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Abstract: Foliar water uptake (FWU) is considered to be a common phenomenon in most terrestrial
plants. As a supplementary water source, it plays an important role in the growth and survival of
plants in arid areas. However, there is no research to explain the water absorption of plant leaves
from the perspective of gender specificity. To this end, we carried out a leaf water absorption capacity
experiment and in situ wetting field experiment, respectively, in the early (Initial), middle (Mid)
and end (End) of the growth season of male and female Populus euphratica. The results of the leaf
water absorption capacity experiment showed that the FWU capacity of male and female P. euphratica
showed an increasing trend with the growth period and reached the maximum at the End period.
The FWU capacity of female P. euphratica was significantly greater than that of male P. euphratica after
the Initial stage. The water absorption speed (k) of male and female leaves also increased with the
growth period, but the increase was not significant. The increase in leaf water content per mg of
water absorbed per unit of leaf area (LWCA) of male P. euphratica was always greater than that of
female P. euphratica. Specific leaf area (SLA), leaf water saturated deficit (WSD) and water absorption
parameters (FWU capacity, k) were significantly correlated. The results of the in situ wetting field
experiment show that humidification significantly increased the predawn water potential (Mid
period) of female and male P. euphratica leaves and the net photosynthetic rate (Mid period) of male P.
euphratica leaves, but had no significant effect on chlorophyll fluorescence parameters and anatomical
structure. The MFA results show that the water status of male and female P. euphratica leaves was
significantly correlated with photosynthetic parameters, fluorescence parameters and anatomical
parameters. Our results show that the foliar water uptake capacity of female P. euphratica leaves was
stronger than that of male P. euphratica and shows significant dynamic changes during the growing
season. This was because female P. euphratica has a developed water storage structure. Foliar water
uptake can effectively improve the water status and photosynthetic capacity of male and female P.
euphratica, and this improvement was more significant during the most intense period of soil water
stress. These findings will deepen our understanding of the ecological adaptation of dioecious plants
to foliar water uptake.

Keywords: Tugai forest; arid area; dioecy; wet leaves; physiological

1. Introduction

The plant canopy can intercept rain, fog, dew etc., resulting in wet leaves [1–3]. The
most direct benefit of leaf wetting is water entering the leaf through the absorption of the
water accumulated on the leaf surface, which is called foliar water uptake. It can be said that
leaf water absorption is a common phenomenon in most terrestrial plants, because this phe-
nomenon is observed in more than 85% of studied species [1,4]. As a complementary water

Forests 2023, 14, 1444. https://doi.org/10.3390/f14071444 https://www.mdpi.com/journal/forests

https://doi.org/10.3390/f14071444
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://doi.org/10.3390/f14071444
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f14071444?type=check_update&version=1


Forests 2023, 14, 1444 2 of 21

source, although plant leaves absorb less water, this phenomenon still increases leaf water
potential [5,6], promotes plant growth [7,8] and improves photosynthetic capacity [9,10].

There are 14,620 species of dioecious plants, which are an important part of terrestrial
ecosystems and play an important role in maintaining the stability of regional ecosys-
tems [11]. Studies have shown that the specific adaptation of dioecious plants to soil water
demand during the growth period leads to changes in leaf morphology [12,13], struc-
ture [14,15] and physiology [16–18]. Generally, under drought conditions, female plants
show higher sensitivity than male plants, which may be related to the less conservative
water-use strategy of the former [19,20], but, when water is sufficient, the physiological
differences between the sexes disappear [18,21]. Therefore, we infer that the secondary
sexual characteristics of dioecious plants during the growth period have different responses
to leaf water absorption, which is more significant in arid areas.

The water absorbed by the leaves can enter the palisade tissue, sponge tissue and
epidermal cell wall, and these anatomical characteristics profoundly affect the leaf water
absorption capacity of plants [22–24]. Boanares et al. [25] found that Leandra australis and
Myrcia splendens had a lower leaf water uptake, because the relatively loose sponge tissue
in Leandra australis and the higher number of secretory glands in Myrcia splendens reduce
the number of parenchyma cells and water storage vacuoles. Dioecious plants exhibit
significant differences in their morphological structure [15,26]. For example, the epidermal
thickness, palisade tissue thickness and ratio of palisade tissue to spongy tissue of male
Podocarpus macrophyllus leaves were greater than those of female plants, showing strong
water retention capacity and drought resistance [27]. Combined with the above research,
we believe that the morphological structure of dioecious plants is not only an important
factor restricting the water absorption capacity of leaves, but also that the differences
between male and female plants may lead to different leaf water absorption strategies.

