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Abstract

Drought severely constrains plant growth and physiological functions, particularly in karst
ecosystems where shallow and heterogeneous soils further exacerbate water limitations.
However, changes in intracellular water dynamics during progressive drought and their
relationship with photosynthetic responses remain poorly understood. Here, we subjected
seedlings of Broussonetia papyrifera (L.) Vent. and Morus alba L. to progressive drought for
16 days under two simulated habitat conditions: rock outcrop (RO) and non-rock outcrop
(NRO). At nine progressive drought stages, we measured soil water content (SWC), leaf
water potential (¥), net photosynthetic rate (P,), stomatal conductance (gsw), transpi-
ration rate (E), and four impedance-derived intracellular water parameters: intracellular
water-holding capacity (IWHC), intracellular water transport rate (IWTR), intracellular
water-holding time (IWHT), and intracellular water-use efficiency (IWUE). During pro-
gressive drought, SWC declined and ¥ became more negative. IWHC, IWTR, P, gsw,
and E also declined, whereas IWHT generally increased; IWUE showed species-specific
temporal patterns. M. alba L. exhibited earlier declines in ¥, IWHC, IWTR, and photo-
synthetic traits, whereas B. papyrifera L. showed more gradual physiological changes and
maintained comparatively higher water status. IWHC and IWTR were positively correlated
with photosynthetic traits, whereas INHT showed negative associations. These correlations
suggest that intracellular water dynamics may complement conventional measurements for
characterizing species-specific responses to drought. In particular, IWHT increased during
drought and may reflect a temporal dimension of intracellular water regulation; however,
causality and predictive capacity remain to be tested.

Keywords: karst ecosystem; electrical impedance; photosynthetic adjustment; leaf water
potential; woody species

1. Introduction

Drought is a major environmental constraint on plant growth, productivity, and ecosys-
tem functioning worldwide [1,2]. Climate change is intensifying water limitation for vegeta-
tion in many regions, highlighting the need to understand how plants maintain water status
and carbon assimilation as drought progresses [3,4]. Plant responses to drought involve
coordinated adjustments in water relations, stomatal regulation, photosynthesis, and water
transport [5,6]. However, the timing and coordination of these responses may differ among
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species, and this variation may influence their capacity to maintain physiological functions
as water availability declines.

Karst environments are susceptible vulnerable to water limitation because extensive
bedrock exposure, high bedrock permeability, and shallow, discontinuous soils constrain
soil water storage and plant-available water [7,8]. The complex soil-rock structures charac-
teristic of karst landscapes further create substantial spatial and temporal heterogeneity
in water storage and availability, thereby influencing vegetation productivity and plant
water uptake [9,10]. Plants growing in karst ecosystems can adjust their water sources and
water-use strategies in response to variations in water availability, and seasonal shifts in
water uptake are associated with changes in transpiration and water-use efficiency [11,12].
Moreover, recent studies indicate that plant water-use efficiency in karst ecosystems is
influenced by the interaction of hydrological, climatic, and vegetation-related factors [13].
Consequently, understanding how plants coordinate water status and carbon assimilation
under progressive drought is particularly important for assessing responses to drought in
karst vegetation.

Leaf water potential (¥) is widely used to characterize plant water status, whereas
gas-exchange parameters such as net photosynthetic rate (P, ), stomatal conductance (gsw),
and transpiration rate (E) provide complementary information on photosynthetic responses
under water limitation [14,15]. As drought progresses, declining soil water availability can
reduce ¥ more negative and alter plant water supply, while stomatal closure and reductions
in photosynthetic activity can constrain carbon assimilation [16,17]. However, conven-
tional measurements of leaf water status and gas exchange provide limited information
about the dynamics of water within leaf tissues. Recent studies based on physiological
impedance measurements have introduced quantitative parameters describing intracellular
water-holding capacity (IWHC), intracellular water transport rate (IWTR), intracellular
water-holding time (IWHT), and intracellular water-use efficiency (IWUE), providing an
additional perspective on intracellular water regulation [18,19]. These parameters may com-
plement conventional measurements by describing changes in intracellular water properties
during water limitation.

The coordination between intracellular water dynamics and photosynthetic perfor-
mance may be particularly important during progressive drought, as plants experience
progressively declining soil water availability and sequential physiological adjustments.
Recent evidence suggests that intracellular water dynamics are closely linked to photo-
synthetic activity and plant growth under water limitation [20]. Moreover, woody plants
exhibit substantial interspecific variation in hydraulic regulation, water-use strategies, and
drought responses [21]. Similar variation occurs among woody species in karst ecosystems,
where differences in rooting characteristics and water uptake strategies can influence plant
responses to heterogeneous water availability [22]. Therefore, comparing species with
contrasting ecological and physiological traits provides a useful framework to examine how
intracellular water regulation is coordinated with plant water status and photosynthetic
performance during progressive drought.

Broussonetia papyrifera (L.) Vent. and Morus alba L. are widely distributed woody species
with contrasting ecological and utilization traits in karst regions. Previous studies have
reported interspecific differences in photosynthetic characteristics, water-use responses,
and physiological adjustments under water limitation [19,23]. These contrasting responses
provide a suitable comparative framework for examining how woody plants coordinate
intracellular water regulation and photosynthetic activity under progressive water limita-
tion. Nevertheless, the temporal coordination among intracellular water dynamics, ¥, and
photosynthetic performance during progressive drought remains poorly understood.
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The objectives of this study were to (1) quantify changes in intracellular water dynamics
and photosynthetic traits during progressive drought in B. papyrifera L. and M. alba L.;
(2) evaluate the relationships among intracellular water dynamics, plant water status, and
photosynthetic performance; and (3) identify physiological traits most closely associated
with species-specific responses to drought using multivariate analysis. We hypothesized that
progressive drought would be accompanied by coordinated changes in intracellular water
dynamics and photosynthetic performance, and that INHT might provide complementary
information for characterizing these responses. We further hypothesized that the two species
would differ in the temporal coordination of intracellular water retention and transport
during progressive drought.

