Introduction

The secondary xylem in angiosperms generally consists of
three distinct cell types: vessels, fibers and parenchyma, which
have properties associated with different functions. Vessels
conduct water from the soil to the photosynthetic leaves, fibers
provide mechanical strength to support the plant body and
living parenchyma stores and transports water, non-structural
carbohydrate (NSC) and nutrients, as well as providing defense

against pathogens (Tyree and Zimmermann 2002, Pratt and
Jacobsen 2017, Morris et al. 2016a, 2020). The form, arrange-
ment and fraction of these cell types vary considerably among
species, and their functional significance has been investigated,
particularly for vessels and fibers (Hacke and Sperry 2001,
Pratt and Jacobsen 2017, Carlquist 2018). For example, vessels
of a greater diameter are associated with the greater xylem
hydraulic conductivity and lower resistance, especially in the
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process of freeze-thaw-induced embolism among woody plant
species (Davis et al. 1999, Tyree and Zimmermann 2002). A
higher fiber wall fraction and lower fiber lumen fraction lead
to a higher wood density and greater modulus of rupture
(Jacobsen et al. 2007, Zieminska et al. 2013, 2015, Fortunel
et al. 2014, Plavcova et al. 2019). Such investigations have,
however, been rare for parenchyma, limiting our understanding
of the physiological significance of variations in parenchyma.
Clarifications of this could explain why parenchyma fraction
varies greatly among species (Fichtler and Worbes 2012, Spicer
2014) and with climate (Morris et al. 2016b, Zheng et al.
2019).

Parenchyma fraction within xylem sapwood potentially
influences xylem functions in several ways. On one hand,
parenchyma cells store starch as storage carbohydrates within
the sapwood and provide soluble sugars as osmolytes and
as substances for the respiration, transportation and synthesis
of other molecules to maintain cell metabolism (Spicer and
Holbrook 2007, Hartmann and Trumbore 2016, Saiki et al.
2017). Thus, parenchyma fraction would directly regulate the
storage capacity of soluble sugars and starch within the xylem
sapwood. Supporting the latter, investigations in temperate
regions have revealed significant positive associations between
the parenchyma fraction and concentrations of starch and NSC
across species (Plavcova et al. 2016, Chen et al. 2020, Pratt
et al. 2021). On the other hand, increases in the parenchyma
fraction decrease the space occupied by fibers and vessels
(Morris et al. 2016b). This negative correlation would give
rise to trade-offs among storage capacity, water conduction
and mechanical strength among species (Pratt and Jacobsen
2017). Previous studies have shown that a high fraction of
parenchyma is associated with a low wood density and a
low bulk modulus of elasticity in xylem sapwood (Jacobsen
et al. 2007, Pratt et al. 2007, Fortunel et al. 2014). However,
many studies have evaluated only one plausible function of
parenchyma (e.g., storage of carbon and water). Thus, our
understanding of how parenchyma fraction translates into
xylem multiple functions (e.g., water conduction, storage and
mechanical strength) directly or indirectly via interactions with
other xylem components remains limited (but see Pratt et al.
2007, Plavcova et al. 2019).

The functional significance of parenchyma may differ among
cell types. Parenchyma generally consists of two types: axial
parenchyma (AP) and ray parenchyma (RP), which have a
different development and connectivity to other tissues and
cells (Spicer 2014). Both AP and RP show different corre-
lation patterns with wood density, vessel traits (Zheng and
Martinez-Cabrera 2013, Morris et al. 2018a) and climate
(Martinez-Cabrera et al. 2009, Zheng et al. 2019). In addition,
the morphologies of AP, such as pit structures, are different
between the AP in direct contact with the vessels (APV) and
those without vessels (Morris et al. 2018b). The APV is also

characterized by high physiological activities, particularly during
drought, including the active regulation of pH in xylem sap
(Fromard et al. 1995) and, possibly, the recovery of embolized
vessels (Brodersen and McElrone 2013, Knipfer et al. 2016,
Secchi et al. 2017) and surfactant production (Schenk et al.
2017). Morris et al. (2018a) qualitatively and quantitatively
demonstrated that xylem with large vessels was associated with
a high fraction of AR suggesting that AP is involved in the
maintenance of hydraulic conductivity. Supporting the latter, the
close associations between the hydraulic properties of xylem
and AP and APV are being increasingly demonstrated: xylem
with high fractions of AP and APV is associated with high
conductivity and low resistance to cavitation across a wide
range of species (Kiorapostolou et al. 2019, Chen et al. 2020,
Janssen et al. 2020, but see Aritsara et al. 2021). It has
also been reported that a higher vessel-AP contact fraction is
associated with greater hydraulic capacitance (Zieminska et al.
2020) and potentially facilitates the refilling process through
the osmotically driven influx of water to embolized vessels,
although this is controversial (Salleo et al. 2004, Secchi and
Zwieniecki 2012, Yoshimura et al. 2016, Secchi et al. 2017).
These findings suggest that the parenchyma fraction underpins
the trade-offs among the hydraulic properties of xylem (e.g.,
cavitation resistance and capacitance, Gleason et al. 2016b).
However, few studies have quantified species variation in AP and
APV or examined their linkages to xylem hydraulic properties,
especially in field-grown trees.