The main pathway of water absorption in plant leaves is the stomata, and the value
of water absorption flux is usually consistent with the diffusion of water vapor into the
stomata under environmental conditions. Therefore, the water vapor flux into leaves may
be partially or completely explained by transpiration, which is often called ‘reverse transpi-
ration’ [28,29]. This theory redefines the leaf water absorption process and links plant leaf
water absorption with the gas exchange process. Our previous studies showed that humid-
ification significantly increased the water status of the assimilating branches of Calligonum
mongolicum and effectively improved the photosynthetic capacity [10]. However, in other
previous studies, it was found that leaf wetting was not beneficial to plant photosynthesis,
which inhibited stomatal opening and reduced the carbon assimilation rate [30] or affected
the carboxylation of Rubisco [31]. In arid environments, the photosynthetic capacity of
female Populus cathayana was more limited than that of male P. cathayana [17,32], but can
leaf water input alleviate this photosynthetic limitation of dioecious plants? This question
remains to be answered.

Populus euphratica Oliv. is a dioecious tree species with strong drought resistance. It
is widely distributed in arid and semi-arid desert areas and plays an important role in
water conservation, windbreaking and sand fixation, stabilizing the regional climate and
promoting ecosystem functions [33]. A previous study of the research team found that the
proportion of dew in the water utilization sources of P. euphratica reached 1% [34]. Later,
some scholars found that P. euphratica can transport the absorbed water to the root system
to alleviate root stress [35,36]. These results provide a theoretical basis for this study. In
general, this paper takes the dioecious plant P. euphratica as the research object, based on
the leaf water absorption experiment and wetting experiment at different stages of the
growth period, in order to clarify the water absorption characteristics of male and female P.
euphratica leaves and the structure and photosynthetic physiological response mechanism
of P. euphratica leaves under humidification conditions. This study will help to clarify the
strategies of plant water use in arid areas and contribute to our understanding of plant
water use patterns. Therefore, we propose the following two scientific hypotheses:
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(1) The water absorption capacity of P. euphratica leaves exhibits gender differences, and
different water absorption strategies are shown in each growth stage.

(2) The response characteristics of the leaf structure and photosynthetic physiology of
male and female P. euphratica to wetting are different and show different rules in the
growth stage.

2. Materials and Methods
2.1. Study Area and Plant Materials

The Ebinur Lake Wetland National Nature Reserve (82◦36′–83◦50′ E, 44◦30′–45◦09′ N)
is located in Jinghe County, Bortala Mongol Autonomous Prefecture, Xinjiang, China. The
annual precipitation (100–200 mm) is much lower than the potential evapotranspiration
(1500–2000 mm). The average annual precipitation distribution is uneven, with more in
summer and less in winter. The annual average temperature is 6–8 ◦C, the extreme maxi-
mum temperature reaches approximately 44 ◦C, and the extreme minimum temperature
is −33 ◦C (Figure S1). The climate is extremely arid and represents a typical temperate
continental arid climate [37]. The flora in the basin belongs to the Junggar Desert sub-region
of the northern desert sub-region of the Palaearctic Mengxin District. There are a large
number of Tugai forest communities composed of desert plants distributed along the lakes
and riverbanks [38].

2.2. Plant Material and Environmental Factors

From 28 March to 28 April 2021, according to the differences between sexes in the
phenological growth of P. euphratica, three female and three male P. euphratica with similar
individual size were selected from the Tugai forest along the Aqikesu River in the upper
reaches of the Ebinur Lake Basin and marked as “Female” and “Male”, respectively (Table
S1). The geographical distance between each plant was greater than 100 m, and the distance
between the marked plant and the river was approximately 200 m. Then, a VP-4 sensor
(Decagon Device Inc., Pullman, WA, USA) was used to measure the environmental factors
such as air relative humidity (Rh), air temperature (Tair) and pressure (P), and a leaf
humidity sensor (LWS, DECAGON, Pullman, WA, USA) was used to measure the leaf
wetness. The data were recorded every 10 min and stored in the EM 50 data collector (EM
50, Decagon, Pullman, WA, USA) (Table 1).

