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Highlights

* New perspective on the relationship between leaf hydraulic conductance (K.,) and stomatal conductance (g,): This study
provides a novel perspective by partitioning K, into inside-xylem (K,) and outside-xylem (K,,), elucidating the regulatory
mechanisms of K, on g.

¢ Optimizing planting density to enhance water use efficiency: The research demonstrates that K, is significantly positively
correlated with g,, enabling cotton to maintain leaf photosynthetic rate (Ay) while reducing transpirational water loss, thus
improving water use efficiency (WUE) across a gradient of planting densities.

¢ Structural basis and influencing factors of K,: K, is significantly influenced by leaf anatomical traits, particularly leaf
thickness and the volume fraction of inter-cellular air space; it exhibits a significant negative correlation with WUE as
planting density increases, underscoring the importance of leaf hydraulic properties for effective plant water management.

Abstract

Hydraulic theory predicts a positive coupling between leaf hydraulic conductance (K..;) and stomatal conductance (g.);
however, this theory has not been fully supported by observations, and underlying mechanisms are poorly understood.
Partitioning K into inside-xylem (K,) and outside-xylem (K,,) components offers a refined framework for elucidating
the regulation of g, by leaf hydraulics. While optimal planting density may enhance water use efficiency (WUE) through
modulation of g,, corresponding changes in leaf hydraulic properties and their influence on gas exchange remain unclear.
We examined relationships among K,, K., g, leaf photosynthetic rate (Ay), and WUE, and analyzed the structural
determinants of K, in cotton grown under eight planting densities: 12, 18, 24, 36, 48, 60, 72, and 84 plants m~. Results
showed that as planting density increased, K., and Ay remained stable, whereas K, and g, declined significantly. Leaf
thickness and the volume fraction of inter-cellular air space were key structural factors influencing K,,. Neither K, nor K,
correlated with Ay or gs; however, K, exhibited a significant positive correlation with g,. Furthermore, K, was negatively
correlated with WUE. These findings indicate that K,, modulates g, to minimize water loss without compromising Ay,
thereby enhancing WUE in cotton across varying planting densities.
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conductance
1. Introduction transpiration. Transpiration necessitates a continuous supply
Leaf stomatal opening enables CO, diffusion into the leaf, of water through the leaf hydraulic system to compensate

while simultaneously causing inevitable water loss via for these losses. Consequently, leaf hydraulic conductance

Received 28 May 2024; Received in revised form 5 September 2024; Accepted 24 September 2024; Available online 5 November 2024
*Correspondence Yali Zhang, E-mail: zhangyali_cn@foxmail.com, zhangyali_shzu@163.com
These authors contributed equally to this study.

© 2026 CAAS. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/). Peer review under responsibility of Editorial Board of Journal of Integrative Agriculture.
doi: 10.1016/j.jia.2024.11.012



966 Yunrui Chen et al. / Journal of Integrative Agriculture 2026, 25(3): 965-976

(Kear), defined as the rate of liquid water movement through
the leaf, should coordinate with stomatal conductance (gs),
which represents the rate of gaseous water vapor diffusion.
Thus, the coordination between K, and g, can influence
leaf photosynthetic rate (Ay) (Sack and Holbrook 2006;
Scoffoni et al. 2016). However, current findings regarding
the relationship between K, and g, remain inconsistent and
poorly understood. Some studies report a strong coupling
between K., and g, (Theroux-Rancourt et al. 2013; Huang
et al. 2017; Xiong et al. 2017, 2018), whereas others find
no significant association (Locke and Ort 2014; Maria 2016;
Ocheltree et al. 2016; Corso et al. 2020). As a result, the
functional linkage between K., and g, remains debated.

This uncertainty likely arises because most prior studies
did not differentiate the components of K.,. Based on the
analogy between water flow through a leaf and electric
current governed by Ohm’s law in an electrical circuit
(Sack and Holbrook 2006), K..; can be partitioned into two
components: leaf hydraulic conductance inside-xylem (K,)
and leaf hydraulic conductance outside-xylem (K,,) (Sack
and Holbrook 2006). Previous research indicates that
the relationships among K,, K., and g, are complex. For
instance, studies on different rice genotypes have revealed
a significant correlation between K., and g, (Xiong et al.
2015), yet neither K, nor K., correlated with g, (Xiong et al.
2017). Liu et al. (2019) examined multiple tree species and
found that both K, and K, were positively correlated with g..
Conversely, work across diverse plant species suggests
that K., affects g, primarily through K,,, rather than K, (Lu
et al. 2019). These discrepancies may stem from genotypic
variation and/or environmental interactions among species.
Therefore, accounting for genotype-specific effects is
essential when interpreting outcomes.