In the present study, using the sapwood from branches
of 15 drought-adapted co-occurring woody species from
a subtropical oceanic island, we examined the coordination
between parenchyma fraction and three xylem functions (i.e.,
hydraulic properties, carbon storage and mechanical strength).
We assessed the hydraulic properties of sapwood using three
water relations: the maximum hydraulic conductivity, the degree
of embolism and the xylem water potential at midday (XWP).
The carbon storage of sapwood was examined based on the
concentrations of NSC (Chapin et al. 1990). The mechanical
strength of sapwood was assessed by sapwood density,
based on its strong association with fracture toughness and
stiffness (Young’s modulus) of wood across species (van Gelder
et al. 2006, Alvarez-Clare and Kitajima 2007, Jacobsen et al.
2007, Chave et al. 2009, Méndez-Alonzo et al. 2012). The
studied island, one of the Bonin Islands in Japan, commonly
experiences relative soil droughts during the summer and this
trend is often strengthened by interannual variations in rainfall
seasonality (Yoshida and lijima 2009). Thus, summer droughts
may influence the xylem anatomy of woody plants on this island
in the long term (Ishida et al. 2008), as in other subtropical
islands (Déria et al. 2018). Based on the associations between
parenchyma and vessels (Zheng and Martinez-Cabrera 2013,
Morris et al. 2018a, Janssen et al. 2020), NSC storage
(Plavcova et al. 2016, Chen et al. 2020, Pratt et al. 2021),
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and sapwood density (Jacobsen et al. 2005), we hypothesized
that: (i) both vessels and parenchyma (particularly APV which
is directly connected to vessels) are related to xylem hydraulic
properties, and that a high fraction of parenchyma leads to (ii)
high concentrations of soluble sugars and starch and (iii) a
low wood density because of the low fractions of vessels and
fibers.

Materials and methods

Study site and plant species

This study was conducted on Chichi-jima Island (27°04'N,
142°13’E; maximum elevation of 318 m as.l.), one of the
Bonin (Ogasawara) Islands located in the northwest Pacific
Ocean. This island is a subtropical oceanic island, ~1000 km
south of Tokyo, Japan, and is authorized as a World Natural
Heritage site. The mean annual temperature and mean annual
precipitation from 2009 to 2018 were 23.4 °C and 1281 mm,
respectively (Japan Meteorological Agency). Seasonal drought
usually occurs in the summer months (July-September) as a
result of the development of the North Pacific High (Yoshida
and lijima 2009). In addition, interannual variations in climate
often strengthen this trend in several-years cycle. For example,
in 2016 and 2020, the level of precipitation from June to August
was 42 to 56% of the average during 1999-2018, respectively,
despite similar temperatures (Japan Meteorological Agency). In
2020, the predawn and midday leaf water potential showed
relatively low values during summer: —3.0 and —4.2 MPa,
respectively, for Rhaphiolepis integerrima—a dominant woody
species (our unpublished data). The minimum temperature does
not fall below O °C; thus, freezing is not an evolutionary driver
of xylem anatomy (e.g., Zanne et al. 2014).

We chose co-occurring 15 drought-adapted and native
woody species comprising 12 families in a dry dwarf forest (see
Table S1 available as Supplementary data at Tree Physiology
Online). Many endemic tree species are predominant in ridge
areas with shallow soil on the island (Shimizu 1992). Among
the examined species, Dodonaea viscosa, Osmanthus insularis,
Photinia wrightiana, and Rhaphiolepis integerrima are indigenous
to Japan, and the other 11 species are endemic to the Bonin
Islands. Three to four healthy adult trees that ranged from 1.0 to
8.0 m in height and received direct sunlight at the canopy were
selected for each species. All studied individuals were found
in places with similar topographic conditions, which were at
most 1 km apart. All tree species had similar growth forms (i.e.,
broad-leaved evergreen trees). Plant nomenclature followed the
‘Japanese name-scientific names index’ (Yonekura and Kajita
2003, available online at http://ylist.info/, accessed 13 April
2020). In total, 17 xylem traits were measured for each species
(Table 1). To capture the anatomical tuning to dry summer,
we measured the physiological properties of xylem in the
summer.
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Xylem hydraulic properties

We measured the xylem hydraulic conductivity, percentage loss
of conductivity (PLC) and XWP at midday from July 3rd to August
3rd in 2019. The study year (2019) was a relatively less-
dry year. The average daily air temperature, total precipitation,
vapor pressure deficit during midday (from 10:00 to 16:00 h)
and volumetric soil water content, which were measured near
the sampled trees during the measurements, were 29.9 °C,
1.05 mm, 1.20 kPa and 0.32 m®> m~3, which were the high-
est, lowest, highest and the third lowest among the monthly
averaged values from 2019 July to 2020 June, respectively
(our unpublished data). These relatively dry conditions in July
were also recorded during 1999-2018 (Japan Meteorological
Agency). Thus, we consider that the hydraulic properties were
measured during the most seasonal desiccating period on this
island.

For stem hydraulic efficiency, we measured one to three
sunlit branches for each individual tree (n = 4-7 per species).
Branches of ~1 m in length were collected before dawn
(04:30-06:00 h) and immediately re-cut under water. The
branches were then immediately transported to the laboratory
with the cut ends submerged in water where they were enclosed
in black plastic bags for at least 2 h to relax the xylem tension.
Using the method of Sperry et al. (1988), we measured the
hydraulic conductivity in the longest branch segments without
any side branches (the length and diameter of all samples
ranged from 8 to 48 cm with a mean value of 22 cm and from
4 to 13 mm with a mean value of 8 mm, respectively). After
gently removing the bark at both ends, the branch sample was
connected to the tubing system, and a hydraulic pressure of
approximately 5 kPa was applied to the end of the segments
by locating the water bag containing 20-mM KCI solution to c.
50-cm height from the sample. The other end was connected
to a plastic bottle on an electronic balance using a tube, and the
water flow rate from the segment was automatically measured.
The water flow rate was divided by the pressure per unit
length of the segment to obtain the initial xylem hydraulic
conductivity (Kinitial). Subsequently, the same segment was
flushed with 20-mM KCI solution under 0.15 MPa for 10 min
to remove air-induced xylem embolism, and the water-flow rate
was measured again to yield the maximum xylem hydraulic
conductivity (Kfushed). The KCI solution was filtered to 0.2-um
pore diameter using a vacuum pump before the measurements.
All measurements were performed at a constant temperature of
26 °C. The PLC was calculated as follows:

PLC = (1 — it ) x 100 (1)
Kfushed

We note two concerns regarding the above methods. The
first is the overestimation of PLC by the introduction of air to
open vessels when cutting stems in the air (‘excision artifact’,
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Table 1. Xylem traits studied, including the minimum species mean, mean of species mean, maximum species mean and standard error (SE) for

15 woody species in the Bonin Islands, Japan.

Trait Abbreviation Unit Mean (SE) Min Max
Xylem water potential at midday XWP MPa —1.21 (0.10) —-1.87 —0.56
Xylem-area specific conductivity® K max kgm™' s7" MPa™" 1.2 (0.2) 0.5 3.4
Percentage loss of conductivity® PLC % 14.5 (2.7) 4.0 43.2
Volume-based soluble sugar concentration SS,y mg cm~? 16.2 (1.5) 7.0 27.3
Volume-based starch concentration STy mg cm™3 24.2 (3.9) 6.4 56.5
Volume-based concentration of soluble sugars and Tv mg cm™? 40.4 (4.3) 14.6 75.5
starch
Sapwood density WD gcm™— 0.69 (0.03) 0.52 0.83
Fraction of vessels in transverse section® Fy - 0.097 (0.011) 0.049 0.227
Fraction of fibers in transverse section Ft — 0.675 (0.016) 0.557 0.777
Fraction of total parenchyma in transverse section Fp — 0.227 (0.020) 0.112 0.391
Fraction of axial parenchyma in transverse section Fap - 0.075 (0.015) 0.008 0.215
Fraction of ray parenchyma in transverse section® Frp — 0.153 (0.012) 0.093 0.262
Fraction of axial parenchyma in direct contact with Fapy — 0.023 (0.003) 0.003 0.038
vessels (APV) in transverse section

Vessel density VD mm™2 240 (36) 74 486
Mean hydraulically weighed vessel diameter® Dn mm 0.027 (0.002) 0.018 0.047
Potential hydraulic conductivity® Kp kgm~™' s™' MPa~" 3.0 (0.7) 1.1 8.6
Potential resistance to vessel implosion RI — 0.051 (0.007) 0.016 0.116

Log1o-transformed before analysis.
PLogit-transformed before analysis.

For each species’ trait data, see Table S1 available as Supplementary data at Tree Physiology Online.

Wheeler et al. 2013). However, the predawn leaf water potential
when we collected stems was relatively high (> —0.7 MPa, our
unpublished data) and the maximum vessel length for most of
our studied species (shrub or dwarf tree) would be relatively
short (Jacobsen et al. 2012). Thus, this bias would be minimal
(Torres-Ruiz et al. 2015). In addition, it was not realistic to
sample enough long stems due to the stature of the trees and
legal restrictions (the study area is authorized as a World Natural
Heritage site). The second concern is the underestimation of
PLC by a relatively long relaxation time for xylem tension (e.g.,
Trifilo et al. 2014, Venturas et al. 2015). However, because
our relaxation time did not vary much among samples, we
considered the relative comparison among species to be still
possible and meaningful.

After the measurements, the images of the sapwood cross-
section at both ends were obtained using a digital microscope
(Dino-Lite, AnMo Electronics Corporation, Taipei, Taiwan), and
the cross-sectional area of xylem sapwood (As) was mea-
sured with image processing software, Fiji (Schindelin et al.
2012).The value of Kgyshed Was divided by As to obtain the
xylem-area specific conductivity (Kmax)-

The XWP was measured with a Scholander-type pressure
chamber (PMS Instrument Company, Albany, OR, USA). On the
day before the measurement, several leaves per individual were
covered with a thin film of polyvinyl chloride and aluminium
foil to prevent water loss by transpiration and allow the leaf
water potential to equilibrate with the XWP. On the following day,
the wrapped leaves were collected from 10:00 to 12:30 h on

sunny days and were immediately stored in a dark cooler box.
The samples were immediately transported to the laboratory,
where-after the leaf water potential was measured for at least
two leaves per individual, assuming that the values of the leaf
water potential were in equilibrium with those of the XWP in the
branches when we collected them during the daytime.

NSC storage within sapwood

The concentrations of soluble sugars, starch and their sum were
measured in different stem segments to calculate Kmax and PLC
in the same branches. We assumed that the sum of soluble
sugars and starch accounted for most of the sapwood NSC for
woody species (Hoch et al. 2003). Based on our preliminary
observations using the same woody species, we also assumed
that the NSC levels are highest during summer because summer
droughts would constrain growth more than photosynthesis,
resulting in the accumulation of carbon reserves, as in other
tropical (Wirth et al. 2005) and subtropical (Liu et al. 2018)
regions during the dry season. After we collected the samples
in the field, they were immediately transported to the laboratory
in a dark cooler box, followed by the swift removal of bark
before oven drying (65 °C, >72 h). After drying, the pith
was removed, and the remnants were ground to a fine powder
using a mill, followed by extraction in 80% (v/v) ethanol
three times. The supernatant was extracted via centrifugation
(15,000 rpm for 10 minutes for first and second extractions
and 30 minutes for third one) and used to quantify the soluble
sugar content via the phenol—sulfuric acid method (Dubois et al.
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1951). The starch in the remaining pellets was depolymerized
to glucose by amyloglucosidase, and the content was quantified
using the mutarotase—glucose oxidase method (Glucose C-II
test; Wako, Tokyo, Japan). The mass-based concentrations were
transformed to volume-based concentrations by multiplying the
sapwood density for each individual. Because most anatomical
traits are measured in linear dimensions, they are expected to
be strongly related to variables with volume dimensions rather
than those with different dimensions (e.g., kilograms). Consis-
tent with Pratt et al. (2021), both mass- and volume- basis
expressions were strongly correlated with each other across
species (r =0.87,r = 0.95, r = 0.89, for soluble sugars, starch
and the total sum of them, respectively), due to a relatively
narrow range of sapwood density across species compared with
NSC concentration. Thus, the confounding effect of sapwood
density was small, and our conclusion was robust regardless of
the method of standardization (see also Results section).