2. Materials and Methods
2.1. Study Species and Experimental Design

This experiment was conducted under controlled greenhouse conditions with two
woody plant species—Broussonetia papyrifera (L.) Vent. and Morus alba L.—and two simu-
lated habitat conditions: rock outcrop (RO) and non-rock outcrop (NRO). The soil used for
both treatments was collected from a calcareous soil derived from carbonate bedrock in
Qingzhen City, Guizhou Province, China. The soil was air-dried and thoroughly mixed,
and then an equal mass of soil was added to each pot. The two treatments differed in rock
configuration: in the RO treatment, limestone fragments were placed at the bottom of each
pot, with additional limestone fragments arranged along one side of the soil surface; the
NRO treatment contained the same soil but without these limestone additions.

Four independent pots were established for each species-by-habitat combination, with
four plants of the same species grown in each pot. Each pot served as the independent
experimental unit. Measurements from the four plants within each pot were averaged
to obtain one pot-level observation. Thus, each species-by-habitat combination had four
replicate pots (n = 4), and measurements across the nine drought stages were treated
as repeated measures on the same pots. The pot was included as a random effect in the
statistical models.

2.2. Progressive Drought Treatment

Before drought initiation, all pots were thoroughly watered to establish comparable
initial water conditions. Irrigation was then withheld for 16 days to impose progressive
drought. Soil water content (SWC) gradually declined during the experimental period,
creating a gradient of drought progression from DO to D16.

Measurements were conducted at nine drought stages (D0, D2, D4, D6, D8, D10, D12,
D14, and D16). At each stage, SWC, leaf water potential (¥), photosynthetic traits, and
impedance-derived intracellular water parameters were measured. The same plants were
monitored throughout the experiment, and no plants were replaced. Measurements were
thus repeated on the same pots over time.

2.3. Soil Water Content (SWC) and Leaf Water Potential (V')

Soil water content (SWC, %) was determined gravimetrically using soil samples col-
lected from the 0-20 cm soil layer.

Leaf water potential (¥, MPa) was measured using a PSYPRO water potential system
(Wescor, Inc., Logan, UT, USA) with a C-52 sample chamber. Small leaf discs were collected
from fully expanded leaves using a hole punch and immediately placed into the C-52 sample
chamber. Different leaves were used at each drought stage to avoid measuring damaged
tissue, allowing the same pots to be repeatedly measured across all nine stages [23].
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2.4. Photosynthetic Measurements

Net photosynthetic rate (P,,, umol CO, m~2 s71), stomatal conductance (gsw, mol H,O
m~2s71), and transpiration rate (E, mmol H,O m~2 s~!) were measured using a portable
photosynthesis system (LI-6800, LI-COR Biosciences, Lincoln, NE, USA) under stable
environmental conditions. Fully expanded mature leaves were selected for measurements,
and standard gas-exchange procedures were followed [15].

Instantaneous water-use efficiency (WUE) was calculated as the ratio of P, to E:

P
WUE = 2 (1)

where P, and E denote the corresponding photosynthetic and transpiration rates, respec-
tively.

2.5. Measurement of Intracellular Water Dynamics

Intracellular water dynamics were quantified using the physiological impedance
method described by Xing et al. [18]. This approach characterizes the electrical impedance
properties of leaf tissues using an equivalent electrical circuit representing extracellular,
membrane, and intracellular components (Figure 1). The corresponding impedance param-
eters were used to characterize intracellular water-related physiological properties following
the calculation procedures described by Xing et al. [18] and Yu et al. [19].
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Figure 1. Schematic representation of the physiological impedance model used to characterize
intracellular water dynamics in leaf tissues. The equivalent electrical circuit represents the electrical
properties of extracellular, membrane, and intracellular components of the leaf tissue.

Four intracellular water-related parameters were evaluated: IWHC, IWTR, IWHT, and
IWUE. IWHC was used to characterize the capacity of leaf tissues to retain intracellular
water, whereas INTR represented the rate of intracellular water transport. IWHT reflected
the duration of intracellular water retention, and INWUE provided an indicator of intracel-
lular water utilization efficiency. Together, these parameters were used to complement
conventional measurements of soil water availability, ¥, and gas-exchange traits.

2.6. Statistical Analysis

Statistical analyses were performed using SPSS Statistics 26.0 (IBM Corp., Armonk, NY,
USA). The pot-level mean was used as the independent observation. Each species-by-habitat
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combination had four replicate pots (n = 4), and the same pots were measured repeatedly
across the nine drought stages. Because the primary aim was to describe temporal patterns
within each species-by-habitat combination, one-way ANOVA followed by Tukey’s multiple
comparison test was used to compare drought stages within each combination. These
analyses were descriptive and did not explicitly model the repeated-measures structure;
therefore, p values should be interpreted with caution. No full factorial species-by-habitat-
by-drought-stage interaction was tested. Statistical significance was set at p < 0.05.

Pearson correlation analysis was performed to evaluate the relationships among soil wa-
ter content, leaf water potential, intracellular water-related parameters, and photosynthetic
traits. Correlation coefficients were describe the direction and strength of associations.