As evident from existing literature, results concerning the
influence of K.,; components on g, vary widely. Notably,
some studies indicate that inside-xylem hydraulic resistance
(R,=1/K,) accounts for approximately 27% of total leaf
hydraulic resistance (Boyer 1974; Salleo et al. 2003; Trifilo
et al. 2003; Cochard et al. 2004), with relatively minor
interspecific variation. In contrast, outside-xylem hydraulic
resistance (R,,=1/K,,) exhibits greater leaf hydraulic variability
across species (R..), contributing 8-81% of total resistance
(Sack and Holbrook 2006; Scoffoni and Sack 2015; Xiong
et al. 2015). This variability supports the intuitive hypothesis
that K, may be more closely linked to g, than K,. Theoretical
models suggest that effective water transport encounters a
series of serial resistances along the pathway from leaf veins
to substomatal cavities prior to transpiration. The analogy
between water flow in leaves and electrical current described
by Ohm’s law in an electrical circuit is notable (Sack and
Holbrook 2006). In vascular plant leaves, at least three key
factors transport pathway. First, vein diameter influences
conductivity, with K., scaling positively with the fourth power
of vessel diameter (Sterck et al. 2008; Pittermann et al. 2011);
however, xylem water transport efficiency often appears
redundant and dynamically regulated (Sack and Holbrook
2006; Sack et al. 2008). Second, the water transport route
from the vascular bundle sheath to the nearest substomatal
cavity constitutes a critical segment (Scoffoni 2015). This ‘last

mile’ involves a complex anatomical path and represents a
major contributor to overall leaf hydraulic resistance. Third,
resistance to water vapor diffusion occurs at the stomata
themselves, where the reciprocal of stomatal resistance
corresponds directly to g, representing the final ‘current’ in
the hydraulic circuit. Given this framework, larger resistance
components are expected to exert proportionally greater
control over the final flux (g,). Hence, mesophyll water
transport efficiency (1/R,,) is likely more tightly correlated
with g,. These observations and theoretical considerations
suggest that K,, may exhibit a stronger relationship with g,
than K,; however, further experimental validation is required
to confirm this hypothesis.

The variability in R, and R,, is associated with leaf
anatomical structure. Leaf vein density, defined as the length
of leaf veins per unit leaf area (VLA, mm cm™), is considered a
key anatomical trait influencing K., (Ueno et al. 2006; Blonder
et al. 2011). Early studies indicated that higher K is typically
associated with greater VLA (Aasamaa et al. 2001; Sack et al.
2004). Increased VLA provides additional parallel pathways for
water movement, thereby enhancing K,. Additionally, previous
research has clarified how xylem conduit number and diameter
affect K, (North et al. 2013). Meanwhile, K., encompasses
both non-vascular intracellular water transport and intracellular
water transport within mesophyll tissue (Buckley et al. 2015).
Research on the impact of mesophyll structure on K,, has a
long history, as internal anatomy critically determines sites
of evaporation and locations of major hydraulic resistance
(Meidner 1976; Tyree and Yianoulis 1980). Current evidence
indicates that major structural determinants of K, include
vascular sheath cell size, leaf thickness, mesophyll tissue
thickness, mesophyll cell dimensions, and mesophyll porosity
(Sack and Frole 2006; Buckley et al. 2015). Although
extensive research has addressed the structural regulation of
K, most studies have focused on interspecific comparisons.
In contrast, investigations into leaf structural variation within
a single species — particularly cultivated crops under differing
environmental conditions — and its effect on K., remain limited.

Optimal planting density can effectively enhance g,
and photosynthetic rate in crops, enabling synergistic
improvements in yield and water use efficiency (WUE)
(Ruiz and Bertero 2008; Toillon et al. 2013; Yao et al. 2016;
Zhang et al. 2016; Sun et al. 2019). Current research has
explored mechanisms by which planting density regulates
photosynthesis and WUE, focusing mainly on stomatal traits
affecting g,, such as stomatal density and size (Corréa et al.
2015; Yang et al. 2022), and their impacts on photosynthetic
rate (Gonzalez et al. 2022; Yang et al. 2022). However,
considering only stomatal morphology is insufficient for
fully explaining regulation of photosynthesis and WUE; it is
equally important to consider the support provided by leaf
water transport capacity during stomatal opening (Xiong et al.
2017). Studies on cultivated crops show that K., influences
g, in different rice genotypes (Xiong et al. 2015) whereas
K, and K, do not correlate with g, (Xiong et al. 2017). In
contrast, research on monocots and dicots demonstrates
that both K, and K, regulate g, under varying soil potassium
levels, revealing the hydraulic-anatomical basis of stomatal
regulation (Lu et al. 2019). Nevertheless, no study has



Yunrui Chen et al. / Journal of Integrative Agriculture 2026, 25(3): 965-976 967

reported the relationship between leaf hydraulic traits and
g, under varying planting densities. While some work has
examined leaf vascular structure under different planting
conditions (Corréa et al. 2015), the underlying regulatory
mechanisms of g, remain unclear.

In this study, we use cotton — a globally significant natural
fiber and economic crop — as our experimental system. We
investigate the hydraulic mechanisms underlying improved
WUE in cotton by altering the planting density of a single
cultivar, thereby inducing changes in leaf hydraulic properties
and gas exchange characteristics. We hypothesize that: (1)
Due to the complexity of extraveinal water transport pathways
in mesophyll tissue, R,, constitutes a dominant component of
total resistance in Gossypium hirsutum L., resulting in a closer
relationship between K,, and g, compared to K., or K,; and
(2) leaf thickness determines the linear distance of extraveinal
water transport, and changes in leaf thickness are commonly
accompanied by shifts in mesophyll porosity, suggesting that
both leaf thickness and mesophyll porosity are key factors
regulating K.,.