Table 1. The characteristics of the environmental factors during the experiment period.

Rh/% Tair/◦C P/kPa LWS

Initial 0.42 ± 0.08 b 19.95 ± 3.57 c 97.85 ± 0.43 a 440.08 ± 17.11 b
Mid 0.40 ± 0.10 ab 26.05 ± 2.88 a 97.08 ± 0.42 b 459.39 ± 9.14 a
End 0.47 ± 0.07 a 22.58 ± 3.62 b 97.64 ± 0.25 a 452.31 ± 8.18 ab

Note: Different lowercase letters indicate significant differences in different growth stages (ANOVA, p < 0.05).

The female and male P. euphratica in the growing season were divided into three
categories according to the growth period, namely the early growth period (Initial,
16 May 2021–23 May 2021), the middle growth period (Mid, 27 July 2021–3 August 2021)
and the end growth period (End, 7 September 2021–14 September 2021). The experiment
was carried out in these three time periods, and the contents of the experiments were
consistent. Therefore, the first description of the experiment content was taken as an
example, and the next were not repeated. The experimental schedule is shown in Table S2.

2.3. Leaf Water Absorption Experiment

According to the experimental method proposed by Liang et al. [39], the leaf wa-
ter absorption capacity (FWU capacity) and water absorption speed (k) were obtained.
The experiment was conducted from 17 May 2021 to 18 May 2021 on female and male
P. euphratica.
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Sampling steps: Healthy twigs with fresh leaves were removed by pruning and quickly
brought back to the laboratory. The average temperature in the laboratory was about 24 ◦C,
the air relative humidity was about 35%, and there was no wind. From each tree of the
same sex, 3 twigs were selected as a repeat. Determination steps: The leaves were cut from
the twigs and randomly divided into 14 parts, with 4 leaves per part. The fresh weight
of each leaf was quickly weighed with a precision balance (AL204, METTLER TOLEDO,
Shanghai, China), the result was recorded as the initial mass (IW, g), and each leaf was
photographed to calculate the leaf area (A, cm2). The experiment was divided into three
stages: for the first two hours, leaves were weighed every 15 min; for the next two hours,
leaves were weighed every 30 min; and for the last two hours, leaves were measured
every 1 h. The experiment ran for a total of 6 h, collecting data from 14 moments. During
the water absorption process, the petiole was sealed with paraffin to prevent water from
entering, and then 14 leaves were immersed in 14 cups containing deionized water in turn,
and the petiole was fixed on the cup wall to avoid contact between the petiole and water.
During each weighing, the leaves removed from the water cup were dried with a dry paper
towel, and re-determined the weight after water absorption (FW, g). The fresh weight of
the leaves at 6 h of immersion was used as the saturated weight after water absorption and
recorded as (SW, g). After the end of the water absorption experiment, the leaves were
dried in the oven for 48 h, and then the weight after drying was weighed and recorded as
(DW, g). Some indicators refer to Schreel et al. (2019) [40].

The total amount of leaf water absorption (TFWU, g·g−1) is

TFWU =
SW − IW

DW
(1)

Leaf water absorption per unit area (FWU capcacity, mg·cm−2) is

FWUcapacity =
SW − IW

A
(2)

Leaf water content (LWC, %) is calculated as follows:

LWCI =
IW − DW

DW
(3)

LWC =
FW− DW

DW
(4)

LWCS =
SW − DW

DW
(5)

LWC− LWCI

LWCS − LWCI
= 1 − e−kt (6)

In the above formula, LWCI is the initial leaf water content, LWCS is the saturated leaf
water content, LWC is the leaf water content at a certain moment, k is the water absorption
speed and t is the water absorption time.