Principal component analysis (PCA) was used as an exploratory method to visualize
multivariate patterns. The PCA was performed on treatment-level mean values for each
species-by-habitat-by-drought-stage combination. Variables were standardized to Z-score.
The number of principal components retained was based on eigenvalues greater than 1. PCA
was used for exploratory visualization and does not imply causality or mechanism. The 95%
confidence ellipses in the PCA biplot were used descriptively to visualize group dispersion
and should be interpreted with caution given the sample size (n = 4 per species-by-habitat
combination; 36 treatment-level observations in total). PCA was conducted in SPSS 26.0
(IBM Corp., Armonk, NY, USA), and the resulting ordination plots were prepared using
OriginPro 2021 (OriginLab, Northampton, MA, USA).

3. Results
3.1. Progressive Decline in SWC

SWC declined progressively throughout the 16-day drought treatment in both RO
and NRO habitats (Table 1). By D16, SWC in the B. papyrifera L. plots had decreased by
92.7% and 90.6% in the RO and NRO habitats, respectively, while corresponding reductions
of 90.8% and 91.9% were recorded for M. alba L. At the final stage (D16), RO and NRO
habitats within the same species shared the same lowercase letters (Table 1), indicating
that no statistically significant differences in SWC were detected between the two habitats
for either species (p > 0.05) under the experimental conditions. However, this absence of
a detected difference does not demonstrate equivalence between the habitats, especially
given the sample size (1 = 4 per species-by-habitat combination).

Table 1. Dynamics of soil water content with drought duration in two habitats.

b B. papyrifera L. M. alba L.

v RO NRO RO NRO

0 04340+ 0.1a 0.4188 + 0.01 a 04307 £0.0a 0.3985 £ 0.0 a
2 0.3437 + 0.01 b 0.3312 + 0.08 b 0.3200 £ 0.0 b 0.3268 + 0.0 b
4 0.2122 + 0.1 cd 0.2482 + 0.06 ¢ 0.1090 £ 0.0 c 0.1100 £ 0.0 c
6 0.1385 + 0.0 ef 0.1763 £ 0.1 de 0.1070 £ 0.0 ¢ 0.0993 £ 0.0 c
8 0.0977 £ 0.0fgh  0.1177 £ 0.0 fg 0.0893 + 0.0 cd 0.0670 £ 0.0d
10 0.0713 £ 0.0ghi ~ 0.0847 £ 0.0 ghi ~ 0.080 %+ 0.0 cde 0.0665 + 0.0d
12 0.0607 £ 0.0hi  0.0725+0.0ghi  0.0698 £ 0.0de  0.0578 £ 0.0 de
14 0.051 £ 0.0 hi 0.057 £ 0.01 hi 0.0573 + 0.0 ef 0.0430 + 0.0 ef
16 0.0315 £ 0.0i 0.0392 £ 0.0 0.0398 £ 0.0 f 0.0323 £ 0.0f

Values are means + SEs (n = 4). Different lowercase letters within the same species-habitat combina-
tion indicate significant differences among drought durations at p < 0.05. RO, rock outcrop; NRO,
non-rock outcrop.
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3.2. Species-Specific Responses of Leaf Water Potential

Y became progressively more negative with drought progression in both species
(Figure 2). However, the temporal patterns differed markedly between species.

Time/D Time/D

(edN)/Tenuajod 193eM Jea]

P q

[ Jro d9g g @ a
g | B [ElI~ro

Figure 2. Leaf water potential (¥) under progressive drought. Values are means + SE (n = 4).
Different lowercase letters indicate significant differences among drought stages (p < 0.05). (A) B.
papyrifera L.; (B) M. alba L.

In B. papyrifera L., ¥ declined gradually throughout the experimental period. In
the RO habitat, ¥ decreased to —1.32 &+ 0.52 MPa by D16, whereas a much lower value
(—2.41 £+ 0.38 MPa) was recorded in the NRO habitat (Figure 2A), indicating a more severe
water deficit in NRO habitat at the late stage.

In contrast, M. alba L. exhibited a precipitous decline in ¥ during the early stages of
drought, particularly in the NRO habitat, where ¥ dropped to —1.56 + 0.68 MPa by D4
(Figure 2B). The magnitude of this decline was more than three times that observed in
B. papyrifera L. at the same time point (—0.48 + 0.12 MPa). By D16, ¥ in both RO and
NRO habitats of M. alba L. fell below —2.2 MPa, reaching the lowest observed value of
—2.53 £ 0.10 MPa in NRO.

Overall, M. alba L. exhibited a steeper and earlier decline in ¥ during progressive
drought than B. papyrifera L., particularly during the initial 4-6 days of water deficit.

3.3. Intracellular Water Dynamics Under Progressive Drought

Intracellular water dynamics changed progressively during drought, although the
temporal responses differed among parameters and between species (Figure 3). Overall,
IWHC and IWTR generally declined during the early to middle stages of drought, whereas
IWHT increased continuously. INUE exhibited comparatively smaller changes and showed
species-specific temporal patterns.

In B. papyrifera L., INHC generally declined throughout drought. In the RO habi-
tat, IWHC decreased from 0.68 + 0.10 at DO to 0.07 + 0.04 at D8, followed by a slight
increase to 0.20 £ 0.05 at D16 (Figure 3A). In the NRO habitat, IWHC declined from
0.50 £ 0.19 at DO to 0.13 £ 0.13 at D16. IWTR decreased rapidly during the early stages and
approached zero by D6 in both habitats (Figure 3C). In contrast, IWHT increased progres-
sively throughout drought, whereas INUE fluctuated only slightly during the experimental
period (Figure 3E,G).
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Figure 3. Intracellular water dynamics under progressive drought. (A,B) Intracellular water-holding
capacity (IWHC); (C,D) intracellular water transport rate (IWTR); (E,F) intracellular water-holding
time (IWHT); (G,H) intracellular water-use efficiency (IWUE). Values are means + SE (n = 4).
Different lowercase letters indicate significant differences among drought stages within each species—
habitat combination (p < 0.05, a—e for B. papyrifera L., and o-s for M. alba L.).

