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Stomata are pivotal in modulating water and carbon processes within plants. However, our understanding of the temporal dynamics of water-
and carbon-related traits, as influenced by stomatal behavior, remains limited. Here, we explore how stomatal regulation behavior and water-
and carbon-related traits vary with changing environments by examining the seasonal variations in these traits of the native tree species Schima
superba Gardn. et Champ. in low subtropical China. In February, April and July of 2022, a series of water- and carbon-related traits were measured
in the leaves and stems. The results showed that S. superba exhibited isohydric behavior in February when the soil dried out and vapor pressure
deficit (VPD) was lower but anisohydric behavior in April and July when the soil was wetter and VPD was higher. In February, nonstructural
carbohydrates (NSC) and their components increased, and a relatively large contribution of soluble sugars to the change in NSC was observed.
In the branches and phloem, NSC and their components displayed a relatively high monthly variability, suggesting their role in maintaining
carbon balance within the trees. Conversely, the NSC in the leaves demonstrated minimal monthly variability. The specific leaf area, as well
as the concentration of nitrogen (N) and phosphorus (P) per unit mass in leaves and the cumulative stem water release, exhibited a decrease
with a reduction in soil water potential. Interestingly, the hydraulic conductivity remained consistent throughout this process. Furthermore, the
relatively low monthly growth rate observed in February could suggest a carbon sink limitation. In conclusion, the increased NSC and decreased
water status of S. superba under relatively stressed soil conditions indicated a trade-off between water and carbon storage. Our findings enhance
our comprehension of the dynamics and regulation of water and carbon status in forests, thereby advancing the development of plant carbon
and water process models under climate change scenarios.
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Introduction

Over the past two decades, increasing drought and tem-
perature stress due to intense anthropogenic activity have
triggered widespread tree mortality and severe forest decline
(Anderegg et al. 2013, Hartmann et al. 2018). Hydraulic
failure, characterized by the blockage of water transport due
to xylem embolism, and carbon starvation, marked by an
inability to sustain metabolism due to a negative carbohydrate
balance, are two of the main mechanisms driving mortality in
forest trees under water stress (McDowell et al. 2008, Adams
et al. 2009, Brodribb and Cochard 2009, Choat et al. 2012,
Plaut et al. 2012). This underscores the pivotal role of carbon
and water processes in modulating vegetation responses to
environmental shifts.

Plant water-use strategies can be categorized along a con-
tinuum from isohydric to anisohydric based on stomatal
behaviors in response to natural fluctuations in soil water sta-
tus and evaporative demand (Tardieu and Simonneau 1998,
McDowell et al. 2008, Klein 2014, Hochberg et al. 2018).
Isohydric plants are capable of reducing stomatal conduc-
tance to sustain a constant midday leaf water potential when
confronted with carbohydrate depletion under decreasing soil
water potential and air-drying conditions, whereas anisohy-
dric species allow water potential to decrease and maintain

carbon assimilation rates at the expense of hydraulic failure
(McDowell et al. 2008). To date, numerous studies have
reported the responses of isohydric and anisohydric species
to drought (Garcia-Forner et al. 2017, Yi et al. 2017, Fu
et al. 2019). However, Hochberg et al. (2018) presented the
opinion that iso/anisohydric behavior varied with soil water
potential. The ecosystem- and species-level analyses based on
the published field observations by Wu et al. (2021) confirmed
the aforementioned conclusion. The Sangiovese grape vari-
ety exhibited anisohydric behavior at a soil water potential
greater than −0.6 MPa, but adopted an isohydric strategy
when the soil water potential ranged between −0.6 MPa and
−1.1 MPa (Poni et al. 2007). In accordance with a minimal
model that is grounded in Darcy’s law, it has been observed
that plants exhibit anisohydric characteristic under conditions
of abundant water availability, specifically when the soil water
potential exceeds −0.5 MPa (Hochberg et al. 2018). Similar
findings have been reported in other studies that indicate
an increase isohydry in soil water stress and an increase
anisohydry in high soil water availability (Collins et al. 2010,
Domec and Johnson 2012, Zhang et al. 2012, Meinzer et al.
2016). In other words, the classification of iso/anisohydry
may show a temporal trend with changing environmental
conditions. However, few studies have examined the temporal
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patterns of stomatal regulation behavior. Consequently, it is
imperative to conduct studies on the same species across a
spectrum of environmental conditions in order to differentiate
between iso- and anisohydric behaviors (Hochberg et al.
2018).

In most studies, iso/anisohydry has been defined by alter-
ations in midday leaf water potential in responses to shifts
in soil water potential during prolonged drought conditions
(Meinzer et al. 2016, Martínez-Vilalta and Garcia-Forner
2017, Hochberg et al. 2018). However, the initial article,
which described iso/anisohydric behavior, emphasized that
isohydric species not only depend on soil water status, but
also maintain a stable leaf water potential in response to
evaporative demand during the day (Tardieu and Simonneau
1998). Anisohydric species demonstrate accelerated stomatal
responses and a decrease in leaf water potential as evaporative
demand increases during the day (Tardieu and Simonneau
1998, Meinzer et al. 2017). In contrast, Fu et al. (2019) indi-
cated that stomatal responses to evaporative demand were not
related to the iso/anisohydric strategy. Because Meinzer et al.
(2017) and Fu et al. (2019) conducted irrigated experiments in
the same climate-controlled greenhouse, the stomatal response
of natural forests to evaporative demand during the day may
appear inconsistent with their results. Thus, in addition to
the change in water potential with soil water status, stomatal
responses to evaporative demand could also be used to assess
iso/anisohydry in the field.