The difference in leaf water content (∆LWC, %) is

∆LWC =
SW − DW

SW
× 100 − IW − DW

IW
× 100 (7)

The increase in leaf water content per mg of water absorbed per unit of leaf area
(LWCA; %·cm2·mg−1) is

LWCA =
LWC

FWUcapacity
(8)
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The increase in FWU capacity per MPa decrease in Ψleaf (FWUi; mg·cm−2·MPa−1) is

FWUi =
FWUcapacity

Ψleaf
(9)

The potential relative importance of FWU to alleviate drought stress at leaf level (PRI;
%) is

PRI = LWCA × FWUmax (10)

The actual relative importance of FWU to alleviate drought stress (ARI; %·MPa−1) is

ARI = LWCA × FWUi (11)

2.4. In Situ Wetting Experiment

(1) Experimental design

According to the selected female and male P. euphratica, two parts of healthy branches
with leaves were selected for each tree and marked as treatment (TR) and (CK), respectively.
The in situ wetting experiment began on 16 May 2021. The leaves on TR branches were
sprayed with distilled water at predawn to ensure that the surface of the leaves was moist,
and the wetting effect lasted for 1 h. Branch leaves marked as CK were not treated for
natural control. The above humidification process was repeated every day for the next
6 days, and the number of humidification days throughout the experimental period was 7.
The test method is based on Cavallaro et al. [41].

(2) Determination of leaf water potential at predawn and midday

On 23 May 2021 (the last day of the experimental period), leaf water potential samples
of female and male P. euphratica under TR and CK treatments were collected at predawn
(4:00, local time) and midday (10:00) on that day. The specific collection method was to
use branch scissors to remove the twigs with leaves of female and male P. euphratica under
the wetting and control treatments and immediately put them in a self-sealing bag before
placing them in an incubator (4 ◦C) for preservation, and then quickly bring them back to
measure the leaf water potential with a dew point water potential meter (WP4C, Decagon
Device Inc., Pullman, WA, USA). From each tree, three twigs were cut as repeats.

(3) Determination of photosynthetic and chlorophyll fluorescence parameters

In order to explore the response of the photosynthetic physiology and fluorescence
physiology of female and male P. euphratica leaves to humidification, at midday (10:00,
local time) on 23 May 2021, the net photosynthetic rate (Pn, µmol CO2·m−2·s−1), stomatal
conductance (gs, mol H2O·m−2·s−1), intercellular carbon dioxide concentration (Ci, µmol
CO2·m−2·s−1) and transpiration rate (Tr, mmol H2O·m−2·s−1) of the leaves of female and
male P. euphratica were measured using a photosynthetic measurement system (LI-6400XT,
Li-COR, Inc., Lincoln, NE, USA). Water use efficiency (WUE, µmol·mmol−1) is the ratio
of net photosynthetic rate to transpiration rate. Three healthy leaves were selected for
each P. euphratica, and each leaf was measured 10 times. After the determination of pho-
tosynthetic parameters, the labeled leaves were wrapped with tinfoil paper for 30 min of
dark adaptation. After the dark adaptation, the chlorophyll fluorescence parameters of
each P. euphratica were measured. These parameters include minimum initial fluorescence
(Fo), maximum fluorescence under dark adaptation (Fm), maximal photochemical effi-
ciency (Fv/Fm), minimum fluorescence under light adaptation (Fo’), maximum fluorescence
under light adaptation (Fm’), light energy capture efficiency in light system II (Fv’/Fm’),
photochemical quenching coefficient (qP) and electron transfer efficiency (ETR).

(4) Leaf anatomical sample collection and determination

After the determination of photosynthetic and chlorophyll fluorescence parameters, we
collected anatomical samples, and the samples of P. euphratica leaves were collected using a
mixed sampling method. A total of 15 female P. euphratica leaves were collected (5 leaves
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were collected for each female P. euphratica individual), and 15 leaves were fully mixed and
divided into 3 samples as repetition; then, each sample collected was immediately placed
in a sample bottle containing FAA fixed solution (70% ethanol 90 mL + formaldehyde
5 mL + acetic acid 5 mL). Then, the samples for dissection were taken to the laboratory for
the determination of anatomical parameters such as leaf thickness (LT), upper and lower
epidermal cell thickness (TUE; TLE), upper and lower palisade tissue thickness (TUP; TLP)
and sponge tissue thickness (TS).

2.5. Statistical Analysis

Before data analysis, a normality test was carried out. If it did not conform to the
normal distribution, logarithmic transformation was carried out to meet the requirements
of data analysis. An independent-sample t-test was used to test the difference in the water
relationship index between male and female P. euphratica, and a paired-sample t-test was
used to test the differences in the same sex in different growth periods.