In M. alba L., IWHC also declined progressively but decreased more sharply during

the early drought stages. In the RO habitat, IWHC decreased from 1.36 £+ 0.15 at DO to 0.39
+ 0.06 at D6, while in the NRO habitat, it dropped from 1.09 + 0.19 at D0 to 0.24 + 0.04 at
D6 (Figure 3B). IWTR also declined rapidly and approached zero by D6 in both habitats
(Figure 3D). IWHT increased progressively throughout drought, whereas IWUE increased
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during the middle stages of drought, reached its maximum at D10 in the RO habitat,
and subsequently declined as drought progressed (Figure 3EH). Overall, intracellular
water dynamics exhibited distinct species-specific temporal responses during drought
progression.

3.4. Photosynthetic Responses to Progressive Drought

Photosynthetic traits responded progressively to drought in both species (Figure 4).
P, gsw, and E generally declined throughout drought progression, whereas WUE exhibited
species-specific temporal patterns.
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Figure 4. Photosynthetic responses under progressive drought. (A,B) Net photosynthetic rate (P, );
(C,D) transpiration rate (E); (E,F) stomatal conductance (gsw); (G,H) instantaneous water-use
efficiency (WUE). Values are means + SE (n = 4). Different lowercase letters indicate significant
differences among drought stages within each species-habitat combination (p < 0.05, a-h for B.
papyrifera L., and o—u for M. alba L.).
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In B. papyrifera L., P, decreased continuously from 9.70 + 1.42 ymol CO, m~2s~! at

DO to near-zero or slightly negative values by D16 in both habitats (Figure 4A). gsw and E
also declined progressively (Figure 4C,E). In the RO habitat, WUE increased to a peak of
5.02 + 0.54 mmol mol~! at D8, then declined, before recovering slightly at D14 (Figure 4G).

In M. alba L., P increased slightly during the initial stage of drought in both habitats,
reaching 12.34 + 1.03 pmol CO, m~2 s~! at D2 in RO and 10.05 + 1.09 pmol CO, m~2 s7!
at D2 in NRO, but subsequently declined rapidly to near zero by D8 (Figure 4B). E and
gsw followed a similar pattern, with an initial transient increase at D2 followed by a sharp
decline (Figure 4D,F). The WUE increased sharply and reached maximum values at D6 in
the RO habitat (12.17 + 0.88 mmol mol~!) and at D8 in the NRO habitat (19.39 + 4.05 mmol
mol~1), followed by a gradual decline toward the later stages of drought (Figure 4H).

Overall, B. papyrifera L. exhibited a more gradual decline in photosynthetic traits than
M. alba L. during drought progression.

3.5. Correlations Between Intracellular Water Dynamics and Photosynthetic Traits

Pearson correlation analysis revealed significant relationships between intracellular
water dynamics and photosynthetic traits in both species (Figure 5).
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Figure 5. Pearson correlation matrix of intracellular water dynamics and photosynthetic traits. (A) B.
papyrifera L. RO; (B) B. papyrifera L. NRO; (C) M. alba L. RO; (D) M. alba L. NRO. ** and * indicate
significant correlations at p < 0.01 and p < 0.05, respectively (two-tailed).

In B. papyrifera L., P,, was positively correlated with IWHC (r = 0.85 in RO; r = 0.95 in
NRO) and IWTR (r = 0.87 in RO; r = 0.92 in NRO), whereas negative correlations were
observed with IWHT (r = —0.80 in RO; r = —0.83 in NRO). Similar patterns were observed
for gsw, which showed strong positive correlations with IWHC (r = 0.88 in RO; r = 0.96 in
NRO) and IWTR (r = 0.91 in RO; r = 0.95 in NRO), but negative correlations with IWHT
(r =—0.82in RO; r = —0.80 in NRO) (Figure 5A,B).
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In M. alba L., P, was positively correlated with IWHC (r = 0.90 in both RO and NRO)
and IWTR (r = 0.95 in RO; r = 0.73 in NRO), whereas negative correlations were observed
with IWHT (r = —0.95 in RO; r = —0.89 in NRO). Similarly, gsw was positively correlated
with IWHC (r = 0.72 in RO; r = 0.87 in NRO) and IWTR (r = 0.85 in RO; r = 0.72 in NRO),
and negatively correlated with IWHT (r = —0.77 in RO; r = —0.75 in NRO) (Figure 5C,D).

Across both species and habitats, INHC and IWTR were consistently positively corre-
lated with photosynthetic traits, whereas IWHT showed consistently negative correlations
with P, gsw, and E (Figure 5).

3.6. Principal Component Analysis (PCA)

Principal component analysis (PCA) revealed distinct multivariate response patterns
between B. papyrifera L. and M. alba L. along the first two principal components, which
together explained 78.8% of the total variance (PC1 = 61.7%, PC2 = 17.1%) (Figure 6).
PC1 was primarily associated with soil and leaf water status, photosynthetic activity, and
intracellular water traits, with strong positive loadings from SWC, P, gsw, E, IWHC, and
IWTR, whereas INHT showed a negative loading on PC1. PC2 was characterized mainly
by a strong positive loading of IWUE, together with negative loadings of IWTR and IWHC,
while ¥ also showed a positive loading on PC2. Samples of B. papyrifera L. were mainly
distributed in the positive regions of both PC1 and PC2, and were positioned closer to WUE,
¥, and photosynthetic traits. In contrast, M. alba L. samples were mainly distributed in the
negative region of PC1 and were positioned closer to IWHT, consistent with differences
in the multivariate patterns of intracellular water-related traits between the two species.
The 95% confidence ellipses showed limited overlap between the two species, descriptively
illustrating differences in their multivariate physiological response patterns. These ellipses
are used for visualization only and should be interpreted with caution because the sample
size per group is limited (n = 4 per species-by-habitat combination; 36 treatment-level
observations in total).