The increase in nonstructural carbohydrates (NSC) due to
elevated atmospheric CO2 levels has the potential to alle-
viate tree mortality caused by drought (Liu et al. 2017, Li
et al. 2018, 2022). This highlights the significance of carbon
storage capacity within plants in response to climate change.
Regardless of phenology, plants with higher NSC exhibited
enhanced drought resistance due to osmoregulation, defense
mechanisms and embolism repair (Woodruff and Meinzer
2011, Woodruff et al. 2015, Tomasella et al. 2019, Trifilò
et al. 2019). In addition to alterations in plant water sta-
tus, NSC may also be influenced by changes in source–
sink activity due to stomatal regulation behavior (Dietze
et al. 2014, Signori-Müller et al. 2021). For instance, Populus
bolleana Lauche, characterized by its tight stomatal control,
exhibited NSC depletion in its branches during extended
drought periods compared with Haloxylon ammodendron,
which possesses weaker stomatal control (Xu et al. 2023).
However, Jiang et al. (2021) showed that species with more
isohydric strategies accumulated NSC in the dry season due
to high photosynthetic rates and hydraulic capacitance. In
contrast, Körner (2003) and Würth et al. (2005) indicated
that the increase in NSC during dry seasons due to starch
was caused by restricted growth rather than photosynthesis. In
addition to the influence of photosynthesis and growth status
on NSC, carbohydrate reserves were unable to be utilized
during a phloem transport failure due to the presence of
positive hydrostatic pressure in the xylem caused by high
xylem tension during drought conditions (Hölttä et al. 2009,
Ruehr et al. 2009, McDowell and Sevanto 2010, Adams et al.
2013). However, water stored in plants can serve as a buffer
against xylem stresses (Scholz et al. 2011, Kocher et al. 2013,
Kaplick et al. 2018, Janssen et al. 2020), thereby facilitating
the preservation of hydraulic integrity and physiological activ-
ity. In comparison with anisohydric species, isohydric species
exhibited a stronger reliance on stored water rather than NSC
depletion during dry seasons (Kumagai et al. 2009, Kocher

et al. 2013, Matheny et al. 2015, Jiang et al. 2021). Conversely,
the use of water storage to sustain elevated transpiration rates
and the accumulation of NSC during drought in anisohydric
species has been reported in previous studies (Yi et al. 2017,
Xu et al. 2023). Therefore, the discrepancy between studies
underscores the need to elucidate the relationship between
water and carbon processes in plants and stomatal control to
understand forest dynamics under changing environments.

In this study, we hypothesized that (i) tree species show
isohydric behavior at low soil water potential and anisohydric
behavior at a sufficient soil water status, and (ii) seasonal
changes in stomatal regulation behavior are associated with
the water status of xylem and NSC. To test the aforementioned
hypotheses, we measured sap flux density and stem radius
changes at breast height, leaf water potential, NSC concen-
trations in four tissues (namely, leaves, branches, xylem and
phloem), and other water- and carbon-related traits of leaves
and stems across seasons for a native tree species, Schima
superba Gardn. et Champ., in low subtropical China.

Materials and methods

Site description

This study was conducted at the S. superba plantation (23◦10′
N, 113◦21′ E and 41 m elevation) located in the South
China National Botanical Garden in Guangzhou, Guangdong
Province, China. This region is characterized by an Asian
monsoon climate, which is distinguished by its mild winters
and hot, rainy and humid summers. The average annual
temperature and precipitation in the region are 20.9 ◦C and
2079.6 mm, respectively, as per data from 2012 to 2021
(Ouyang et al. 2022). Notably, 78.7% of the average annual
precipitation occurs between April and September, consti-
tuting the wet season in this area (Figure S1a available as
Supplementary data at Tree Physiology Online). During the
dry season, which spans from October to March, there is
a significant decrease in the ratio of precipitation to evapo-
transpiration (an indicator of the drought index) compared
with the wet season (Figure S1b available as Supplementary
data at Tree Physiology Online; 0.61 vs 1.38; P < 0.05;
n = 10). The division of dry and wet seasons mentioned above
was consistent with that in some previous studies in low
subtropical China, such as the study by Zhu et al. (2013).
The soil is identified as a loam type, exhibiting a pH of
4.10, organic matter content of 22.52 g kg−1, total nitrogen
content of 0.68 g kg−1 and available phosphorus contents
of 1.74 mg kg−1. S. superba dominates the evergreen broad-
leaved forests, characteristic of subtropical regions. This light-
demanding species undergoes a phase of new leaf production
in February, followed by rapid growth from early July to early
September, and lignification between mid-September and the
end of October. This plantation was established in the mid-
1980s. The plant density is 767 trees ha−1, as determined by a
survey conducted on a 30 m × 20 m plot in 2023. Recently, the
understory has been predominantly inhabited by Psychotria
rubra (Lour.) Poir. var. rubra.

Environmental variables

Photosynthetically active radiation (PAR), air temperature (T)
and relative humidity (RH) were monitored using SQ (Apogee
Instruments, USA) and HygroVUE5 sensors (Campbell Sci-
entific, USA) mounted on a tower above the canopy in the

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae016#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae016#supplementary-data
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Table 1. Tree height (H, m), diameter at breast height (DBH, cm) and crown area (Ca, m2) of five sample trees.

No. H DBH Ca Fd monitoring

1 16.53 29.50 30.60 •
2 18.13 28.05 17.02 •
3 16.97 28.80 22.79 •
4 14.83 15.50 5.70
5 16.83 36.40 20.68 •
Mean 16.66 (0.53) 27.65 (3.38) 19.36 (4.07)

Standard errors are shown in parentheses. • indicates sample trees with sap flux probes.

plantation. The vapor pressure deficit (VPD) was determined
using the equation provided below (Campbell and Norman
1998):

VPD = a × exp [b × T/ (c + T)] × (1 − RH) (1)

where a, b and c are constants.