2. Materials and methods
2.1. Experimental design

Field experiments were conducted in 2020 at the Ulanwusu
Ecological and Agricultural Meteorological Experimental
Station in Xinjiang, China (44°17°N, 85°49°E). The soil texture
of the experimental field was clay. A completely randomized
block design was employed using upland cotton (G. hirsutum
L. cv. Xinluzao 72) as the experimental material, with a total
of eight planting density treatments. The planting density
gradient, from low to high, was as follows: (1) 12 plants m™;
(2) 18 plants m™; (3) 24 plants m™; (4) 36 plants m™; (5) 48
plants m™; (6) 60 plants m™; (7) 72 plants m™; (8) 84 plants m™.
Prior to sowing, nitrogen (150 kg ha™ as urea) and phosphorus
(225 kg ha™' as KH,PO,) were applied. The fertilizers and crop
residues were incorporated into the soil, and the experimental
plots were then covered with plastic film. Sowing was carried
out on April 24, 2020, by manually punching holes in the film
and planting cotton seeds. Irrigation was performed using
subsurface drip irrigation beneath the plastic film, configured
in a ‘one film, three drip lines, six rows of cotton’ layout —
indicating three drip lines under each film and six rows of
cotton per film, corresponding to a (66+10) cm row spacing. All
treatments received the same amount of water two days after
sowing to promote uniform germination. During the growing
season, irrigation was applied as needed 9 times, with a total
water application of 2,733 m® ha™'. The first irrigation occurred
on June 9, 2020, followed by subsequent applications on June
21, June 30, July 9, July 18, July 27, August 6, August 15,
and August 25. Nitrogen fertilizer (urea at 520 kg N ha™') and
phosphorus fertilizer (KH,PO, at 158 kg P ha™") were uniformly
applied across all treatments. Uniform irrigation, fertilization,
and chemical control practices were maintained throughout the
growth period.

2.2. Data collection

Data collection for all experimental parameters began on July
10, 2020, during the flowering stage of cotton. The measured

parameters are described below:
Measurement of leaf hydraulic conductance Mature
leaves were selected to measure K, using the evaporative
flux method (EFM), where K. is calculated as the ratio of
transpiration rate (£, mmol m™ s™) to the leaf water potential
gradient (A, MPa) (Sack and Scoffoni 2012). Briefly,
cotton shoots bearing at least three mature leaves were cut
and immediately placed in water, then recut underwater to
eliminate embolism formation. The shoots were enclosed
in black plastic bag and equilibrated in the laboratory for
over 5 hours (overnight in this study). Leaf petioles were
cut underwater and connected to pre-filled plastic tubing
submerged in a water bath. The excised leaves were
exposed to artificial light with an intensity of approximately
2,000 pmol m™ s at the leaf surface. Environmental
temperature was maintained at 28-30°C. A balance
(Sartorius, BSA224S, Germany) recorded weight changes
over time, and the slope of the stable phase indicated the
flow rate (E). Each leaf was monitored for 15 min after
stabilization. Subsequently, leaf area, length, and width were
measured, and leaf water potential (,.;) was determined
using a pressure chamber (SKPM1400-50, Skye Instruments,
Llandrindod Wells, UK). Given the negligible resistance of
the water tubing, it was excluded from the calculation of K,
which follows the eq.:
E
(’Uwater_wleaf (1 )
where E represents the steady-state leaf transpiration rate
measured gravimetrically; ¥, ... denotes the water potential
of distilled water, assumed to be 0 MPa in previous studies.
Simulation of leaf hydraulic conductance inside xylem In
this study, K, (mmol m= s~ MPa™) in leaf veins was estimated
using the Hagen-Poiseuille eq. (North et al. 2013):
2 1.2
K= @0
128 n
In this context, a represents the height of conduits in small
leaf veins (3rd order and higher), measured in micrometers
(um), while b corresponds to their width, also in micrometers
(um). n indicates the number of conduits within a vascular
bundle, and n denotes the dynamic viscosity of water, taken
as 8.324x107° Pa s at 28°C. Hydraulic conductivity was first
calculated for individual vascular bundles and mean values
of K, were subsequently determined. Previous studies have
demonstrated that primary leaf veins primarily contribute to
mechanical support, whereas the main resistance to water
flow occurs in the small leaf veins (Sack et al. 2002, 2004).
Therefore, this study employs conduits in leaf veins of the 3rd
order and above to calculate leaf vein hydraulic conductance.
Simulation of leaf hydraulic conductance outside xylem The
leaf hydraulic conductance outside xylem is denoted as K,
(mmol m? s MPa™). K, was derived from measured K
and K, the series resistance model:
1 1 1
Ker K. 'K ©
Hence, the expression for calculating K, is:

Kleaf=

n- VLAminor (2)

— —leaf TTx 4
Kx_,<leaf ( )
Measurement of leaf thickness and leaf structure For each
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treatment, 3-5 leaves samples were collected. Tissue sections
measuring 10 mm in length and 4 mm in width were excised
from positions located one-third of the distance from the leaf
tip. These samples were fixed in formalin-acetic acid-alcohol
fixative (FAA) solution, dehydrated through an ethanol series,
cleared, and embedded in paraffin. Cross-sections were
double-stained with safranin and alcian blue and mounted
with neutral resin. The sealed sections were dried in an oven
at 37°C. Prepared slides were observed and photographed
under an optical microscope (Olympus, BX51, Japan). Using
ImagedJ software (National Institute of Health, Bethesda, MD,
USA), the distance between the upper and lower epidermis
was measured at a minimum of five equidistant points per
cross-section and averaged as leaf thickness (LT, mm).
Additionally, the thicknesses of the palisade (PT, mm) and
spongy tissue thickness (ST, mm) were quantified separately.
Clear areas of a certain size were selected from cross-sections
of both palisade and spongy tissues in each slice. The areas
of all cells within the selected regions were quantified, and the
average values were recorded as palisade tissue cell area
(PTCA) and spongy tissue cell area (STCA). At least five fields
of view were quantified for each slice. Using ImagedJ software
(National Institute of Health, Bethesda, MD, USA), the total
cross-sectional area of the leaf mesophyll tissue (S,..,) and
the intercellular air space area (S,,s) were measured (Lu et al.
2019). The volume fraction of intercellular air space (f,.s) was
calculated as:

SIAS

fins™ S (5)

Similarly, the calculations for fi,s pr are done using the
respective cross-sectional areas of the leaf palisade tissue and
the intercellular air space area; the calculations for f,s s are
done using the cross-sectional area of the leaf spongy tissue
and the intercellular air space area, respectively.
Measurement of xylem structure For each treatment,
3-5 leaves were sampled, and cross-sections of the leaves
were prepared, avoiding the first- and second-order veins.
Sections were fixed in FAA solution, dehydrated, cleared,
and embedded in paraffin. Double staining with safranin
and alcian blue was performed, and sections were sealed
with neutral resin. Slides were examined and imaged
under an optical microscope (Olympus, BX51, Japan).
Using ImagedJ software (National Institute of Health,
Bethesda, MD, USA), conduit height (a, yum), width (b,
um), and number (n) were measured in all visible vascular
bundles per cross-section.

Measurement of VAL For each treatment, 3-5 mature
leaves were selected. At a position one-third from the leaf
tip, leaf tissues with dimensions of 7 mmx7 mm in width were
cut and placed in a water bath at 65°C for 12 h. Afterward,
the samples were rinsed with 80% ethanol, heated in a 65°C
water bath for 1-2 h, and then rinsed with 10% NaOH. After
thorough cleaning, the samples were stained with safranin,
dehydrated in a gradient of alcohol, and sectioned for
observation and photography. At least three clear fields of
view were selected for each section, and Imaged (National
Institute of Health, Bethesda, MD, USA) was used to quantify
the length of leaf veins in each field of view, thus calculating

VLA (mm mm™).

Leaf gas exchange parameters and leaf intrinsic WUE
measurement Gas exchange in leaves was measured
from 11:00 to 14:00 h using an LI-6400 portable infrared gas
exchange analysis system (LI-COR Inc., Lincoln, USA) under
conditions of light saturation (PPFD of 2,000 uymol m™ s™).
For carbon dioxide concentration, the reference chamber’s
CO, level (C,) was maintained at 400 pmol CO, mol™. The
leaf chamber’s temperature and relative humidity were strictly
controlled at 30°C and 45%, respectively. Measurements
were taken on fully expanded young leaves, randomly
selected for each treatment. Four separate measurements
were made for each treatment, each on a different plant.
To ensure consistent lighting conditions, photosynthetic
parameters were assessed on the same leaf area without
altering its position.

Leaf intrinsic water use efficiency (WUE,) was calculated
using measurements obtained from the LI-6400 gas
exchange analysis system (LI-COR Inc., Lincoln, USA). Leaf
photosynthetic rate (Ay) and stomatal conductance (g;) were
used in the following formula:

WUEF% (6)

Long-term WUE of leaves The leaf samples, after removing
the petioles , were dried at 60°C, and then ground into
fine powder after removing the midrib. All samples were
measured at the Xinjiang Institute of Ecology and Geography
and combusted in an elemental analyzer (EA 1112 Series,
Thermo Flash, Bremen, Germany). The stable carbon
isotope ratio ("*C to ?C) of leaf tissues relative to the Pee Dee
Belemnite standard (VPDB) was determined using a stable
isotope ratio mass spectrometer (Delta Plus, Thermo Fisher
Scientific, Bremen, Germany). The results were reported as
5'*C, in per mil (%o), which indicates the comprehensive leaf
WUE (Farquhar and Richards 1984).
Determination of stomatal structure The nail polish imprint
method involved applying colorless and transparent nail
polish to the 1/3 portion of mature leaves near the midrib.
After allowing it to dry completely, temporary mounts were
created and photographed under an optical microscope
(Olympus BX51). For each treatment, at least six stomatal
mounts were prepared from different leaves. Imaged
software was utilized to quantify stomatal area, and the mean
value was recorded as stomatal size (SS). Different known
area regions were selected to count the number of stomata,
resulting in stomatal density (SD). Stomatal length (L) was
quantified, and stomatal pore area index (SPI) was calculated
as follows (Sack et al. 2003):

SPI=L2-SD-10™ 7)

2.3. Statistical analysis

SPSS 21.0 (SPSS, Chicago, USA) was used to conduct
One-way ANOVA to test the differences in measured traits
among different treatment. Regression analyses were
performed with mean values to test the correlations between
parameters. All regressions were fitted by linear model.
Regression lines was shown for P<0.05.
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3. Results