General linear mixed models (GLMMs) were built to evaluate the influence of FWU
capacity on oxidative response related to leaf traits. The leaf traits and sex were used as
fixed explanatory variables, and the response variables were water uptake per unit area
(FWU capacity) and water uptake speed (k). The identity of each measured plant was used
as a random effect variable to control for potential pseudo-replication biases in our models.

Three-way repeated-measures analysis of variance was used to evaluate gender (S),
time (T), treatment (W) and their interaction effects. The Kolmogorov–Smirnov test was
used to determine whether the data obeyed the normal distribution. The spherical test
was used to analyze whether the interaction term exhibited any interaction. If the outcome
of the spherical test was p > 0.05, the spherical hypothesis was satisfied. If p < 0.05, the
spherical hypothesis was not satisfied. At this time, ε needed to be corrected. When
ε < 0.75, the Greenhouse–Geisser method was used for correction; when ε > 0.75, the
Huynh–Feldt method was used for correction [42], and the Bonferroni test was used for
multiple comparisons. The differences between the 12 groups were analyzed by one-
way ANOVA.

Multivariate factor analysis was performed using the FactoMineR package in R
(R v.4.2.1, http://cran.rproject.org). Taking the sex of P. euphratica as the classification
variable and using water potential data, photosynthesis parameters, the chlorophyll fluores-
cence parameter and anatomic parameter data as the variable set, the relationship between
the variable sets of male and female P. euphratica are discussed.

The above analysis was performed in SPSS 19.0 (IBM, Chicago, IL, USA) and R
(R v.4.2.1, http://cran.rproject.org). Charts were produced in Origin 2021 (OriginLab,
Northampton, MA, USA), Excel 2013 (Microsoft, Redmond, WA, USA) and Visio 2010
(Microsoft, Redmond, WA, USA). The data are expressed as mean + standard deviation.

3. Results
3.1. Dynamics of Foliar Water Uptake

With the growth period, the FWU capacity of male and female P. euphratica showed an
increasing trend, reaching the maximum at the End period. The FWU capacity of female
P. euphratica showed significant differences in the three periods (p < 0.05). The FWU capacity
of male P. euphratica in the End period was significantly greater than in the Initial and Mid
periods (p < 0.05). The difference in FWU capacity between male and female P. euphratica
occurred only during the Mid and End periods and reached the maximum at the End
period (Figure 1A). The k of male and female leaves also increased with the growth period,
but the increase was not significant (p > 0.05). In each period, there was little difference in
water absorption rate between male and female leaves (Figure 1B).

http://cran.rproject.org
http://cran.rproject.org
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Figure 1. FWU capacity (A) and leaf uptake speed (B) of female and male P. euphratica in different
growth stages. Note: Capital letters indicate significant gender differences between males and females
at the same growth stage (independent-sample t-test, p < 0.05), and the lowercase letters indicate
significance differences in the same sex in different growth stages (paired-sample t-test, p < 0.05).

The TFWU and FWUi of female P. euphratica were significantly higher than those
of male P. euphratica in each period (p < 0.05) (Table 2). Those of both male and female
P. euphratica in the End period were significantly higher than those in the Initial and Mid
periods (p < 0.05), and there was no significant difference between the Initial and Mid
periods (p > 0.05). There was no significant gender difference in ∆LWC between female
P. euphratica and male P. euphratica in each period (p > 0.05). After the initial stage of
growth, the LWCA of male P. euphratica was always significantly higher than that of female
P. euphratica (p < 0.05). The PRI and ARI of male and female P. euphratica showed significant
differences only in the Mid period (p < 0.05). The PRI of female P. euphratica in the Initial
period was significantly lower than that in the Mid and End periods, while the PRI of
male P. euphratica increased with the growth period, and there were significant differences
between each growth period (p < 0.05). The ARI of male and female P. euphratica in the End
period was significantly higher than that in the Initial and Mid periods (p < 0.05) (Table 2).

Table 2. The parameters of leaf water uptake in different growth stages of female and male P. euphratica.