Tree properties

Diameter at breast height (1.3 m above ground, DBH), crown
width in two perpendicular directions and tree height (H)
were measured using a diameter tape, measuring tape and
VERTEX IV dendrometer (Haglöf Inc., Sweden), respectively.
The area of the crown (Ca, m2) was calculated by multiplying
the widths of the crowns in both vertical directions. The
properties of the trees are listed in Table 1. To collect the leaves
and branches of the tree crown, five trees were selected in close
proximity to the observation tower. The size of the sample tree
is distributed on both sides of the DBH frequency distribution
(Figure S2 available as Supplementary data at Tree Physiology
Online). Because the coordinated relationships between water-
and carbon-related traits were revealed by analyzing their
seasonal patterns at the whole-plant level, we did not consider
the influence of tree size on the reliability of the results. The
stand-level leaf area index (LAI) was determined through
the utilization of the LAI-2200c plant canopy analyzer (LI-
COR, Inc., USA) by randomly selecting multiple points on a
monthly basis. The leaf area (AL) and sapwood area at breast
height (As) of individual sample trees were calculated based
on the allometric relationship between AL or As and DBH,
as established for other individual trees near the experimental
site as follows:

log (AL) = 1.6722 × log (DBH) + 3.1988 (n = 5) (2)

As = 0.6841 × (DBH)2.0266 (n = 15) (3)

Moreover, accounting for the seasonal variations in leaf
area, the leaf area of each sample tree (AL

′) was adjusted by
the seasonal changes in LAI.

Leaf water potential

Three to five branches with leaves of sample trees exposed to
the sun were cut for leaf water potential (ψL, MPa) measure-
ments using a pressure chamber (1000; PMS Instrument Co.,
USA) every hour from 5:00 h in the wet season and 6:00 h
in the dry season to 19:00 h (Beijing Standard Time) on the
sunny days of 15 February, 7 April and 10 July 2022. The
predawn ψL (ψL-pre) and midday ψL (ψL-mid) were taken as
the ψL measured at either 5:00 h or 6:00 h and the lowest ψL

during the day, respectively. Due to the disequilibrium between
ψL-pre and soil water potential (Bucci et al. 2005, Novick et al.
2022), three branches of each of the three sample trees were
wrapped in aluminum foil and cling wrap after sunset on the
day before the experiment and then measured simultaneously
with ψL-pre to represent soil water potential.

Sap flux density, canopy-level transpiration and
mean stomatal conductance

Two 2-cm-long probes were installed on the north side of
the four sample trees, ∼15 cm apart to monitor sap flux
density (Granier 1987). The probes were covered with a
plastic box and an aluminum shield to protect them from rain
and direct sunlight. The sap flux density per unit sapwood
area (Fd, g m−2 s−1) was determined using an empirical
relationship based on the temperature difference between
two probes and measured at 30-s intervals, averaged every
10 min, and recorded with a data logger (DL2e; Delta-T
Devices, Ltd, Cambridge, UK). When scaling Fd to canopy-
level transpiration, it is crucial to consider the radial and
circumferential variations in Fd, as well as tree length (time
lag) and stem water storage. The nonsignificant difference in
Fd among the different stem directions of S. superba (Zhang
et al. 2016) suggested that Fd on the north side of the trees
could represent the average sap flux in this study. A small
effect of stem water storage on transpiration at the canopy
level was demonstrated from a widely published data set
(Oren et al. 1999). Furthermore, even in northern China,
where there is a relatively large water deficit, only 6% to
7% of the sap flux is stored in the stems of coniferous
and broad-leaved tree species (Liu et al. 2021). We hypoth-
esize that the contribution of water storage to canopy-level
transpiration may have been overlooked in southern China,
where rainfall is abundant. According to the diurnal pattern
of Fd and PAR, sap flux at breast height started ∼20 min
after the initiation of PAR (Figure S3 available as Supple-
mentary data at Tree Physiology Online). Thus, this time lag
was implicated in scaling Fd to canopy-level physiological
parameters.

At this study site, the radial Fd patterns showed no signifi-
cant difference in Fd at the 0–2 and 2–4 cm depths, whereas
Fd was 15% lower at a depth of 4–6 cm than that in the
outermost 4 cm (Zhang et al. 2016). The sapwood depths (Ds)
of the sample trees monitored in our study were 3.76, 3.57,
3.66 and 4.66 cm. Thus, the Fd of the sample trees with Ds <

4 cm represented the mean sap flux density of all the sapwood,
and the mean Fd (Fd

′) of the fourth sample tree with Ds > 4 cm
was calculated as follows:

Fd
′ = [

Fd × As(0−4) + 0.85 × Fd × As(Ds−4)

]
/Ds (4)

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae016#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae016#supplementary-data
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where As(0–4) is the As in the outermost 4 cm of sapwood
and As(Ds-4) is the As at a sapwood depth after subtracting
the outermost 4 cm from the whole sapwood depth.

To evaluate the efficiency of water transport in the stem
xylem, the daily stem hydraulic conductivity (Ks) was deter-
mined by calculating the slope of the linear relationship
between the mean Fd

′ of the sample trees and ψL in each
month.

The transpiration rate per unit leaf area (EL, g m−2 s−1) was
calculated as follows:

EL = Fd
′ × As/AL

′ (5)

The LAI was 1.82 (±0.02), 2.77 (±0.04) and 2.94 (±0.12)
m2 m−2 in February, April and July of 2022, respectively, indi-
cating a good coupling between the canopy and the surround-
ing atmosphere in this plantation. Therefore, the mean canopy
stomatal conductance (Gs, mol m−2 s−1) was calculated as
follows (Schäfer et al. 2000):

Gs = (Gv × Tk × Vm × EL) /VPD (6)

where Gv is the universal gas constant adjusted for water
vapor, Tk is the air temperature in Kelvins (K) and Vm is the
molar volume of the gas.

Characteristics of iso/anisohydry under changing
soil water status and VPD

The behavior of stomatal regulation was evaluated based
on the stomatal responses to VPD during the day and
soil water potential across seasons. First, the correlation
between daily Gs and VPD under unconstrained light
conditions (approximately photosynthetically active radiation
>1000 μmol m−2 s−1) was determined as follows (Oren et al.
1999):

Gs = Gsref − m × ln (VPD) (7)

where Gsref is the reference Gs value at a VPD of 1 kPa and
m, as dGs/dln(VPD), is the stomatal sensitivity to VPD. The
shallow slope of the relationship between dGs/dln(VPD) and
Gsref, dGs/dln(VPD)/Gsref, suggests a less strict regulation of
leaf water potential with increasing VPD (Oren et al. 1999).