Sapwood density

The sapwood density was measured for one branch per tree.
Stem segments with lengths of approximately 1 cm and with
similar diameters for measurements of Kmax and PLC were
collected, and their bark was removed. The sapwood volume
was estimated by assuming a cylindrical shape with a digital
caliper, and their dry mass was weighed after oven-drying
(65 °C, > 72 h). The sapwood density was obtained by dividing
the dry mass by its fresh volume.

Xylem anatomy

Using one branch per tree (n = 3 per species), we measured
10 xylem anatomical traits (Table 1). After the hydraulic mea-
surements, the central part of the stem segment (approximately
1 c¢m in length) was collected and chemically fixed in 3% (v/v)
glutaraldehyde before analysis. Transverse sections of ~30-40-
um thickness were prepared using a sliding microtome. Samples
were double-stained with 1.0% (w/v) alcian blue (in 3% acetic
acid) and 0.5% (w/v) safranin (in 50% ethanol) and dehydrated
using an ethanol series (50, 99.5 and 100%). Finally, the
samples were dehydrated in xylene and mounted on glass slides
with Canada balsam. Photographic images were captured with a
10x objective using a light microscope (BX50, Olympus, Tokyo,
Japan) and a digital camera (EOS kiss X3, Canon, Tokyo, Japan).

The fractions of vessels (F,), fibers (F¢), total parenchyma
(Fp), axial parenchyma (Fap), ray parenchyma (Frp) and AP in
direct contact with vessels (Fapv) in the xylem transverse section
were measured in a rectangular region (c. 1 mm?) located at the
middle position from the pith to the cambium, avoiding reaction
wood. The resolution of the image was 1919 pixels per millime-
ter with a full extent of ¢. 1.2 mm x 0.8 mm. In each image, we
manually filled the different types of parenchyma, including their
cell walls, with different colors in Pixelmator ver. 2.4.8. (Pixelma-
tor Team, Vilnius, Lithuania). In case of ambiguity between cell
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types, we consulted an expert in woody anatomy to confirm the
identification (Yuzou Sano, personal communication). The area
of each cell type was measured using Fiji, yielding F5p, Frp and
Fapv. The Fp was calculated as Fap + Frp. Then, we manually
filled the vessels in the same image using GIMP ver. 2.8.18
(www.gimp.org), and their area was measured using Fiji, yielding
Fy. Finally, we calculated Ff as 1—Fp—Fy. In the present study,
we focused on APV and not RP in direct contact with vessels
(RPV) or contact cells (the sum of APV of RPV, Morris and
Jansen 2016, Morris et al. 2018b) due to the following reasons:
(i) our interest was in the interspecific differences in AP, and (ii)
neither fractions of RPV nor CC, which were highly positively
correlated with each other (r = 0.92 and P < 0.001), were
significantly correlated with any xylem traits examined (data not
shown). In addition, although vessel-distant AP in direct contact
with APV may function as a continuum, this was not considered
in the present study because it is unclear for the scale of AP
around vessels functioning together for different species.

Using the same image, we measured the vessel density
(VD), mean hydraulically weighted vessel diameter (Dy,), poten-
tial xylem hydraulic conductivity (K,) and potential resistance
to vessel implosion (Rl). The VD values were calculated as
the number of vessels divided by the area of the analyzed
region. The values of Dy were calculated as follows (Tyree and
Zimmermann 2002):

where d is the diameter of each vessel. Because a vessel cross-
section is not exactly a circle, d was calculated as the average of
the mean length of the major and minor axes of the ellipse fitted
to each vessel. Using VD and Dy, we calculated K|, as follows
(Poorter et al. 2010):

TTPw

Ky = VD D 3
P~ 128y h 3)

where p,, is the density of water at 20 °C (998.2 kg m™?),
and 7 is the viscosity of water at 20 °C (1.002 x 107° Pa s).
Note that K, is higher than Kinax because K, does not consider
the flow resistance through the intervessel pit pores and the
three-dimensional network of xylem, which typically account for
> 50% of the total resistance of the vessel network (Schulte
et al. 1987, Wheeler et al. 2005, Loepfe et al. 2007, Choat
et al. 2008).

As an index of xylem cavitation resistance, we calculated the
vessel resistance to implosion (RI) as (t/b)?, where t is the
double-wall thickness of adjacent vessels and b is the span of
the vessel lumen (Hacke et al. 2001). The values of t and b
were measured on at least 15 vessel pairs per individual that
averaged within 40% of Dy, using Fiji. The values of b were
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estimated as the side of the square with an area equal to the
average vessel lumen.