3.1. Variation in leaf water transport efficiency and
resistance under different planting densities

In this study, substantial variations in leaf hydraulic traits
were observed under different planting densities for the
same cotton species (Table 1). As shown in Table 1, K, did
not exhibit significant differences between treatments, but
K, and K,, showed significant variations among treatments.
K, displayed a significant range of variation, ranging from
26.12 pmol m? s MPa™ at 48 plants m™ to 44.97 ymol m™
s” MPa™ at 72 plants m™, representing a 1.72-fold change.
The variation in K,, was smaller, ranging from 8.94 ymol m™
s MPa™" at 72 plants m™? to 12.44 pmol m? s~ MPa™ at
the lowest planting density (12 plants m™), with a 1.39-fold
change. The selected cotton genotypes showed significant
differences in the percentage of leaf hydraulic resistance in
both the inside (R/R.=Kea! Ky) and outside (Ru/Riea=Kicad
K.x) xylem under different planting densities. The percentage
of inside xylem hydraulic resistance ranged from a minimum
of 17.37% at 72 plants m™ to 29.58% at 12 plants m™,
representingindicating a 1.7-fold change. The variation in

outside xylem hydraulic resistance was only 1.17-fold, ranging
from a minimum of 70.42% at 12 plants m™ to 82.63% at
72 plants m™. In terms of the percentage of leaf water
resistance attributed to the inside and outside xylem, R,,/R.s
was significantly lower in the 12 plants m™ compared to other
treatments, showing an overall increasing trend. Conversely,
R./R.. Was significantly higher in the lowest-density treatment
compared to other treatments, demonstrating an overall
decreasing trend (Table 1; Fig. 1). Overall, R,, constituted
the primary source of leaf water transport resistance.

3.2. Effects of leaf hydraulic properties on g,

Planting density significantly influenced g, with the highest
g, observed at 12 plants m™, where the highest g, was 1.45
times that of the lowest g, (Appendix A). Further investigation
from the perspective of leaf water balance revealed a
significant positive correlation between K,, and g, (Fig. 2-C),
while there was no apparent correlation between K, and K,
with g, (Fig. 2-A and B). This suggests that the efficiency of
water transport outside leaf veins is the primary factor limiting
leaf water diffusion.

Table 1 Effects of planting density (PD) on hydraulic functional traits of cotton leaves”

P D Keaf Kx Kox RX/RIeaf Rox/Rleaf
(plants m2) (umol m=2 s~ MPa™") (umol m2 s~ MPa™) (umol m2 s~ MPa™) (%) (%)

12 8.03+0.10 a 27.70£3.97 c 11.43+0.61 ab 29.58+4.32 a 70.42+4.32 b
18 9.53+0.19 a 40.88+1.10 ab 12.44+0.39 a 23.330.98 ab 76.66+0.98 ab
24 7.97+0.18 a 30.98+2.49 ¢ 10.7840.54 ab 24.52+1.71 ab 75.48+1.71 ab
36 7.56+0.04 a 32.24+0.31 bc 9.91+0.01 ab 23.51+0.15 ab 76.49+0.15 ab
48 7.33+£1.09 a 26.124¢5.13 ¢ 10.24+1.45 ab 29.07+6.77 a 71.60+2.77 b
60 7.7840.40 a 43.5246.00 a 9.58+0.94 b 18.40+3.71 b 81.60+£3.71 a
72 7.861£0.67 a 44 9744.32 a 8.94+0.20 b 17.37£1.62 b 82.63+1.62 a
84 8.13+0.23 a 44.31+5.29 a 9.99+0.44 ab 18.60+2.28 ab 81.40+2.28 b

" Different coefficients represent multiples of conventional density. Kg.;, leaf hydraulic conductance; K, leaf hydraulic conductance inside-xylem;
K, leaf hydraulic conductance outside-xylem; R,/R\.;, inside-xylem hydraulic resistance/total leaf hydraulic resistance; R,,/R.; outside-xylem

hydraulic resistance/total leaf hydraulic resistance.

Values are mean+SD (n=8). Significance analysis and test of leaf hydraulic characteristic under different planting densities were carried out,

and different letters represented the difference of 0.05 level.
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3.3. Influence of leaf hydraulic traits on Ay and WUE

Among all treatments, a decreasing trend in Ay was observed
as planting density increased, but there were no significant
differences overall. Furthermore, a detailed analysis of leaf
intercellular carbon dioxide concentration (C;) revealed no
significant changes in C,; for all planting densities except
for the 72 plants m™ (Appendix A). Our study found no
correlation between g, and A, (Appendix B-a). Furthermore,
the investigation into the relationships between K., K, and
K., with Ay revealed no significant correlation (Appendix B-b—
d).

WUE;, was significantly lower at the two lowest planting
densities (12 and 18 plants m™) compared to other planting
densities. Similarly, the long-term WUE (5"°C) at these two
lowest planting densities was significantly lower than at
other planting densities (Appendix A). The analysis of WUE
indicated a negative correlation between K,, and WUE;
(Fig. 3-B). Similarly, there was no significant correlation
between 8'°C and K, (Fig. 3-C), but a weak negative
correlation was found between 3'°C and K., (Fig. 3-D;
R?=0.438, P=0.074).

3.4. Impact of leaf hydraulic conductance outside xylem
on stomatal structure

To explore the structural basis of the relationship between
K., and g,, we investigated the relationship between K, and
K.« with SPI. As indicated in Appendix C, planting density
significantly affected SPI, with the lowest SPI observed at
the lowest planting density (12 plants m™) and the highest
SPI observed at the 24 plants m™. Overall, SPI exhibited an
initial increase followed by a stable trend as planting density
increased. Analyzing the relationship between SPI and
leaf hydraulic functions revealed no significant correlation
between K, and SPI, as well as between K, and adaxial SPI
and abaxial SPI (Appendix D). In contrast, K,, exhibited a
weak negative correlation with SPI (Appendix E-a; R?=0.349,
P=0.123), no correlation with adaxial SPI (Appendix E-b), and
a significant negative correlation with abaxial SPI (Appendix
E-c).