Second, using the definition framework of Roman et al.
(2015) and Yi et al. (2017), the correlation between the
water potential gradient (�Ψ ) and Gs across seasons can be
determined as follows:

Gs = 1
VPD

× Ks × (ΔΨ ) (8)

where Ks is the whole-plant hydraulic conductance and grav-
itational contribution to water potential is neglected, and
�Ψ = Ψ s − Ψ L, with Ψ s representing the soil water potential.
Assuming that Ks remains constant with soil water status, for
isohydric behavior, �Ψ decreases as Ψ L remains constant, and
Gs and its sensitivity to VPD decrease during drought periods
compared with the water-abundant period. As there was no
difference in Ψ L-pre between April and July, this definition
framework could not be used to characterize iso/anisohydry
in these two months.

Leaf and stem traits

During the ψL measurement, ∼10 leaves per sample tree were
collected for leaf trait measurements. After the leaf area was
measured using a LI-3000C leaf area meter (LI-COR, Inc.,
USA), the leaves were dried at 65 ◦C to constant weight, and
then the dry weight was measured. The specific leaf area (SLA)
was calculated by dividing leaf area by dry weight. Given
that leaf traits exhibit a stronger and simpler coordination
on a mass basis, and are closely associated with growth rates
(Lambers and Poorter 1992, Wright et al. 2004), nitrogen
(N) and phosphorus (P) concentrations were expressed on a
mass basis. Leaf N and P concentrations per unit mass (Nmass
and Pmass, respectively) were determined using the oxidation–
reduction method with a MACRO cube elemental analyzer
(Elementar, Germany) and P-V-Mo colorimetry with an L6S
ultraviolet spectrophotometer (INESA Scientific Instrument
Co., Ltd, Shanghai, China), respectively.

During the experiment, the outermost sapwood at breast
height was collected and immediately transferred to the labo-
ratory. After measuring the fresh weight (Wf, g), the volume
of wood (Vw, cm3) was determined using a volumetric dis-
placement method. The samples were immersed in ultrapure
water until a constant weight was achieved. The saturated
weight (Ws, g) was measured. The samples were then dried
to constant weight at 65 ◦C, and the dry weight (Wd, g) was
measured. The wood density (WD) was calculated as Wd/Vw.
The relative water content (RWC) was expressed as the ratio
of the stem segment’s water to its maximum mass of stored
water, calculated using the following formula:

RWC = (
Wf − Wd

)
/
(
Ws − Wd

)
(9)

The cumulative water release in the stem (CWR, g cm−3)
was employed to evaluate the xylem hydraulic capacitance,
calculated using the following formula (Jiang et al. 2021):

CWR = (1 − RWC)×(
Ws − Wd

)×(
1000 × WD/Wd

)
(10)

The daily stem circumference fluctuations (μm) were mon-
itored using a DC3 series dendrometer (Ecomatik, Germany)
on two sample trees (No. 3 and 4) in close proximity to
the sap flux density monitoring positions and recorded syn-
chronously with the sap flux. Increased stem shrinkage during
the day is indicative of a greater depletion of stem water
storage (Steppe et al. 2015). The daily range of stem circum-
ference (Cr, μm) was used to assess water storage withdrawal
and was calculated by subtracting the minimum stem circum-
ference from the maximum per day. The monthly growth
rate (CG, μm) was calculated as the difference between the
maximum stem circumference measured on the first day and
that measured at the end of the month. The daily shrinking
and swelling of the stem (a process known as depletion and
replenishment of stem water reserves) was determined using
the stem size at 0:00 h of the day as a reference point. Namely,
if the data measured with the dendrometer were above 0 μm,
this indicated stem swelling and vice versa.

Nonstructural carbohydrates

Approximately 10 leaves, branches without leaves, outermost
sapwood and phloem at breast height were collected and
placed in a polystyrene box with ice on the same day that ψL
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was measured. Because the bark may have negligible effects
on branch NSC (Würth et al. 2005), the bark of branches
was retained in this study. After measuring the fresh weight,
samples were oven-dried at 105 ◦C for 30 min to inhibit
enzymatic activity and then at 65 ◦C to a constant weight.
Dried samples were ground to a fine powder and sieved
through 100-mesh sieves. NSC are defined as a combination
of soluble sugar and starch. The concentrations of soluble
sugars (SS, %) and starch (%) were measured by the anthrone
colorimetry method. A dry sample (0.5 g) was poured into
a centrifuge tube (50 mL), 10 mL 80% ethanol was added
and the mixture was stirred continuously in an 80 ◦C water
bath for 30 min. After centrifugation, the supernatant was
collected, the residue was repeatedly extracted twice with
10 mL 80% ethanol, and all supernatants were then combined
and volumed with 80% ethanol. The SS extraction residue
was transferred to a 50-mL volumetric flask, combined with
20 mL hot distilled water, boiled in a boiling water bath for
30 min, extracted with 9.2 mol L−1 perchloric acid for 15 min
and then thoroughly mixed after cooling. After centrifuga-
tion at 4000 r.p.m. for 10 min, the residue was repeatedly
extracted with 10 mL distilled water until the starch hydroly-
sis completeness test no longer showed blue. The supernatant
was combined and diluted to 100 mL with distilled water.
The starch and SS concentrations were determined using
an ultraviolet spectrophotometer (UV-1800PC; Mapada Inc.,
Shanghai) and a standard curve. The ratio of SS to starch
(SS/starch) was calculated to examine the variation in SS
relative to starch, as the rate of change in SS and starch can
differ in a changing environment.