Statistical analysis

All analyses were performed using R (version 3.6.1; R core
Team 2019). We calculated the mean trait values for each
species, and some trait values were transformed to improve
the normality and reduce the heteroscedasticity of the resid-
uals in linear regressions (Table 1). Traits ranging in (O, oo)
were logqo-transformed, whereas traits ranging in a limited
range (e.g., percentage or fraction data) were expressed in
the proportional range [O, 1] and then logit-transformed before
analyses (Warton and Hui 2011). For PLC, we added the
minimum non-zero PLC values (c. 0.24%) to both the numerator
and denominator of the logit function before transformation,
as recommended by Warton and Hui (2011). First, we exam-
ined the hypothesized relationships using Pearson’s product—
moment correlation. When a significant correlation (P < 0.05)
was observed, the line was fitted by standard major axis
using the R package ‘smatr’ (Warton et al. 2012). We also
evaluated the impact of phylogenetic relationships for pairwise
trait correlations using phylogenetically independent contrasts
(PICs, Felsenstein 1985) using the R package ‘ape’ (Paradis
et al. 2004). PHYLOMATIC (ver. 3) (Webb and Donoghue
2005; available online at http://www.phylodiversity.net/phylo
matic/) was used to build the tree for the studied species based
on megatree by Slik and Franklin (2018), assuming an equal
branch length of 1 to avoid uncertainty in phylogenetic distances
among closely related species (Ackerly 2000).

To clarify the multiple correlation patterns in xylem traits,
we conducted a principal component analysis (PCA). We also
conducted path analysis using the R package ‘lavaan’ (Rosseel
2012) to infer the potential causal relationships between xylem
anatomy (parenchyma and vessel) and functions. This analysis
was based on our hypotheses and bivariate trait correlations.
The overall model fit was assessed with a X?-test, where non-
significance (P > 0.05) indicated failure to reject the model.
Alternative plausible models were generated through the addi-
tion and subtraction of variables, and the model with the lowest
Akaike Information Criterion (AIC) with significant paths was
selected.

Results

The 15 drought-adapted woody species from a subtropical
oceanic island showed markedly different xylem traits in terms
of anatomy and function (Table 1; see Table S1 and Figure S1,
available as Supplementary data at Tree Physiology Online).
The fraction of AP (Fyp) varied 27.4-fold (0.008-0.215), that
of AP in direct contact with vessels (Fapy) varied 11.6-fold
(0.003-0.038), the PLC varied 11.0-fold (4.0-43.2%) and
volume-based starch concentration (ST,) varied by 8.9-fold

(6.4-56.5 mg cm~?) among the tree species. The interspecific
variation in the fraction of RP (F,, 2.8-fold) was smaller than
that of F5p but the mean value of the F, was higher than that of
Fap (0.153 & 0.012 and 0.075 % 0.015, respectively; paired
t-test, P = 0.001), accounting for 36-95% of the fraction of
parenchyma (Fp). The mean value of Fp, was lower than that
of the vessel-distant AP (0.023 4+ 0.003 and 0.052 + 0.014,
respectively; paired t-test, P = 0.03), accounting for an average
of 41% of Fapy. The Fapy increased with F4p, across species but
plateaued after F5, exceeded ~0.1 (see Figure S2 available
as Supplementary data at Tree Physiology Online), resulting
in a decreased percentage of paratracheal AP in the total AP.
We observed many significant hypothesized correlations among
traits and these results were qualitatively and quantitatively
similar to those using phylogenetically independent contrasts
(PICs, Table 2). Thus, the relationships between xylem anatomy
and functions for the studied species would be due to correlated
evolution at multiple nodes, rather than changes within a few
nodes.

Relationships of parenchyma with xylem functions

Consistent with hypothesis (1), both vessel and parenchyma
traits showed significant correlations with xylem hydraulic prop-
erties, except for XWP at midday. The xylem-area specific con-
ductivity (Kmax) Was positively associated with vessel fraction
(Fv, Figure 1a) and potential hydraulic conductivity (K}), but
negatively associated with Fy, (Figure 1c). PLC was significantly
and positively correlated with the hydraulically weighted vessel
diameter (Dy) and negatively correlated with VD (Figure 1f, r =
0.54, P = 0.04; r = —0.62, P = 0.01). PLC was positively
associated with Fap and Fgpy, with the latter being stronger
(Figure 1h, Table 2). The XWP values were positively correlated
with Dy and K across species (Table 2).

Significant correlations were found between the fraction of
parenchyma and vessel morphology (fraction, density and diam-
eter) and the correlation patterns were slightly different among
parenchyma types (Table 2): Fp was negatively correlated with
Kp, whereas Fap and F, were negatively correlated with F,
and VD. Fpy was negatively correlated with VD and positively
correlated with Dy,.

Slightly different from hypothesis (2), the parenchyma frac-
tion was positively associated with the concentration of starch
(STy), whereas it was not significantly correlated with that of
soluble sugars. The ST, was marginally and positively correlated
with Frp, Fp (Figure 2a), and vessel resistance to implosion (RI),
whereas it was negatively correlated with F, (Table 2). The
Fap was also significantly correlated with ST, when Ligustrum
micranthum, which showed a high ST, and a low Fyp, or Syzy-
gium cleyerifolium, which showed a low ST, and a high F4p, were
removed (Figure 2b, r = 0.54, P < 0.05 for both relationships
for 14 species). The concentration of soluble sugars (SS,) was
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Table 2. Pearson’s correlation coefficients among the 17 xylem traits for 15 woody species in the Bonin Islands, Japan