Time Sex TFWU
(g·g−1)

∆LWC
(%)

LWCA
(%·cm2·mg−1)

FWUi
(mg·cm−2·MPa−1)

PRI
(%)

ARI
(%·MPa−1)

Initial
Female 0.48 ± 0.22 Ab 0.49 ± 0.25 Ab 0.11 ± 0.03 Ab 5.54 ± 2.52 Ab 0.70 ± 0.17 Ab 0.62 ± 0.32 Ac
Male 0.25 ± 0.03 Bb 0.35 ± 0.05 Ab 0.12 ± 0.03 Ab 3.15 ± 0.39 Bb 0.38 ± 0.10 Ac 0.38 ± 0.05 Ab

Mid
Female 0.50 ± 0.07 Ab 6.95 ± 2.58 Aa 0.87 ± 0.17 Ba 7.60 ± 0.95 Ab 8.28 ± 1.59 Aa 6.67 ± 1.72 Ab
Male 0.29 ± 0.01 Bb 4.21 ± 0.22 Ab 1.17 ± 0.09 Aa 2.40 ± 0.12 Bb 4.68 ± 0.35 Bb 2.80 ± 0.10 Bb

End
Female 1.00 ± 0.04 Aa 10.13 ± 3.70 Aa 0.71 ± 0.27 Ba 20.58 ± 0.62 Aa 9.83 ± 3.75 Aa 14.47 ± 5.28 Aa
Male 0.71 ± 0.08 Ba 9.00 ± 1.15 Aa 0.99 ± 0.01 Aa 11.33 ± 1.36 Ba 9.69 ± 0.11 Aa 11.25 ± 1.44 Aa

Note: Capital letters indicate significant gender differences between males and females at the same growth stage
(independent-sample t-test, p < 0.05), and the lowercase letters indicate significance differences in the same sex in
different growth periods (paired-sample t-test, p < 0.05).

The SLW was significantly correlated with FWU capacity and k (F = 12.515, p = 0.003;
F = 5.281, p = 0.035); in addition to SLW, WSD was also significantly correlated with FWU
capacity and k (F = 38.372, p < 0.001; F = 7.472, p = 0.015). SLA and LWC only had significant
effects on FWU capacity (F = 10.652, p = 0.005; F = 7.591, p = 0.014) (Table 3).
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Table 3. Correlation analysis between leaf traits and water absorption parameters.

Independent Variable Dependent Variable F p

SLA
FWU capacity 10.652 0.005 **

k 3.918 0.065

SLW
FWU capacity 12.515 0.003 **

k 5.281 0.035 *

LWC
FWU capacity 7.591 0.014 *

k 4.291 0.055

WSD
FWU capacity 38.372 0.000 ***

k 7.472 0.015 *
Note: General linear mixed models (GLMMs) were used for the biotic independent variables evaluated. ***, p <
0.001; **, p < 0.01; and *, p < 0.05.

3.2. The Effects of Wetting on Water Potential

Single factors (T, S and W), two-factor interactions (T × S, T ×W and S ×W) and
the three-factor interaction (T × S ×W) had significant effects on the ΨPre of P. euphratica
leaves. Further analysis of the effects of various factors on the interaction term found that
the interaction effect of S ×W in the End period was significant (F1,2 = 46.443, p = 0.021),
and the ΨPre of the control and treatment was significantly different for female P. euphratica.
Under the wetting treatment conditions, there was a significant difference in Ψpre between
the Initial period and the End period (F1,2 = 155.769, p = 0.006). There were significant
differences in ΨPre between female and male P. euphratica during the Mid period. T and S
had significantly separate effects on ΨMid (F2,4 = 145.004, p < 0.001; F1,2 = 53.353, p = 0.018).
The interaction between T and S during the Initial period had a significant main effect on
the ΨMid of P. euphratica (F2,4 = 49.787, p = 0.001), but there was no significant difference
between the female and male P. euphratica treatments and the control (Table 4).

Table 4. The leaf water potential of female and male P. euphratica in the wetting experiment.