Statistical analyses

The comparison of environmental factors across seasons was
conducted using a one-way ANOVA. The ψL-pre of both the
covered and uncovered branches with aluminum foil were
compared utilizing the t-test for paired samples. The com-
parison of ψL-pre and ψL-mid across seasons was conducted
using a repeated-measures general linear model. The linear
relationship’s slope between mean Fd

′ and ln(−ψL), Gs and
ln(VPD), and Gs and ψL, as well as the intercept of this
relationship between mean Fd

′ and ln(−ψL) (reference Fd
′), Gs

and ln(VPD) (Gsref) for sample trees across different months,
were compared using a univariate analysis of variance within
the general linear model. The NSC, SS or starch concentra-
tions, as well as the SS/starch in leaves, branches, sapwood and
phloem at breast height across seasons and tissues were com-
pared using a repeated-measures general linear model. The
interactive effects of tissue and season on NSC, SS and starch
were considered. When the interactive effects were significant,
a simple main effect was performed using the ‘EMMEANS’
function. The seasonal variations in leaf and stem traits (SLA,
Nmass, Pmass and CWR) were assessed using a repeated-
measures general linear model. Pairwise comparisons were
conducted using the Bonferroni or least significant difference
adjustment. The above analyses were performed using SPSS
software (version 16.0; IBM SPSS Statistics, USA). The relative
importance of SS and starch for NSC variation across seasons
was analyzed using the lmg approach of the relaimpo package
developed by Grömping (2007) in R software (version 4.1.2,
R Core Team 2021). The seasonal variability of NSC and their
components was determined using the quartile coefficient of
dispersion (QCD) (Rosas et al. 2019), which was calculated

based on the lower and upper quartiles in Microsoft Excel
version 16 (Zhu and Zhao 2023).

Results

There was a distinct difference in VPD across seasons
(Figure 1). The diurnal maximum VPD in February (1.14 ±
0.11 kPa) was lower than that in the other two months.
However, there was no significant difference in the diurnal
maximum VPD in April and July (3.07 ± 0.31 and
3.29 ± 0.14 kPa in April and July, respectively). There
was no significant difference in ψL between aluminum foil-
wrapped leaves and unwrapped leaves (data not shown,
P > 0.05), suggesting that ψL-pre can be considered as an
indicator of soil water potential. As shown in Table 2, the
ψL-pre was significantly lower in February than in April and
July, indicating a relatively high level of soil water stress in
February.

Variations in leaf water potential and mean canopy
stomatal conductance across seasons

ψL-mid in February was not significantly different from that
in April and July, while it was lower in July than in April
(Table 2), indicating that S. superba showed isohydric behav-
ior at lower soil water potential. The diurnal patterns of
Gs and ψL showed a single peak type (Figure 2a). Com-
pared with February, ψL remained stable for a relatively long
period at midday in April and July. Based on the pooled
data from the four sample trees, Gs exhibited an increase
with a decrease in ψL in February and April. However, no
discernible correlation between Gs and ψL was observed
in July (Figure 2b). Although the slope of the regression
line correlating Gs with ψL was relatively steep in Febru-
ary compared with April, this difference lacked statistical
significance.

In unconstrained light conditions, Gs decreased with VPD
increased (Figure 3). Gsref exhibited significant seasonal
variations (8.10 mmol m−2 s−1, 17.14 mmol m−2 s−1

and 14.62 mmol m−2 s−1 in February, April and July,
respectively), with the lowest value in February and the
highest value in April (P < 0.01). The stomatal sensitivity to
VPD (dGs/dln(VPD)) was significantly higher in April than
in February and July. Meanwhile, dGs/dln(VPD)/Gsref was
relatively high in February compared with in April and July, at
0.81, 0.51 and 0.49, respectively, which was consistent with
the narrow VPD range in February (0.91–1.83, 2.07–4.50
and 2.06–3.37 kPa in February, April and July, respectively),
suggesting strict stomatal regulation of ψL in February and
less strict stomatal regulation in April and July as VPD
increased.

Variations in nonstructural carbohydrates, soluble
sugars, starch concentration and the ratio of
soluble sugar to starch across tissues and seasons

Interactive effects of tree tissue and season on variations in
NSC, SS and starch concentrations were observed (P < 0.01).
Pairwise analyses revealed that the NSC, SS, starch concen-
tration and SS/starch were generally higher in February than
in the other two months (Figure 4). In February, the NSC
in phloem was higher than that in the other three tissues,
and SS in leaves and phloem was higher, which led to a
higher SS/starch in these two tissues than in the other tissues.
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Figure 1. Monthly mean vapor pressure deficit (VPD) in 2022. Data for December are missing. The diurnal pattern of VPD during the experiment on 15
February, 7 April and 10 July 2022 is shown in the insert.

Table 2. Comparisons of predawn (ψL-pre, MPa) and midday (ψL-mid, MPa) leaf water potential across seasons (in February, April and July).

February April July F P Effect size

ψL-pre −0.25 (0.02)b −0.19 (0.02)a −0.17 (0.01)a 16.62 0.001 0.68
ψL-mid −1.22 (0.05)ab −1.04 (0.02)a −1.47 (0.11)b 9.19 0.008 0.52

Standard errors are shown in parentheses. Different letters indicate significant differences in ψL between months.

Figure 2. Diurnal patterns of mean canopy stomatal conductance (Gs) and leaf water potential (Ψ L) (a) and their correlation (b) during the experiment on
15 February, 7 April and 10 July 2022. Each data point represents the mean Gs and Ψ L of the sample trees. Panel (b) shows the linear regression model,
and ns shows no significant correlation between the mean Gs and Ψ L in July.
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Figure 3. Relationship between mean canopy stomatal conductance (Gs) and vapor pressure deficit (VPD) on 15 February, 7 April and 10 July 2022. Data
were selected under conditions where light may not have been limiting. Gsref is the reference Gs value at a VPD of 1 kPa. The asterisk represents a
significant difference in stomatal sensitivity to VPD in April compared with the other two months at P < 0.05.

Table 3. Quartile coefficient of dispersion (QCD) of nonstructural carbohy-
drates (NSC), soluble sugar (SS), starch concentration and the ratio of SS
to starch (SS/starch) in four tree tissues (leaf, branch, stem sapwood and
stem phloem at breast height) across seasons.