XWP  Kpa®  PLC° SS, ST, T, WD FRY F Fo Fao  Fp®  Faw VD Dy K R

XWP 031 012 —046f 011 —007 —041 011 —050f 029 057 -028 020 -045f 0.75 054 —0.28
Kinax® 0.26 -037 -035 -047f —-0.55 -037 0.81 -0.16 -0.57 -025 -0.72 -027 032 03 071 -053
PLC® 020 —0.23 —0.23 047t 034 033 -044f —0.52 0.64 0.63 -033 074 -0.59 035 006 -008
SS, —040 —039 —0.19 008 044 049t -023 039 -017 -028 011 -031 052 -0.74 —-0.63 0.72
STy 0.10 —0.49f 0.10 0.13 0.93 0.39 —-0.39 -0.44t1 0.54 0.40 0.461 0.38 —-0.20 0.01 —-0.24 0.517F
T, -005 —0.58 002 047t 0.94 053 -043 -026 042 026 045f 022 -001 -026 -045t 0.73
WD -0.52 —031 002 0.0 026 0441 —043 003 024 019 023 -000 018 —050f —0.61 0.69
F° 007 077 -031 —-036 -048t —0.55 —0.41 021  —0.67 -0.52 —0.55 —037 059 022 076 -—047f
Ff  —-037 —001 -028 040 -029 -0.12 007 009 —0.85 —0.77 —0.49t —0.53 041 —036 -008 021
F, 021 —045t 039 —0.11 050f 041 018 -0.63 -0.82 0.84 0.69 0.60 -061 016 -033 008
Fe 039 -015 052 -017 032 023 011 -055 -0.66 0.81 020 0.69 -0.71 044 007 004
Fe® —024 —0.59 —004 010 045t 043 023 -038 -048f 0.62 004 -0.19 045 -033 -0.55 025
Fav 010 —011 0.67 -031 018 005 -014 -031 -045f 0.53 073 -007 —0.71 046t 006  —0.21
VD -044 023 -0.62 041 -023 -006 031 053 033 -054 -073 006 —0.78 —0.61 —-005 —0.17
Dy 064 025 054 -0.62 000 -022 -0.61 009 -028 016 047t -039 0.64 —0.77 0.80 —0.45t
K;® 054 059 026 —0.67 —024 -045t —0.72 059 -0.14 -023 006 -0.52 034 —034 0.85 -0.58
Rl 022 -051f ~003 0.66 0.61 078 060 -0.62 020 019 044 021 -004 —006 -024 -050f

Pearson correlation coefficients are shown below the diagonal, and above the diagonal for phylogenetically independent contrast (PIC) correlations.
Significant correlations are indicated by bold (P < 0.05) and underlined bold (P < 0.01). 0.05 < P < 0.10.

2Log1o-transformed before analysis.
®Logit-transformed before analysis.
For trait abbreviation, see Table 1.
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Figure 1. Relationships between xylem hydraulic properties and vessel and parenchyma traits. The xylem-area specific conductivity (Kmax) against (a)
the fraction of vessel, (b) VD, (c) fraction of RP and (d) fraction of AP in direct contact with vessels (APV). The PLC against (e) fraction of vessel,
(f) VD, (g) fraction of RP and (h) fraction of APV. Some proportional variables were logit-transformed (unitless; see Materials and methods). Error
bars represent 1 standard error (SE). Lines were fitted by the standard major axis. ***P < 0.001; **P < 0.01 and *P < 0.05, ns: not significant.

positively correlated with Rl and negatively correlated with Dy,
and K, (Table 2). Reflecting the above trends, the concentration
of soluble sugars and starch (T,) positively co-varied with Rl
and negatively with F, and K},. Except for L. micranthum, which
showed the highest T, among species, Fap, Frp and F, were
positively correlated with T, (r = 0.52, P = 0.06; r = 0.49,
P =0.08; r = 0.67, P = 0.009, respectively, for 14 species).
We obtained similar, but less significant results even when using

mass-based concentration of NSC, indicating the robustness of
our results regardless of the method of standardization (for the
relationships with parenchyma fraction, see Figure S3 available
as Supplementary data at Tree Physiology Online).

In contrast to hypothesis (3), although F, was negatively
correlated with the fractions of vessels and fibers, none of
them correlated with sapwood density (WD, Figure 3a and
Table 2). Independence of WD was found for Fap, Fp and
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Figure 2. Relationships between starch concentration and the fractions of (a) parenchyma and (b) AP. Error bars represent 1 standard error (SE).
Lines were fitted by the standard major axis. In (b), the line represents trends without Ligustrum micranthum (denoted by a black arrow) or Syzygium
cleyerifolium (denoted by a gray arrow), corresponding to the black and gray line, respectively. *P < 0.05; T0.05 < P < 0.10.

Fapy. The values of WD were positively correlated with Rl and
negatively correlated with Dy and K|, across species (Figure 3b
and Table 2).

In the PCA for the 17 traits and 15 species, the first and sec-
ond axes accounted for 64.4% of the total variation (Figure 4).
The results summarized the above correlations among the xylem
anatomy and functions across species. The first axis explained
33.2% of the variation, showing positive loadings for Kmax, Fv,
Dy and K}, and negative loadings for SS, STy, Ty, WD, Frp, RI (all
P < 0.05, Pearson’s correlation between scores in PCA axis and
each trait among species) and F, (P = 0.05). The second axis
explained 31.2% of the variation, showing positive loadings for
XWP, PLC, Fp, Fap, Fapy and Dy and negative loadings for Ft, VD
(all P < 0.05) and SS, (P = 0.07).