Time Sex Treatment ΨPre (MPa) ΨMid (MPa)

Initial

Female
CK −1.25 ± 0.14 bc −1.85 ± 0.28 bc
TR −1.3 ± 0.14 cd −1.70 ± 0.23 b

male
CK −1.16 ± 0.19 a −1.22 ± 0.14 a
TR −1.20 ± 0.19 ab −1.26 ± 0.12 a

Mid

Female
CK −1.76 ± 0.13 h −1.89 ± 0.23 cd
TR −1.38 ± 0.15 ef −2.01 ± 0.17 cde

male
CK −1.74 ± 0.12 h −1.84 ± 0.12 bc
TR −1.43 ± 0.10 f −2.01 ± 0.28 cde

End

Female
CK −1.89 ± 0.19 i −2.07 ± 0.44 def
TR −1.53 ± 0.24 g −2.17 ± 0.31 ef

male
CK −1.35 ± 0.33 de −2.21 ± 0.20 f
TR −1.27 ± 0.10 bc −2.20 ± 0.43 f

Note: Different lowercase letters indicate statistically significant differences between treatments (one-way ANOVA,
p < 0.05). T, time effect; S, sex effect; W, wetting effect; T × S, Time × Sex interaction effect; T ×W, Time ×Wet
interaction effect; S ×W, Sex×Wet interaction effect; T × S ×W, Time× Sex ×Wet interaction effect (three-factor
repeated-measures ANOVA, p < 0.05) (Table S3). The same as below.

3.3. The Effects of Wetting on Plant Photosynthesis and Fluorescence

Among the variation characteristics of Pn in male and female P. euphratica, T and W
had significant effects on Pn (F2,4 = 326.156, p < 0.001; F1,2 = 25.374, p = 0.037), and there was
also an interaction effect (F2,4 = 14.882, p = 0.014), while the gender S factor did not show a
significant effect (F1,2 = 1.483, p = 0.347). Further analysis of its individual effects showed
that, under CK conditions, the net photosynthetic rates of female and male P. euphratica
in the Initial period were significantly different from those in the Mid and End periods
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(F2,4 = 34.927, p = 0.042; F2,4 = 86.637, p = 0.013). There was no significant difference in Pn
between the Mid and End period. Under the TR condition, only the Initial and Mid periods
showed significant differences. Only male P. euphratica showed differences in wetting
treatment during the Mid period (F1,2 = 23.430, p = 0.040) (Figure 2A).
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Figure 2. The photosynthetic parameters of female and male P. euphratica in the wetting experiment.
Pn: net photosynthetic rate (A); Ci: intercellular carbon dioxide concentration (B); gs: stomatal
conductance (C); Tr: transpiration rate (D); WUE: water use efficiency (E). Note: Different lowercase
letters indicate statistically significant differences between treatments (one-way ANOVA, p < 0.05)
(Table S4).
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Among the variation characteristics of Ci in female and male P. euphratica, time T
and S had significant effects on Ci (F2,4 = 1781.667, p < 0.001; F1,4 = 65.707, p = 0.015).
T × S ×W had a significant three-factor interaction effect on Ci (F2,4 = 16.967, p = 0.011). T
× S and T ×W had significant two-factor interaction effects on Ci (F2,4 = 19.999, p = 0.008;
F2,4 = 8.691, p = 0.035). There were significant differences between TR and CK in each
period (F2,4 = 938.950, p < 0.001; F2,4 = 671.835, p < 0.001). The Ci of P. euphratica under the
TR condition had significant gender differences in the Initial and Mid periods (Figure 2B).

Among the variation characteristics of gs in male and female P. euphratica, only time T
had a significant effect on gs (F2,4 = 274.322, p < 0.001). Other factors or the interaction be-
tween factors had no significant effect on gs (Figure 2C). Among the variation characteristics
of Tr in male and female P. euphratica, T and W had significant effects on Tr (F2,4 = 326.156,
p < 0.001; F1,2 = 25.374, p = 0.037). When P. euphratica was under the TR condition, T × S
had a significant two-factor interaction effect on Tr (F2,4 = 326.156, p < 0.001). Further
analysis of its individual effects found that the Tr of male and female P. euphratica in the
Initial period was significantly different from that in the Mid and End periods. Under the
TR condition, the Tr of male and female P. euphratica showed a significant difference only at
the End stage (F1,2 = 82.507, p = 0.012) (Figure 2D). In the variation characteristics of male
and female P. euphratica, T had a significant single effect on WUE (F2,4 = 259.077, p < 0.001).
There was a significant two-factor interaction effect of T × S on Tr (F2,4 = 8.300, p = 0.038).
Further analysis of its individual effect found that under both CK and TR conditions, the
WUE of male and female P. euphratica showed differences between the Initial period and
End period and Mid period (Figure 2E).