NSC SS Starch SS/starch

Leaf 0.08 0.27 0.11 0.30
Branch 0.24 0.20 0.27 0.22
Sapwood 0.17 0.22 0.21 0.26
Phloem 0.24 0.33 0.21 0.27

The ratio of SS to starch concentration in the leaves was
higher in February, while other tissues showed no change
in SS/starch across seasons. As shown in Table 3, compared
with the other three tissues, the high QCD of SS and the
relatively low QCD of NSC and starch in leaves may have
caused the relatively high QCD of SS/starch in leaves across
seasons. In both branches and phloem, the QCD of NSC
was relatively high across seasons, suggesting a high plas-
ticity in response to fluctuating environmental conditions.
The relative importance of SS and starch for changes in
NSC was found to be 61.57% and 38.43%, respectively
(Figure 5).

Variations in leaf and stem traits across seasons

Specific leaf area, Pmass and CWR were lower in February than
in April and July, whereas Nmass was lower in February than in
July and did not significantly differ in April compared with in
February and July (Table 4). The CG of the two sample trees
was relatively low in February compared with that in the other
two months. The daily dynamics of stem circumference at
breast height differed between the two tree samples (Figure 6).
In No. 3, the stem water reserves exhibited a state of
replenishment during the morning, with depletion beginning
in the afternoon (approximately at 12:00 h or 14:00 h). This
trend is likely attributable to diurnal variations in sap flux
density. Specifically, for No. 3, the daily variation range of
stem circumference was 64, 168 and 288 μm on 15 February,

7 April and 10 July 2022, respectively. Likewise, the depleted
water storage was relatively low in February than in the other
two months, as indicated by the small value of < 0 μm, which
was consistent with a lower CWR. The mean Fd

′ increased
logarithmically with decreasing ψL. The estimated stem
hydraulic conductivity (Ks, slope of the relationship between
mean Fd

′ and ψL) did not significantly differ among months,
although it was relatively high in April compared with the
other two months (Figure 7, data not shown, F = 3.762 and
P = 0.064 for February vs. April, F = 3.861 and P = 0.060
for April vs. July, and F = 0.003 and P = 0.958 for February
vs. July). The intercepts of the relationship between mean
Fd

′ and ψL (a proxy for reference Fd
′) were found to be

22.514 g m−2 s−1, 33.796 g m−2 s−1 and 29.897 g m−2 s−1

in February, April and July, respectively, with February
having a smaller intercept (lower reference Fd

′) than April
and July.

Discussion

This study elucidated the temporal dynamics of stomatal
responses to soil water potential and VPD, stem hydraulic
conductivity, stem radial growth and water status, NSC, SLA,
Nmass and Pmass for S. superba, a native tree species in low
subtropical regions of China. Smaller stomatal sensitivity to
VPD (dGs/dln(VPD)) and reference stomatal conductance
(Gsref) and constant Ψ L-mid in relatively water-stressed months
(February) compared with that during the period of relatively
sufficient soil water (April and July), as shown in Table 2
and Figure 3, indicated an isohydric characteristic, whereas
relatively low dGs/dln(VPD)/Gsref and variable Ψ L-mid in
April and July illustrated an anisohydric behavior, supporting
our first hypothesis. A higher NSC, their two components,
and SS/starch in February than in the other two months
and a relatively large contribution of SS to the seasonal
variation in NSC relative to starch were found, suggesting the
demand of NSC for osmoregulation under unfavorable soil
water conditions. The reduced photosynthetic capacity (lower
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Figure 4. Concentrations of soluble sugar, starch and ratio of soluble sugar to starch (soluble sugar/starch) in four tree tissues (leaf, branch, stem
sapwood and stem phloem at breast height) across seasons (in February, April and July). Different lowercase and uppercase letters represent significant
differences in the concentrations of soluble sugar (first row in a), starch (second row in a) and nonstructural carbohydrates (third row in a), and the ratio
of soluble sugar to starch (b) across seasons and tissues.

Table 4. Comparisons of specific leaf area (SLA, cm2 g−1), N (Nmass, %) and P (Pmass, g kg−1) concentrations on a mass basis, cumulative water release
of the stem (CWR, g cm−3) and monthly growth rate of stem circumference (CG, μm) across seasons (in February, April and July).

February April July

SLA 73.68 (2.25)b 116.14 (8.95)a 109.29 (6.05)a
Nmass 1.27 (0.08)b 1.56 (0.26)ab 1.59 (0.14)a
Pmass 0.56 (0.02)b 0.81 (0.05)a 0.94 (0.04)a
CWR 149.23 (24.08)b 357.66 (59.70)a 274.13 (27.04)a
CG for No. 3 −101 1720 504
CG for No. 4 3.1 23.2 4.5

Standard errors are shown in parentheses. Different letters indicate significant differences in leaf and stem traits across seasons.

SLA, Nmass and Pmass) and growth rate (low monthly change
in stem circumference), coupled with NSC accumulation in
February, may suggest a greater decline in growth relative to
photosynthesis during the dry season in this plantation. In
addition, lower stem water storage could be derived from the

CWR and diurnal stem circumference pattern at lower soil
water potential. The abovementioned conclusions support our
second hypothesis that temporal dynamics of stomatal regula-
tion behavior were accompanied by alterations in water- and
carbon-related traits.
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Figure 5. Correlation and contribution of soluble sugar and starch
concentration to nonstructural carbohydrates (NSC) across seasons and
tissues. The inset shows the relative importance of soluble sugar and
starch concentrations for changes in NSC.