Path analysis confirmed that fractions of axial and RP were
significantly related to PLC, maximum hydraulic conductivity
(Kmax) and starch storage across species (Figure 5). The model
predicted that the fraction of AP increases PLC and that of
RP reduces Kmax, Whereas both fractions increase starch stor-
age. Negative covariances between the fractions of vessel
and parenchyma must be included for the model fit. Adding
hydraulically weighted vessel diameter (Dy,) to this model with
an insignificant path to PLC significantly reduced the model
fit (X* = 24.3, P = 0.04 and AAIC = 48.9). Furthermore,
substituting Dy, for Fa, with no path form Dy, to starch storage
and with covariances of Dy with Fy, and F, reduced the model
fit (X* = 7.5, P = 0.58 and AAIC = 2.7). When removing L.
micranthum, which showed a high starch storage and a low
Fap, the path from Fy, to starch storage became significant.
Similar results were obtained even when using the mass-based
concentration of NSC (data not shown).

Discussion

Coordination between parenchyma and stem hydraulics

Long-distance water transport in trees has long been thought
to be regulated by dead vessels (e.g., Tyree and Zimmermann
2002, Sperry et al. 2006). However, recent studies have
increasingly emphasized the role of living cells in the dynamic
regulation of xylem water transport (Salleo et al. 2004, Scoffoni
and Sack 2017, Secchi et al. 2017, Morris et al. 2018a). In the
present study, we showed that the fraction of RP was negatively
correlated with xylem hydraulic efficiency (Kmax), whereas that
of AP and AP in direct contact with vessels (APV) was positively
associated with the native cavitation level (Figures 1 and 5 and
Table 2). With regard to the former, although not significant
in correlation analysis not using PICs (Table 2), the increase
fraction in RP may decrease that of vessels, thereby reducing
Kmax. A similarly negative association between RP fraction and
Kmax Wwas previously reported in Magnoliids (Aritsara et al.
2021).

For the positive relationship between PLC and AP or APV,
given the relatively narrow range of XWP (—1.87 to —0.56 MPa,
Table 1) and large differences in cavitation resistance among the
species studied (Yoshimura et al. 2016 and our unpublished
data), we speculate that xylem with high fractions of AP or APV
is susceptible to drought-induced xylem embolism. Although
small vessels associated with high fractions of AP or APV
(Table 2, Morris et al. 2018a) also confer cavitation resistance
in some cases (Hacke et al. 2017), the results of our path
analysis (Figure 5) suggest that AP or APV affect PLC more
than vessel diameter. A negative association between fractions
of AP or APV with cavitation resistance was recently reported
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(Kiorapostolou et al. 2019, Chen et al. 2020, Janssen et al.
2020). However, positive associations have also been reported
in some mesic tree species (Aritsara et al. 2021).

A possible mechanism for the negative relationship between
AP and cavitation resistance is that species with high fractions
of AP or APV utilize different drought tolerance strategies,
which may compromise drought-resistant strategies (Gleason

et al. 2016b, Chen et al. 2020). These strategies include a
cavitation avoidance strategy through enhanced capacitance
(Zieminska et al. 2020) and an embolism repair strategy
possibly through the deposition of soluble sugars from APV
(Secchi and Zwieniecki 2012).

The positive linkage between AP or APV and embolism
repair capacity is partially supported in our previous study on
this island. Yoshimura et al. (2016) monitored the hydraulic
conductivity and concentration of NSC of branch xylem during
dehydration and rehydration periods in summer, using Hibiscus
glaber with a high APV fraction and low cavitation resistance
and L. micranthum with a low APV fraction and high cavita-
tion resistance. H. glaber showed higher cavitation levels than
L. micranthum during the dehydration period, but showed a
greater recovery in hydraulic conductivity, with water supply
following starch conversion to soluble sugars, which was not
observed in L. micranthum. Thus, high fractions of AP or APV
may be important for facilitating embolism recovery under
ample starch storage. Future studies should demonstrate this
prediction and also clarify why this strategy is mechanistically
associated with low cavitation resistance. Based on the high
physiological activities of APV, which should be associated with
high respirational cost, carbon allocation to structural (e.g., fiber
and vessel cell walls for high cavitation resistance) and non-
structural components (e.g., starch storage in APV for embolism
repair) in the xylem may be relevant in this trade-off.

Coordination between parenchyma and carbon storage

Carbon storage within sapwood buffers the imbalance between
the supply and demand of carbon, contributing to the sur-
vival of trees in a changing environment, particularly under
drought conditions (Chapin et al. 1990, McDowell et al. 2008,

Tree Physiology Online at http://www.treephys.oxfordjournals.org

20z udy 61 U0 1sanb Aq 9Z00£E9//EE/Z/ZIo10IE/SAYdeI)/WO0 dNo"olWwapese)/:SdRY WOy POPEOIUMOQ



346 Kawai et al.

X2=1733
P=0.50
Fraction of axial 002"
i i
— o
-0.50 t parenchyma Y PLC (%)
0.30 M Re =0.27
Fraction of ray ﬂ, Starch concentration
parenchyma (mg cm3)
-0.35 * R? =0.28
Fraction of vessels Kinax
— 1 -1 -1
oea~| (kgm'istMPaT)
R? =0.69

Figure 5. Path model for the relationships between xylem anatomy and functions among 15 woody species in the Bonin Islands, Japan. The overall
model fit was evaluated by X*-test and selected from alternative models by AIC comparisons. R* values represent the proportion of interspecific
variance explained. Unidirectional arrows indicate direct paths from one variable to another one and bidirectional arrows indicate correlations between
two variables. Numbers and symbols on arrows indicate standardized partial regression coefficients and significant levels, respectively. Dotted lines
indicate non-significant paths. Parenchyma traits were filled with light gray. ***P < 0.001; *P < 0.05; T0.05 < P < 0.10.