3.5. Impact of leaf structure on leaf hydraulic conduc-
tance outside xylem

To elucidate the impact of leaf structure on hydraulic
functionality under different planting densities in the same
cotton genotype. We investigated the effects of leaf thickness
(LT), palisade tissue thickness (PTT), and spongy tissue
thickness (STT) on K,.. The results revealed a negative
liner correlation between LT and K., (Fig. 4-A). There was
a significant negative correlation between spongy tissue
thickness and K., (Fig. 4-C).

Furthermore, we analyzed the impact of mesophyll cell area
on K,. The results showed a negative correlation between
palisade tissue cell area (PTCA) and K,,, indicating that larger
PTCA are associated with lower K,, (Appendix F-a). However,
Appendix F-b revealed that spongy tissue cell area (SPCA)
had no significant effect on K,,. In addition, we investigated the
influence of fraction of leaf mesophyll volume occupied by f,5 on
K, The results demonstrated a positive correlation between leaf
cross-sectional f,s and K., (Fig. 5-A). Fraction of leaf palisade
tissue volume occupied by intercellular air space (fias pr) sShowed
no significant correlation with K, (Fig. 5-B), while fraction of
leaf spongy tissue volume occupied by intercellular air space
(fias_s) exhibited a close relationship with K, (Fig. 5-C). These
findings suggest that as the intercellular space area of mesophyll
tissue increases, the water transport efficiency outside the xylem
improves when mesophyll tissue porosity increases, with spongy
tissue porosity playing a more critical role.

3.6. Correlation analysis and model construction

Principal component analysis was performed for key traits
(Fig. 6). The first axis of principal component analysis
accounts for 54.3% of the total variation, indicating a strong
negative association among fias, fias s fias P 9ss Koo SPI,
5"C, STT, and WUE,. The second principal component
(PC2) explained 21.2% of the total variation. The PCA
results revealed that K, has a positive influence on g but is
significantly negatively correlated with WUE. Furthermore,
the variation in K,, was positively associated with mesophyll
cell porosity but negatively correlated with leaf thickness.

We summarized the influencing factors of water transport
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Fig. 2 Correlation between stomatal conductance (g,) and leaf hydraulic conductance (K

o) (A) and stomatal conductance (g,) and

leaf hydraulic conductance of inside-xylem (K ) (B) and stomatal conductance (g,) and leaf hydraulic conductance of outside-xylem
(K, (C) in different planting densities. Values are meanxSD (n=8). The fitting lines are shown when P<0.05. NS, not significance.
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efficiency and the relationship between water diffusion and
WUE in cotton leaves under different planting densities.
Fig. 7 illustrates these relationships, with the long triangle in
the center depicting the trend of the indicators: an increase
from the tip to the edge of the triangle represents an upward
trend. We can see that f,5 gradually increases and LT
gradually decreases with the increase of planting density
(green long triangle). K., decreased with the increase of

planting density, and was positively affected by f,5 and
negatively affected by LT. Additionally, a decrease in K,
results in reduced g, but increased WUE (blue long triangle).

4. Discussion
4.1. Water transport resistance of leaves mainly comes
from the water transport path outside the xylem

The pathway of water transport within leaves is complex, and
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extensive variation in K., reported across different species our results, hydraulic resistance within the xylem ranged
and environmental conditions (Sack and Holbrook 2006). from 17.37 to 29.58%, with an average of 23.08%, while
This variation has been present in cultivated crops (Xiong hydraulic resistance outside the xylem ranged from 70.41

et al. 2017). However, our study results indicated a high to 82.63%, with an average of 77.03%. This suggests that
degree of conservatism in K, for the same cotton genotype planting density influences the relative contributions of R,

under different planting densities (Table 1). Surprisingly, and R, to hydraulic resistance in leaves. Moreover, cotton
despite the conservatism in K., planting density led to leaf hydraulic resistance was primarily attributed to the
adaptive adjustments in K, and K, (Table 1). Furthermore, outside-xylem water transport pathway at different cultivation

partitioning total hydraulic resistance (R,=1/K.y) into the densities (Table 1; Fig. 1). This finding is consistent with
inside-xylem and outside-xylem components is a crucial step previous research on the allocation of hydraulic resistance
in understanding leaf hydraulic design. Relative hydraulic within leaves, where hydraulic resistance inside-xylem and
resistance provides a clearer description of the contributions outside-xylem had been of similar magnitude and significantly
of K, and K, to the leaf’s overall hydraulic properties. In different among species (Sack et al. 2004; Nardini et al. 2005;
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Fig. 7 Structural limiting basis of water transport in cotton leaves and the regulating relationship between water diffusion and
water use efficiency (WUE). The point of the long triangle points in the direction of the decreasing value. The direction pointed by

the small red arrow indicates that the arrow tail character has an effect on the arrow character. f

A 1€af mesophyll volume occupied by

intercellular air space; LT, leaf thickness; K_, leaf hydraulic conductance outside-xylem; g, stomatal conductance.

Sack et al. 2005). For instance, Sack et al. (2005) found
that the percentage of hydraulic resistance in the extraxylem
ranged from 11 to 74% in 10 tropical rainforest tree species.
In our results, there was no significant difference in main
vein density among the planting density treatments, while
small vein density showed a significant difference (Appendix
H). Additionally, the major veins in reticulate venation
plants primarily provide mechanical support with lower flow
resistance (Sack et al. 2004). Therefore, we considered only
veins of the 3rd order and above, excluding the major veins
in our calculations for K.