Stomatal regulation behavior in this S. superba
plantation

Here, we demonstrated the stomatal regulation behavior of
S. superba by analyzing the seasonal dynamics of ψL-mid and
stomatal responses to VPD using field measurements (Oren
et al. 1999, Roman et al. 2015, Yi et al. 2017). In February,
the dGs/dln(VPD)/Gsref of S. superba exhibited a relatively
high value of 0.81, which may indicate strict stomatal reg-
ulation at lower soil water potentials. Similarly, Ogle et al.
(2012) defined isohydric behavior using a normalized sensi-
tivity (dGs/dln(VPD)/Gsref) > 0.6. In addition, Roman et al.
(2015) and Yi et al. (2017) suggested that isohydric species
would exhibit a decrease in both Gs and dGs/dln(VPD) during
drought periods. Consistent with their findings, the reduction
in both Gsref and dGs/dln(VPD) in February may indicate
that this S. superba plantation exhibited isohydric behavior
during the dry season. More importantly, the constant ψL-mid
across different soil water potentials aligned with the original
description of isohydric classification (Sperry et al. 2002).
The isohydric strategy adopted in the dry season was also
consistent with the results found by Jiang et al. (2021) for
a small hydroscape area (0.87 MPa2) calculated based on
trajectories of ψL-mid versus ψL-pre in S. superba. The less
strict stomatal regulation of desert species with increasing
VPD (low dGs/ln(VPD)/Gsref, 0.4 for desert species vs. 0.6
for a wide range of relatively mesic species) was due to the
wider range of VPD (Oren et al. 1999), similar to the stomatal
behavior in April and July in our study. Meanwhile, the
significant difference in ψL-mid between April and July also
revealed the anisohydric behavior of S. superba during the wet
season.

This S. superba plantation demonstrated isohydric behavior
when subjected to a lower soil water potential, yet displayed
anisohydric behavior under conditions of sufficient soil water
status. This finding supported the conclusions of Hochberg
et al. (2018) and Wu et al. (2021) that environmental condi-
tions affected iso/anisohydry classifications. Changes in stom-
atal regulation behavior with growing environments may
result from differences in maximum transpiration (Tramontini
et al. 2014, Hochberg et al. 2018). A decrease in maximum
transpiration could moderate the reduction in daily minimum

ψL (Hochberg et al. 2018), which may have supported our
results of isohydric behavior and lower Fd

′ in February. In
addition, the anisohydric behavior under high soil water
conditions could be associated with a high nighttime sap flux
(Rogiers et al. 2009, Zhang et al. 2012). In this study, the
mean nighttime sap flux densities (during 18:10–23:50 h) in
February, April and July were 1.18 g m−2 s−1, 4.48 g m−2 s−1

and 3.70 g m−2 s−1, respectively, which may be one of the
causes for the anisohydric behavior in April and July.

Seasonal variations in water- and carbon-related
traits accompanied by stomatal regulation
behaviors

In the present study, S. superba with strict stomatal control
showed decreased water storage capacity (cumulative stem
water release) and carbon gain (leaf economic traits, SLA,
Nmass and Pmass) along with growth in February, whereas it
showed increased NSC and constant stem hydraulic conduc-
tivity compared with those under higher soil water poten-
tials. The results confirmed the conclusion of Carminati and
Javaux (2020) that plants use stomatal strategies to maintain
a minimal embolism risk and constant xylem conductance in
response to environmental stress. The new xylem production,
embolism repair and ionic effects have been acknowledged as
crucial factors in maintaining hydraulic conductance under
environmental stress conditions (Trifilò et al. 2014). Within
this context, the importance of xylem anatomy and stem
starch has gained significant attention (Eilmann et al. 2009,
Salleo et al. 2009, Secchi et al. 2011). For instance, the coor-
dination of vessel density and size was essential to maintain
consistent xylem-specific hydraulic conductivity across a wide
range of climatic conditions, demonstrating a homeostatic
capacity of the xylem (Borghetti et al. 2016, García-Cervigón
et al. 2020). Although this study observed a higher starch
concentration in the dry season than the wet season, it is
inconclusive to ascertain the impact of starch on embolism
repair because xylem anatomy measurements were not taken.
We instead hypothesized that the decreased water potential
gradient, a result of strict stomatal regulation in the dry sea-
son, could induce a consistent xylem hydraulic conductivity
under conditions of reduced sap flux density in this study.
According to the growth-optimizing stomata model proposed
by Potkay and Feng (2023), stomatal closure prevents water
potential decrease, turgor loss and subsequent growth reduc-
tion on the one hand, and suppresses NSC through decreased
photosynthetic carbon assimilation on the other hand. The
temporal patterns of the water- and carbon-related traits in
our study corroborated the decrease in carbon assimilation
accompanied by strict stomatal behavior, while the growth-
optimizing stomata model failed to explain the changes in
NSC and growth. The observed reduction in radial stem
growth during the dry season did not align with the results
reported by Yan et al. (2012) in subtropical regions of China.
Although S. superba grows throughout the year, Yan et al.
(2012) found that the increase in DBH of S. superba measured
using a dendrometer band was greater during the dry season
than the wet season from April 2003 to March 2004 in the
Dinghushan Biosphere Reserve, ∼95 km from our study site.
In Yan et al. (2012), S. superba was in the old-growth stage
(> 400 years). However, the radial growth responses of trees
of different ages to climate were different (Vieira et al. 2009),
which may have caused the inconsistency between our results
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Figure 6. Daily dynamics and change range (C i) of stem circumference for two sample trees on 15 February, 7 April and 10 July 2022. The stem
circumference at 0:00 h on that day was used as the reference circumference. Data greater and less than 0 μm indicated trunk swelling and shrinkage,
respectively. The daily range of change (C i) in stem circumference in each month is inserted in the figure.

Figure 7. Relationship between mean sap flux density per unit sapwood
area (Fd

′) and leaf water potential (Ψ L) for four sample trees across
months, on 15 February, 7 April and 10 July 2022. The regression
equations are shown in the figure.

and those of Yan et al. (2012). In subtropical China, Huang
et al. (2018) found a low rate of xylem formation for a conif-
erous species from early February to summer. The results of
Huang et al. (2018) partially confirmed our result that radial
growth was reduced in February. Although the increase in
NSC and decrease in stem growth at lower soil water potential
contradicted previous findings showing that trees typically
deplete NSC during drought to prioritize growth (Doughty
et al. 2015, Jones et al. 2020), our results were consistent
with the growth limitation hypothesis that trees are not car-
bon deficient under current atmospheric conditions (Körner
2003). Würth et al. (2005) attributed the increase in NSC
during dry seasons to drought-constrained growth. Similarly,
in this study, accumulation of NSC in leaves could indicate
a reduction in carbon requirements for growth (Palacio et al.
2018, Guo et al. 2022). The abovementioned conclusion may
be due to the fact that growth is limited by environment
conditions rather than carbon uptake, which leads to a carbon
surplus under drought stress (Körner 2003, Würth et al. 2005,

Franks et al. 2013). In addition, the lower NSC in S. superba
observed in March than in January in subtropical China was
attributed to the consumption of NSC reserves during leaf
renewal in February (Chen et al. 2017), highlighting the effect
of phenology on the temporal dynamics of NSC. However,
the influence of phenology cannot be distinguished from the
effects of environmental conditions on ecophysiological traits
in this study. Therefore, future studies should be conducted
during the same growing season with different climatic con-
ditions to explicitly assess the ecophysiological responses of
trees to environmental stresses.