4
Species
u BP (B.papyrifera L.)
u MA (M.alba L.)
IWUE
Habitat
m RO(Rock Outcrop)
2 - e NRO(Non-Rock Outcrop) BP -
® BP 95%CI
—_~ MA 95% CI
J
=
-
o~
T 0
(g\|
o
e
-2
[ ]
—4 T T T T T T g
—4 -2 0 2 4

PC 1 (61.7%)

Figure 6. PCA of B. papyrifera L. (BP) and M. alba L. (MA) across RO and NRO habitats under nine
progressive drought stages. Variables were standardized to z-scores, and PCA was performed on
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treatment-level mean values for each species-by-habitat-by-drought-stage combination (n = 4 per
species-by-habitat combination; 36 treatment-level observations in total). PC1 (61.7%) was primarily
associated with soil and leaf water status, photosynthetic activity, and intracellular water traits; PC2
(17.1%) was mainly associated with INUE and intracellular water transport- and water-holding-
related traits. Symbols indicate species-by-habitat-by-drought-stage combinations; arrows represent
variable loadings. Ellipses indicate 95% confidence ellipses for each species and are descriptive; they
should be interpreted with caution given the limited sample size. PCA is exploratory and does not

demonstrate causal mechanisms.

4. Discussion
4.1. Progressive Drought Alters Plant Water Status and Intracellular Water Dynamics

Progressive drought resulted in a marked decline in SWC throughout the 16-day
experimental period, accompanied by increasingly negative ¥ in both B. papyrifera L. and
M. alba L. These concurrent changes indicate a progressive deterioration of plant water
status as soil water availability decreased. Such responses are consistent with established
descriptions of drought physiology, in which declining soil water availability progressively
alters leaf water status and physiological function [5,6].

This response is particularly relevant in karst ecosystems, where shallow and discon-
tinuous soils, exposed bedrock, and strong spatial heterogeneity in soil-rock structures can
constrain water storage and plant water availability [7-10]. Recent studies further indicate
that water uptake and transpiration of woody plants in karst ecosystems vary with rooting
depth and seasonal water availability, reflecting the importance of spatially and tempo-
rally heterogeneous water sources for plant water use [11]. Recent evidence also shows
that root-zone soil moisture can buffer and delay vegetation responses to drought in karst
landscapes, indicating that surface soil moisture alone may not fully represent the water
available to plants [24]. Karst fissures may also mitigate the negative effects of drought on
plant growth and photosynthetic physiology, further highlighting the potential buffering
role of subsurface water resources in karst habitats [25]. Therefore, the progressive decrease
in SWC observed in our experiment provides an appropriate environmental gradient for
examining subsequent physiological responses.

However, the two species differed in the timing and magnitude of ¥ decline. M. alba L.
exhibited an earlier and more pronounced decrease in ¥ during the initial stages of drought,
whereas B. papyrifera L. maintained comparatively higher ¥ for a longer period. This
interspecific difference is consistent with previous observations of contrasting dehydration
responses in M. alba L. and B. papyrifera L. In detached-leaf dehydration experiments,
intracellular water availability of M. alba L. declined earlier than that of B. papyrifera L.,
suggesting greater sensitivity of M. alba L. to dehydration [19]. The present results extend
this observation from short-term leaf dehydration to a progressive soil-drought context
and suggest that the difference between the two species is also expressed at the whole-leaf
water-status level.

The relatively slower decline in ¥ in B. papyrifera L. may indicate a greater capacity to
maintain leaf water status during progressive soil drying, whereas the earlier decline in M.
alba L. indicates a more rapid adjustment to decreasing water availability. Similar interspe-
cific differences in water-use and drought-response strategies have been documented in
karst vegetation [26,27]. However, because root water uptake, xylem hydraulic conductance,
and water sources were not directly measured in the present study, these differences should
not be attributed to a specific hydraulic mechanism.

Changes in leaf water status were accompanied by marked changes in intracellular
water dynamics. INHC and IWTR generally decreased during drought, whereas IWHT
generally increased. This contrasting response among intracellular water parameters is

https://doi.org/10.3390/horticulturae12111353


https://doi.org/10.3390/horticulturae12111353

Horticulturae 2026, 12, 1353

12 of 20

important because it indicates that intracellular water dynamics did not respond as a single
physiological process. Instead, different components of intracellular water status exhibited
distinct temporal trajectories during progressive dehydration.

Previous studies using physiological impedance measurements have shown that elec-
trical parameters can provide information on plant water status and leaf water content [28].
Electrical parameters have also been linked to changes in intracellular water metabolism
and physiological state, supporting their use as indirect indicators of water-related physio-
logical processes [29]. Xing et al. [18] demonstrated that physiological impedance-derived
intracellular water transport parameters changed with water supply and were associated
with ¥, photosynthesis, and WUE. More directly relevant to the present study, Yu et al. [19]
demonstrated species-specific responses of intracellular water metabolism in M. alba L. and
B. papyrifera L. under water shortage. The consistency between those observations and
the present species differences strengthens the physiological relevance of the impedance-
derived parameters used here.