4.2. Hydraulic conductance outside xylem is the main
reason limiting the g, of leaves

The coupling of K., and Ay has been widely observed, and the
coordination between K, and Ay is influenced by g, (Brodribb
et al. 2007; Brodribb and Jordan 2008). In our results, the
primary factor affecting g, was K,, rather than K., or K,
(Fig. 2), which is similar to the findings of Lu et al. (2019) in
different potassium supply conditions for monocots and dicots.
Clearly, outside-xylem water transport resistance in the leaf
veins represents the major factor limiting g, under different
planting densities of the same cotton genotype. This can be
understood for several reasons. Firstly, our results showed
that outside-xylem resistance is the predominant contributor
to overall leaf hydraulic resistance. Secondly, leaf veins are
situated within the mesophyll and are separated from the
guard cells by a certain distance. The transport of water from
leaf veins to stomata involves symplastic transport pathways
between bundle sheath cells. In contrast, the extravascular
water transport pathways are closer to the guard cells.
Therefore, the influence of K,, on g, at hydraulic distance
should be more direct. Additionally, K, typically exhibits daily

fluctuations (Meinzer et al. 2008) and seasonal changes
(Prior and Eamus 2000; Brodribb et al. 2002). Moreover, K,
is primarily influenced by leaf vein structure, including VLA,
the number of conduits, and individual conduit diameter (Sack
and Frole 2006; Sack and Holbrook 2006). Furthermore,
recent research has shown that leaf vein conduit structure can
undergo elastic deformation in response to leaf water status,
which is directly related to leaf hydraulic efficiency (Verslues
et al. 2023). Therefore, it can be inferred that the leaf vein
system incorporates redundancy under varying planting
densities. Thus, a decrease in K, does not necessarily reduce
g, which can also lead to decoupling between K, and g..

4.3. There is a coupling relationship between leaf
hydraulic conductance outside xylem and WUE

Our results indicate that neither K, nor K,, impacted on
Ay (Appendix B-c and d). And, Ay showed no significant
correlation with g, (Appendix B-a), and the analysis of C,
revealed no significant differences between treatments
(Appendix A). This suggest that although the ability of
mesophyll cells to transport carbon dioxide differs (Tosens
et al. 2016), thereby maintaining stable leaf photosynthetic
rates at high densities. Secondly, we observed that high
planting density was associated with a higher SPI (Appendix C),
enhancing the regulatory capacity of stomata structurally (Liu
et al. 2018; Ramirez-Valiente et al. 2018). Furthermore, guard
cells not only contain chloroplasts (Talbott and Zeiger 1998)
but also have photosynthetic capacity, enabling direct control
of stomatal movement (Ueno 2001; Zeiger et al. 2002; Outlaw
2003). Therefore, maintaining a high guard cell surface area
at high densities enhances stomatal regulation capacity and
facilitates carbon assimilation due to the location of stomata
at the forefront of the leaf, resulting in a decoupling of Ay rate
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from g,. Further, K, was found to regulate WUE; (Fig. 3-B),
and the relationship between 5"°C and K., supports this result
(Fig. 3-D). The increase in K,, leads to an increase in water
loss through stomata (g) (Fig. 2-C), thereby reducing WUE,
which is easily understandable. However, what we should
pay more attention to is that as K., increases, SPI decreases
(Appendix E). The ability of leaves to adjust stomata is weak,
and the WUE is reduced under the treatment of lower SPI (Liu
et al. 2018). More importantly, unlike mesophyll cells, guard
cells’ photosynthesis comes at the cost of less water loss due
to their unique position on the leaf. Therefore, leaves with
higher SPI are expected to have higher WUE. However, the
extent to which the increase in SPI benefits cotton A, and
WUE requires further in-depth research.

4.4. Thickness and porosity of spongy tissue are the
anatomical basis that determine the leaf hydraulic
conductance outside the xylem

Our research findings indicate that as leaf thickness
increases, K., decreases (Fig. 4-A), particularly with respect
to the thickness of the spongy tissue (Fig. 4-C). However,
previous studies on the impact of leaf thickness on K,, have
yielded inconsistent results, with thicker leaves frequently
believed to enhance both K, and K, (Zhang and Cao 2009;
Gao et al. 2023). This observation may be attributed to the
additional parallel pathways for horizontal transport provided
by thicker leaves, which reduce resistance. However, the
study by suggests that K, is unrelated to leaf thickness, and
modeling simulations indicate that variations in leaf thickness
among different species have minimal effects on leaf water
transport efficiency. Our results show that the increase of leaf
thickness with the increase of planting density lengthens the
water transport path within the same cotton variety, resulting
in an increase in water transport resistance. Although
thicker leaves can offer additional water transport pathways
(de Boer et al. 2016). But thickened leaves allow water to
travel farther, increasing water flow resistance of mesophyll
tissue. Furthermore, an increase in leaf thickness reduces
temperature gradients within the leaves, significantly affecting
K. For instance, K., increases by 16 to 65% on average as
the internal temperature gradient within the leaves rises from
0°C to 0.2°C (Buckley et al. 2015).