In the present study, the increase in SS and SS/starch at
lower soil water potential could play an important role in
mediating water deficit responses. The enhancement of SS
can be utilized for osmotic balance, facilitating the conver-
sion of starch to SS and augmenting stress tolerance under
unfavorable conditions (Kozlowski and Pallardy 2002, Chave
et al. 2003, Bartels and Sunkar 2005, Ruelland et al. 2009,
McDowell and Sevanto 2010, Gruber et al. 2011, Kannenberg
and Phillips 2020). Similarly, a greater ratio of SS to NSC was
observed in the dry season across an extensive precipitation
gradient in Amazon forests (Signori-Müller et al. 2021). The
elevated SS and reduced starch concentration in leaves in
February may underscore the pivotal role of sugars in leaf
functioning, including their ability to buffer against turgor
loss and sustain assimilation (Gersony et al. 2020, Yang et al.
2022). Moreover, high levels of NSC in the xylem facilitate
the repair of embolisms and provide osmoprotection against
stress (Plavcová and Jansen 2015). In line with the finding
that branches act as the major buffer for seasonal variation
in carbon demand (Newell et al. 2002), the relatively high
seasonal variability of NSC and their two components in
branches and phloem in this study indicated that branches and
phloem played an important role in maintaining the carbon
cycle in trees. Therefore, the accumulation of NSC may assist
in maintaining a stable water potential within the species,
which is coordinated with isohydric stomatal behavior at
lower soil water potential.
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In this study, the cumulative water release of S. superba
decreased with decreasing soil water potential, which was
accompanied by stomatal isohydric behavior. Similarly, it has
been reported that the stem water storage of Quercus ilex L.
is depleted during the dry season in a Mediterranean forest
(Zweifel et al. 2000, Lempereur et al. 2015). Yi et al. (2017)
showed that isohydric sugar maples were less reliant on water
stored in the stem than anisohydric species. However, the
contributions of high stem hydraulic conductivity and water
storage to a stable Ψ L-mid have been reported (Scholz et al.
2007, Gleason et al. 2012, Matheny et al. 2015, Simonin et al.
2015, Fu et al. 2019). The limited water storage capacity in the
stems of anisohydric species may be attributed to their dense
wood and enhanced embolism resistance at the interspecies
level (Hoffmann et al. 2011, Martínez-Vilalta et al. 2014,
Simonin et al. 2015, Fu et al. 2019, Fu and Meinzer 2019).
The aforementioned conclusions do not appear to hold for
our intraspecific study, where anisohydric behavior, a higher
reference Fd

′ and relatively large stem water storage of S.
superba were observed under conditions of sufficient water
availability. This could be due to a closer association between
water storage and hydraulic traits, such as vessel size (Kocher
et al. 2013, Plavcová and Jansen 2015, Pratt and Jacobsen
2017, Janssen et al. 2020), rather than stomatal control. For
example, high water storage was associated with high vessel
fraction and efficient water transport and vice versa (Limousin
et al. 2010, Gleason et al. 2012, Fu et al. 2019), which is
supported by our results showing higher reference Fd

′ and
relatively large stem water storage in April and July. Thus,
the measurement of anatomical structures in xylem across
seasons could potentially provide substantial evidence for the
hydraulic properties of stomatal regulation within species in
future studies.

In our study, the temporal patterns of water storage and
NSC may have shown a trade-off between water and car-
bon storage suggested by Jiang et al. (2021). Because NSC
accumulation can be used to maintain osmotic regulation
and water potential in trees, which contributes to drought
tolerance (Adams et al. 2013, Mitchell et al. 2013, Dickman
et al. 2015), stored water, which may relieve the increasing
tension in the xylem sap, may not be fully required during
water stress. In addition, both water and NSC are stored in
xylem, and the limited fraction of xylem volume can cause a
trade-off between water storage and NSC (Ziemińska et al.
2013, Plavcová et al. 2016, Thalmann and Santelia 2017, von
Arx et al. 2017). Jiang et al. (2021) elucidated the trade-off
between xylem water and carbohydrate storage in the stem of
subtropical pine plantations, and our study may provide new
evidence for such an association within species across seasons.

Conclusions

The objective of this research was to investigate the temporal
dynamics of water- and carbon-related traits and stomatal
regulation behavior for native tree species in low subtropical
China. We confirmed that stomatal regulation behavior is
dependent on soil water status, and identified an isohydric
strategy for S. superba at lower soil water potentials and
anisohydric behavior at higher soil water potentials. Soluble
sugar contributed more to the temporal dynamics of NSC than
starch. The low growth rate and starch accumulation may
indicate a carbon sink limitation. Because of the increased

NSC and decreased water storage under lower soil water
potentials, a trade-off between carbon and water storage
can be speculated. Therefore, our results provide insights
into plant carbon and water process models under changing
climate scenarios. However, this study has several limitations.
For example, as an important carbohydrate sink tissue, root
system is critical for NSC storage and water uptake (Matheny
et al. 2015, Martínez-Vilalta et al. 2016, Plavcová et al. 2016,
Li et al. 2018), which was not involved in our study. Therefore,
the temporal dynamics of NSC in roots should be considered
in future studies of water and carbon processes in forests.
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