The increase in IWHT likely reflects a shift in the temporal characteristics of intra-
cellular water dynamics, rather than being direct evidence of enhanced water storage or
active retention (cellular water content and membrane properties were not independently
measured in this study). Instead, INHT may offer complementary information on the
temporal dimension of intracellular water regulation under progressive drought. Overall,
the concurrent decline in IWHC and IWTR and increase in IWHT suggest that progressive
drought was associated with changes in multiple aspects of impedance-derived intracellular
water dynamics, rather than a uniform change in intracellular water status. Together with
the species-specific trajectories of ¥, these findings suggest that B. papyrifera L. and M. alba
L. differed in the timing and coordination of water-status adjustment during progressive
drought. By characterizing these changes across nine drought stages, the present study pro-
vides a time-resolved assessment of the variation in intracellular water-related parameters
alongside leaf water potential during progressive drought.

4.2. Intracellular Water Dynamics Are Associated with Photosynthetic Adjustment Under
Progressive Drought

Progressive drought resulted in substantial declines in P,,, gsw, and E in both species.
These responses are consistent with the established effects of water limitation on stomatal
regulation and photosynthetic carbon assimilation [17,30]. Under progressive drought,
stomatal closure can reduce transpiration and protect plant water status, but prolonged or
severe water limitation can subsequently impose additional non-stomatal constraints on
photosynthesis [30].

An important result of the present study is that the decline in photosynthetic per-
formance occurred concurrently with changes in intracellular water dynamics. IWHC
and IWTR decreased as P,,, gsw, and E declined, and correlation analysis showed positive
associations between IWHC/IWTR and photosynthetic traits. Recent studies have likewise
demonstrated that changes in leaf intracellular water characteristics are closely associated
with photosynthetic performance and water-use efficiency under different water availability
conditions [31,32]. Consistent with this relationship, electrical parameters have also been
reported to be associated with photosynthetic characteristics under simulated karst drought,
supporting the relevance of electrical measurements for characterizing physiological re-
sponses to water limitation [33]. Xing et al. [31] showed that changes in leaf intracellular
retained water and intracellular water transport were associated with changes in transpira-
tion and instantaneous water-use efficiency under different water supply strategies. More
recently, Quispe-Puma et al. [32] reported coordinated changes in leaf intracellular water
characteristics and photosynthetic responses during drought stress.The positive relation-
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ships between INHC/IWTR and photosynthetic traits observed here indicate coordinated
responses, but correlation does not imply causation; direct regulatory links remain to be
tested. The strong positive associations observed in B. papyrifera L. are nevertheless physi-
ologically informative. They suggest that the maintenance of intracellular water-related
properties was accompanied by the maintenance of gas exchange during the earlier stages of
drought. In contrast, the earlier decline in IWHC and IWTR in M. alba L. occurred together
with earlier declines in P,,, gsw, and E. Thus, the temporal coordination between intracellular
water parameters and photosynthetic traits differed between the two species.

The response of INUE provides an additional dimension of intracellular water dy-
namics. In M. alba L., IWUE increased transiently during the intermediate drought stages
before declining at later stages. Because IWUE was derived from impedance-based physio-
logical parameters, its variation should be interpreted as changes in intracellular water-use
characteristics rather than as changes in gas-exchange-derived WUE [18,19]. The transient
increase in IWUE may reflect an adjustment of intracellular water dynamics during the
intermediate stages of drought, although the specific physiological basis of this response
requires further investigation.

In contrast, instantaneous WUE was calculated from gas-exchange measurements as
the ratio of P,, to E. The increase in WUE observed during the intermediate stages therefore
reflects the balance between carbon assimilation and transpirational water loss and does
not necessarily indicate improved photosynthetic performance.

The contrasting response of IWHT provides an additional dimension. IWHT increased
while P, gsw, and E declined, and IWHT showed negative associations with these photo-
synthetic traits. However, this negative relationship likely reflects their opposite tempo-
ral trends during drought progression rather than a direct inhibitory effect of IWHT on
photosynthesis. Recent studies of plant electrical impedance spectroscopy indicate that
impedance-related parameters can provide information on plant water status and physio-
logical condition, but their physiological interpretation depends on the measured tissue,
frequency range, equivalent-circuit model, and measurement context [28,34]. Therefore,
the present impedance-derived parameters should be interpreted as physiological indica-
tors associated with intracellular water dynamics rather than direct measurements of leaf
hydraulic conductance.

Together, these results indicate that intracellular water dynamics and photosynthetic
performance exhibited coordinated temporal changes during progressive drought. Inte-
grating impedance-derived intracellular water parameters with conventional water-status
and gas-exchange measurements therefore provides a multidimensional characterization of
drought responses.

4.3. Species-Specific Coordination of Intracellular Water Dynamics During Progressive Drought

Although both B. papyrifera L. and M. alba L. exhibited broadly similar directional
responses to drought, their temporal trajectories differed substantially. M. alba L. showed
earlier reductions in ¥, IWHC, IWTR, P, gsw, and E, whereas B. papyrifera L. exhibited a
more gradual decline in these traits. This difference in response timing, rather than simply
the final magnitude of change, appears to be a major distinction between the two species.

The importance of response timing is supported by previous studies on these two
Moraceae species. Xing et al. [35] found that intracellular water availability in M. alba L.
decreased earlier than in B. papyrifera L. during controlled leaf dehydration, whereas B.
papyrifera L. showed greater adjustment of leaf structure during water loss. Yu etal. [19]
subsequently reported differential intracellular water metabolism between the two species
under contrasting water availability. More broadly, recent studies have shown that species-
specific differences in hydraulic regulation and drought tolerance can involve differences
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in the timing and coordination of water-status adjustment [21,36]. The present results
are consistent with these studies and extend them by showing that the species difference
persists across a 16-day progressive soil-drought gradient.