Furthermore, in our results, the thickness of the spongy
tissue has a greater impact on K, (Fig. 4). This effect may
be attributed to the fact that stomata are primarily distributed
on the abaxial surface of cotton leaves (Appendix C).
Consequently, the increased water loss from the abaxial
surface enhances the influence of the spongy tissue structure
on K,, (Buckley et al. 2015). Clearly, the effect of leaf
thickness on water transport efficiency varies under different
conditions. However, it is known that there are underlying
mechanisms linking leaf anatomy and leaf thickness,
resulting in changes in mesophyll cell properties and
intercellular connectivity. Further analysis of mesophyll cell
size reveals that although changes in spongy tissue thickness
significantly affect K,, (Fig. 4-C), the cell area of spongy
tissue is not the primary factor influencing K, (Appendix
F-b). Conversely, with an increase in the cell area of palisade

tissue, K., significantly decreases (Appendix F-a). Our data
demonstrate a correlation between the increase in palisade
tissue cell size and the increase in palisade tissue thickness
(Appendix H). Therefore, the reduction in K, due to the
increase in cell area of palisade tissue is likely attributed
to the association between leaf anatomy components.
Specifically, the increase in palisade tissue thickness leads to
an increase in palisade tissue cell area, prolonging the water
transport pathway and increasing water transport resistance
(John et al. 2013). Additionally, we observed that the cell size
of spongy tissue remains relatively constant under different
planting densities of the same cotton species, indicating the
conservativeness of spongy tissue cell size (Table 2). This
result differs from the findings of Buckley et al. (2015) and
John et al. (2013), suggesting that the conservativeness
ofspongy cell size may represent a new adaptation strategy
in cotton to respond to environmental changes. Changes
in mesophyll cell size can lead to variations in the porosity
of palisade and spongy tissues. Our results revealed a
positive correlation between leaf cross-sectional f,s and
Ko primarily mediated by the fias st, With limited association
with fias pr (Fig. 5). After water flows out of the xylem, it
enters stomata through intercellular spaces, symplast,
membranes, and gas-phase pathways. The apoplastic
pathway is believed to dominate external water transport.
Therefore, the increase in the porosity of mesophyll tissue,
particularly the spongy tissue, enhances the surface area
for cell evaporation while reducing the area available for
liquid-phase flow, thereby increasing K,,. The resistance to
apoplastic water transport is considerably lower than that of
symplastic water transport.

5. Conclusion

Our research results indicate that the overall leaf hydraulic
efficiency remains constant in the same genotype under
different planting densities. However, there were significant
changes in both inside xylem and outside xylem water
transport efficiencies, with outside xylem water transport
efficiency being the primary limiting factor of overall leaf
hydraulic efficiency and a crucial factor in regulating water
use efficiency through stomatal conductance. The outside
xylem water transport efficiency was influenced by leaf
thickness, particularly the thickness of the spongy tissue.
Nonetheless, the increase in porosity of the spongy tissue
enhances outside xylem water transport efficiency. This
study reveals the structural constraints underlying K,, and
its key role in regulating stomatal conductance and water
use efficiency. It holds significant practical implications
for future efforts to manipulate crop water use efficiency
through cultivation and breeding approaches.
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Table 2 Effect of planting density (PD) on leaf anatomy structure characters”

PD LT PTT STT

PTCA

STCA f f f

IAS IAS_PT IAS_ST

(plants m?) (mm) (mm) (mm) (x102 pm?)  (x10% um?) (%) (%) (%)

12 0.274£0.008d  0.109+0.002 d 0.120+£0.006 ¢ 10.75+1.98 e  4.41+0.44 a 22.85+2.92ab 18.62+1.45a 25.68+4.56b
18 0.304+0.002c  0.140+0.004 abc 0.131£0.001 c 12.53+0.78 de 4.78£0.49a 27.92+2.98a 19.36%6.81a 35.22+0.89a
24 0.326+0.009 bc  0.144+0.002 b 0.145+0.003 b 15.24+1.29cd 4.36+0.13a 27.29+3.83a 18.49+4.71a 37.11+2.37 a
36 0.364+0.003a  0.166+0.004 a 0.152+0.003 ab 15.84+0.53 cd 4.37+0.08 a 27.11+2.70 a  24.84+2.94a 29.01+2.94Db
48 0.368+0.008 a  0.131+0.001 bc  0.149+0.009 b 13.44+0.44 de 4.66+0.25a 25.75+2.84a 18.65+3.08 a 29.66+3.36 b
60 0.368+0.015a  0.157+0.006 a 0.165+0.004 a 18.18+1.30bc  4.58+0.45a 18.57+x2.05bc 16.21+4.18a 20.33+2.06 c
72 0.358+0.016 a  0.166+0.010 a 0.158+0.010 ab 19.38+0.89b  4.55+0.33a 9.96+1.45d 5.08£1.05b 14.16£1.70d
84 0.346+0.015ab 0.142+0.003 bc  0.147+0.001 b 23.54+2.03a  4.75+0.16a 14.66%x2.42cd 14.28+3.67 ab 14.89+2.01 d

" Different coefficients represent multiples of conventional density. LT, leaf thickness; PTT, palisade tissue thickness; STT, spongy tissue
thickness; PTCA, palisade tissue cell area; STCA, spongy tissue cell area; f,s, fraction of leaf mesophyll volume occupied by intercellular air
space; fiss pr, fraction of leaf palisade tissue volume occupied by intercellular air space; fis <7, fraction of leaf spongy tissue volume occupied

by intercellular air space.

Values are mean+SD (n=8). The significance analysis and test of leaf vascular bundle structure parameters under different planting densities
were carried out, and different letters represented the difference of 0.05 level.
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