Hartmann and Trumbore 2016, Yoshimura et al. 2016, Kono
etal. 2019). Thus, clarifying the control of carbon storage within
sapwood would provide an insight into the responses of trees
to drought. In this study, we showed that fractions of RP and
AP were positively associated with the storage of starch and
NSC (Figures 2 and 5, Table 2). Although similar correlations
have been observed in temperate forests with distinct dormant
seasons (Plavcova et al. 2016, Chen et al. 2020, Pratt et al.
2021), our study was the first to investigate this using ever-
green trees in a subtropical climate, emphasizing the importance
of anatomical constraints for sapwood carbon stores. However,
our NSC measurement was carried out only in summer, when
a high level of starch is expected (our unpublished data)—
probably associated with greater constraints on carbon demand
than carbon uptake by drought (Wirth et al. 2005). As such,
the storage capacity of individual parenchyma cells may have
reached their maxima. Thus, future studies should examine
whether parenchyma fraction precisely predicts carbon storage
in different species, regardless of its seasonal variations (Hoch
et al. 2003, Wirth et al. 2005, Martinez-Vilalta et al. 2016).
In addition, anatomical properties other than parenchyma may
additionally influence carbon storage (Plavcova etal. 2016, Pratt
et al. 2021). For example, L. micranthum was found to have a
high NSC content for low fractions of parenchyma because this
species may store starch additionally in living fibers, which we
did not consider.

In contrast to starch, the concentration of soluble sugars
did not depend on parenchyma fraction across species. In this
study, sampling was conducted in the summer, during which
trees may allocate soluble sugars for various functions, such

as respiration, osmoregulation and the recovery of hydraulic
conductivity (Salleo et al. 2004, Hartmann and Trumbore 2016,
Kono et al. 2019) in a species-specific manner (Yoshimura et al.
2016). If so, the content of soluble sugars in each parenchyma
cell would differ among species, and the total sugar content
within xylem would not be related to the amount of parenchyma.

Coordination between parenchyma fraction with sapwood
density

The spatial trade-off for vessels, fibers and parenchyma poten-
tially results in a trade-off between xylem functions (Pratt and
Jacobsen 2017). An increased parenchyma fraction decreased
the vessel and fiber fractions, but did not lower sapwood density
(Table 2), which was consistent with previous studies (Poorter
etal. 2010, Zheng and Martinez-Cabrera 201 3, Zieminska et al.
2015, Janssen et al. 2020). This independence was the same
for RP and AR suggesting that parenchyma fraction does not
influence sapwood density, and thus the mechanical strength
(stiffness and fracture toughness) of the xylem for the species
studied. Because wood density is often strongly and negatively
correlated with hydraulic capacitance (Meinzer et al. 2003,
2008, Scholz et al. 2007), parenchyma fraction would not be
related to capacitance, as found in previous studies (Jupa et al.
2016, Zieminhska et al. 2020). Alternatively, our results suggest
that hydraulic capacitance is more highly associated with vessel
anatomy, such as vessel fraction and potential conductivity
(Figure 3b and Table 2) or vessel contact fractions with fibers
or parenchyma (Zieminska et al. 2020), consistent with the
observation that the main water source of capacitance during
the early dehydration phase is from vessels (Yazaki et al. 2020).
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Combining such a high capacitance with conductive vessels
may prevent the drop in XWP during mild drought conditions
(Table 2).

Overall coordination between xylem anatomy and function

Two covariation axes among the xylem functions existed
across species, and AP and RP were involved in different
axes (Figure 4). In the first axis, which accounted for 33.2%
of the total variation, negative relationships were observed
between the maximum water conductivity (Kmax and Kp) and
concentrations of soluble sugars and starch, wood density
and resistance to vessel implosion (RI), suggesting that xylem
hydraulic efficiency trades off with storage function, mechanical
strength and possibly cavitation resistance. These relationships
partially reflect the negative relationship between the fraction of
vessels and that of the total and RP; that is, the increased vessel
fraction enhances conductivity, but lowers the carbon storage
capacity by decreasing parenchyma fraction. The second axis,
which accounted for 31.2% of the total variation, represented
the relationships between the native cavitation level and AP
and vessel anatomy, such that xylem with a high fraction of AP
and APV, and large vessels is associated with greater cavitation
level. Some relationships in the above trade-offs have been
demonstrated in previous studies (Hacke et al. 2001, Santiago
et al. 2004, Jacobsen et al. 2005, Preston et al. 2006, Pratt
and Jacobsen 2017, but for hydraulic efficiency vs. cavitation
resistance, see Gleason et al. 2016a, Sanchez-Martinez et al.
2020). However, in this study, we proposed that, in addition to
vessel anatomy, the carbon storage and parenchyma fraction
are also important factors related to covariations in xylem
function.

Conclusion

This study evaluated the coordination between parenchyma
fraction and xylem hydraulic properties and storage capacity
of NSC using 15 drought-adapted woody species on a sub-
tropical island. The fraction of AP, especially that of APV, was
positively correlated with the native cavitation level during the
summer. The fraction of RP was negatively correlated with
xylem hydraulic efficiency, and higher fractions of RP and AP
were associated with high starch storage capacity. These results
suggest that parenchyma fraction underlies species variation
in xylem hydraulic and carbon use strategies, wherein xylem
with a high fraction of AP and APV may adopt an embolism
repair strategy through an increased storage of starch with
low cavitation resistance. We suggest that investigations of
parenchyma anatomy and its associations with other tissues
would provide further insights into the resource use strategies
of water and carbon, and therefore the life history strategies, of
woody plants.
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Supplementary data for this article is available at Tree Physiology
online.
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