In B. papyrifera L., photosynthetic activity declined more gradually despite substantial
changes in IWHC and IWTR. This suggests that the relatively gradual decline in photo-
synthetic performance under progressive drought was associated with the coordinated
response of multiple physiological traits rather than with the maintenance of any single
intracellular water parameter. Previous comparative work on B. papyrifera L. and M. alba L.
has also documented species differences in photosynthetic characteristics associated with
adaptation to karst soil conditions [37]. The relatively stable INUE and progressive increase
in IWHT accompanied the gradual changes in photosynthetic performance in B. papyrifera
L. during drought progression. These patterns suggest that intracellular water-related pa-
rameters and photosynthetic traits changed in a coordinated manner, although the present
data do not establish a specific water-use strategy or hydraulic mechanism [20].

By contrast, M. alba L. showed an earlier and stronger physiological response. Its earlier
decline in ¥ was accompanied by earlier reductions in IWHC and IWTR and subsequent
reductions in P, gsw, and E. The transient increase in IWUE suggests a temporary adjust-
ment in intracellular water-use characteristics, but the subsequent decline suggests that
the transient adjustment was not sustained under severe drought, when photosynthetic
performance also declined markedly. In contrast, the increase in gas-exchange-derived
WUE can coexist with reduced photosynthetic performance when transpiration declines
more strongly than carbon assimilation.

The PCA further revealed clear species-specific multivariate patterns. PC1 and PC2
explained 61.7% and 17.1% of the total variation, respectively, accounting for 78.8% of the
variation. B. papyrifera L. was more strongly associated with ¥, P,,, gsw, E, WUE, and IWUE,
whereas M. alba L. was more closely associated with IWHT. This pattern indicates that the
two species occupied different regions of multivariate physiological space during drought
progression. Importantly, the PCA does not demonstrate different hydraulic mechanisms;
rather, it identifies different combinations of physiological traits associated with the two
species. These PCA patterns are exploratory and should be interpreted as hypothesis-
generating rather than confirmatory.

This interpretation is consistent with studies showing substantial interspecific variation
in drought-response strategies among woody plants. In karst ecosystems, differences in
water acquisition, root distribution, ¥, and hydraulic safety margins can contribute to
contrasting drought vulnerability among co-occurring species [22,27]. Recent evidence
further indicates that hydraulic trait variability and conservative stomatal regulation can
facilitate species persistence across heterogeneous karst water environments [38]. The
present study adds intracellular water-related traits to this framework and suggests that
these parameters may help resolve physiological differences that are not fully captured by
conventional measurements of ¥ and gas exchange.

Collectively, the results indicate that B. papyrifera L. and M. alba L. exhibited different
temporal patterns of physiological responses to drought. B. papyrifera L. showed compara-
tively gradual changes in leaf water status, intracellular water dynamics, and photosynthesis,
whereas M. alba L. exhibited earlier and more pronounced changes. The comparatively
gradual decline in these traits in B. papyrifera L. suggests a slower physiological response
to progressive drought under the conditions tested. These patterns reflect species-specific
drought responses, although the present data do not establish the underlying hydraulic
or cellular mechanisms. The observed differences may be relevant to how the two species
respond to declining soil water availability in karst habitats.
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From an applied perspective, integrating intracellular water-related parameters with
conventional physiological measurements may provide a basis for monitoring plant re-
sponses to soil drying. This integrated approach may help characterize changes in plant
physiological status during progressive drought and provide a basis for further evaluating
species suitability for drought-prone environments and supporting irrigation manage-
ment. However, field validation and assessments of plant growth and survival are needed
before these findings can inform specific recommendations for species selection or water-
management practices.

4.4. IWHT as a Potential Temporal Indicator of Intracellular Water Regulation During Drought

Among the intracellular water-related parameters examined, IWHT showed the most
distinctive response pattern. Whereas INHC and IWTR generally decreased with progres-
sive drought, IWHT increased. Moreover, IWHT showed negative associations with P,
gsw, and E and was more closely associated with M. alba L. in the PCA.

This contrasting behavior suggests that IWHT may reflect a temporal dimension of
intracellular water dynamics that is not fully represented by IWHC or IWTR. Recent stud-
ies using plant bioimpedance and electrical impedance spectroscopy have shown that
impedance-derived parameters can provide information on leaf water status and physiolog-
ical responses under water deficit [28,39]. Yu et al. [19] further demonstrated that intracel-
lular water metabolism derived from electrophysiological information differed between
M. alba L. and B. papyrifera L., providing a direct precedent for interpreting species-specific
responses in the present study.

The increase in IWHT during drought may indicate a change in the temporal char-
acteristics of intracellular water dynamics as water availability declines, but it would be
premature to interpret this pattern as direct evidence of enhanced intracellular water re-
tention, as IWHT is derived from impedance-based physiological parameters and cellular
water content/membrane permeability were not independently measured. Similarly, the
negative correlations between IWHT and photosynthetic traits likely reflect their opposite
temporal responses to drought rather than a direct inhibitory effect. Rather, INHT may
serve as an indicator of the physiological state accompanying progressive dehydration.

The PCA suggests that IWHT may contribute to the multivariate differentiation be-
tween the two species. Its association with M. alba L. in the PCA indicates that IWHT may
provide information complementary to ¥, WUE, and conventional gas-exchange traits.
This interpretation is consistent with recent evidence that drought responses are multidi-
mensional and involve coordinated variation across multiple physiological and functional
traits [40,41].

Accordingly, we consider INHT a potential temporal indicator rather than an estab-
lished hydraulic trait or a validated predictor of drought tolerance. It may complement
conventional measurements by providing information on the temporal dimension of intra-
cellular water dynamics. Future studies combining IWHT with direct measurements of leaf
hydraulic conductance, cellular water status, membrane properties, and stomatal responses
are needed to test whether IWHT can serve as a predictive indicator across species and
drought environments.

4.5. Conceptual Synthesis of Intracellular Water Regulation During Progressive Drought

The results support a conceptual framework in which progressive soil drying is asso-
ciated with coordinated changes in plant water status, intracellular water dynamics, and
photosynthetic performance (Figure 7). As SWC declined, ¥ became increasingly negative,
while IWHC and IWTR generally decreased and IWHT increased. These changes occurred
concurrently with declines in P, gsw, and E.
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Figure 7. Conceptual framework and multivariate analysis of intracellular water dynamics under
progressive drought. (A) The framework distinguishes measured results (solid blue boxes), sta-
tistical associations (solid yellow box), species-specific observed patterns (solid green boxes), and
hypothesized relationships (dashed pink box). Solid connecting lines indicate analytical flow without
implying causality. Dashed arrows indicate hypothesized relationships requiring future validation.
No causal relationships are implied. (B) PCA of intracellular water dynamics and photosynthetic
traits (see Figure 6 for details). PCA is exploratory and does not demonstrate causal mechanisms.

The major contribution of this framework is that it incorporates intracellular water dy-
namics into the conventional soil-plant water status—photosynthesis continuum. Previous
studies have established strong relationships among soil water availability, ¥, stomatal regu-
lation, and photosynthetic limitation under drought [17,25]. The present results suggest that
changes in intracellular water-related properties occur within the same drought-response
trajectory and provide additional physiological information.

The two species differed in the temporal expression of this response. B. papyrifera L.
maintained comparatively higher ¥ and exhibited more gradual changes in intracellular
water dynamics and photosynthetic performance, whereas M. alba L. showed earlier declines
in ¥, IWHC, IWTR, and gas-exchange traits and a stronger association with IWHT. These
species-specific trajectories are consistent with previous studies of Moraceae dehydration
and intracellular water metabolism [18,19], as well as with broader evidence of species-
specific drought responses in karst vegetation [22,27] and recent evidence that woody
species can differ substantially in the coordination of stomatal, hydraulic, and photosynthetic
responses to water limitation [41].

Importantly, Figure 7 is intended as a conceptual synthesis of observed temporal
patterns and statistical associations rather than as a demonstrated causal pathway. The
present study did not directly quantify root water uptake, xylem hydraulic conductance,
leaf hydraulic conductance, cellular water content, osmotic adjustment, or non-stomatal
photosynthetic limitations; therefore, these mechanisms cannot be resolved from the current
data. Within this conceptual framework, IWHT emerges as a promising candidate indicator
of the temporal dimension of intracellular water regulation. Recent bioimpedance research
has shown that impedance-derived parameters can provide information on leaf water sta-
tus and may capture physiological changes associated with water stress, although their
interpretation depends on the measurement and modelling framework [28,34,39]. How-
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ever, this interpretation requires validation across additional species, drought intensities,
developmental stages, and field conditions.

Overall, the present study indicates that progressive drought is associated with co-
ordinated but species-specific changes in soil water availability, leaf water status, intracel-
lular water dynamics, and photosynthetic performance. The integration of physiological
impedance-derived intracellular water parameters with conventional drought indicators
provides a potentially useful framework for resolving the temporal organization of plant
responses to water limitation in karst woody plants.

5. Conclusions

Progressive drought was accompanied by coordinated changes in plant water status,
intracellular water dynamics, and photosynthetic performance in B. papyrifera L. and M.
alba L. Declining soil water availability was associated with increasingly negative leaf water
potential, reductions in IWHC and IWTR, an increase in IWHT, and declines in P, gsw,
and E.

The major distinction between the two species lay in the timing of physiological re-
sponses. M. alba L. showed earlier declines in ¥, intracellular water-related parameters, and
photosynthetic traits, whereas B. papyrifera L. maintained comparatively higher water status
and exhibited more gradual physiological adjustment, particularly in the rock outcrop
habitat. These patterns suggest contrasting temporal modes of physiological adjustment
during progressive drought.

Correlation and PCA analyses indicated that intracellular water dynamics were associ-
ated with photosynthetic responses and were involved in the multivariate differentiation of
the two species. As an impedance-based temporal parameter, IWHT was associated with
species-specific drought responses and may provide complementary information on the
temporal dimension of intracellular water dynamics. However, this study does not establish
a causal relationship between IWHT and drought tolerance or photosynthetic performance,
nor does it validate IWHT as a predictive indicator of these traits.

Overall, integrating intracellular water-related parameters with conventional physio-
logical measurements provides a potentially useful framework for characterizing drought
responses in karst woody plants. However, the physiological interpretation and predictive
value of IWHT still require further validation through direct measurements of cellular
water status and leaf hydraulic properties, and through testing across additional species
and drought intensities under field conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

SWC Soil water content

z Total impedance

Cm Membrane capacitance
Rm Membrane resistance
Ro Extracellular resistance
Ri Intracellular resistance
Xcm Membrane capacitive
XLm Inductive reactance
RO Rock outcrop

NRO  Non-rock outcrop

IWHC  Intracellular water-holding capacity
IWTR  Intracellular water transport rate
IWHT  Intracellular water-holding time
IWUE Intracellular water-use efficiency

P, Net photosynthetic rate
E Transpiration rate
gSW Stomatal conductance

WUE Instantaneous water-use efficiency
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