In terms of the results for the chlorophyll fluorescence parameters, the time factor
T only had a significant single effect on Fo, Fm, Fo’, qP and ETR (p < 0.05). The sex factor
S had a significant single effect on Fv’/Fm’ (p < 0.05), and the treatment factor W had no
significant single effect on any fluorescence parameter (Table 5).

There was an interaction effect of T × S on the Fo’ of P. euphratica under the condition
of TR. It was found that the Fo’ of P. euphratica in the Initial period was significantly different
from that in the Mid period (F2,4 = 7.628, p = 0.021) (Table 5).

Fm’, Fv’/Fm’ and qP had significant three-factor interaction effects. Among them,
P. euphratica Fm’ had an interaction with T × S under TR conditions (F2,4 = 7.887, p = 0.041).
Further analysis of its individual effects found that the Fm’ of females at the Initial period
was significantly different from that at the Mid period, and the Fm’ of females at the Mid and
End periods was significantly different, while the Initial and End period had no significant
difference (Table 5).

For female P. euphratica, there was a significant difference between the treatment and
the control only at the Initial stage (F1,2 = 43.925, p = 0.022), while for males, there was a
significant difference between the treatment and the control at the End stage (F1,2 = 206.660,
p = 0.005). After wetting treatment, the Fv’/Fm’ of female P. euphratica was significantly
different between the Initial and Mid periods (p < 0.05) (Table 5).

There was interaction between T × S in qP under TR conditions (F2,4 = 35.698,
p = 0.003). Further analysis of its individual effect showed that there was no significant
gender difference in the qP of P. euphratica under TR conditions. Comparing the differences
between the growth periods, it was found that the qP of female and male P. euphratica in
the Initial period showed significant differences from that in the Mid period (F2,4 = 9.854,
p = 0.025; F2,4 = 16.309, p = 0.044) (Table 5).
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Table 5. The fluorescence parameters of female and male P. euphratica in the wetting experiment.

Time Sex Wetting Fo Fm Fv/Fm Fo’ Fm’ Fv’/Fm’ qP ETR

Initial

Female
CK 318.57 ± 9.26 cde 1328.27 ± 54.36 cde 0.76 ± 0.01 ab 295.53 ± 12.50 bcd 886.57 ± 142.82 abc 0.66 ± 0.05 a 0.24 ± 0.05 cde 92.28 ± 15.00 bc

TR 295.60 ± 21.82 de 1243.73 ± 159.44 de 0.76 ± 0.02 ab 281.02 ± 31.81 cd 582.14 ± 107.29 cd 0.51 ± 0.05 cde 0.43 ± 0.04 a 126.14 ± 21.27 a

male
CK 360.98 ± 29.56 bcde 1035.47 ± 3.23 bcde 0.65 ± 0.03 c 273.60 ± 22.84 cd 665.25 ± 125.33 cd 0.58 ± 0.04 abc 0.27 ± 0.00 bcd 88.77 ± 5.87 bc

TR 274.41 ± 21.88 e 792.05 ± 160.33 e 0.65 ± 0.06 c 260.25 ± 17.18 d 451.40 ± 81.36 c 0.42 ± 0.07 e 0.40 ± 0.08 ab 94.82 ± 6.61 bc

Mid

Female
CK 400.97 ± 101.83 abc 1580.22 ± 46.49 abc 0.75 ± 0.06 ab 325.60 ± 54.30 bcd 839.05 ± 374.39 abc 0.58 ± 0.10 abc 0.21 ± 0.08 de 51.33 ± 14.75 de

TR 370.01 ± 21.65 bcd 1601.33 ± 162.35 bcd 0.77 ± 0.01 ab 354.59 ± 37.13 b 1036.90 ± 162.63 ab 0.65 ± 0.04 ab 0.12 ± 0.04 e 32.78 ± 9.36 e

male
CK 325.10 ± 31.65 cde 1246.08 ± 299.30 cde 0.73 ± 0.04 b 353.63 ± 21.58 b 791.90 ± 178.99 bcd 0.54 ± 0.08 bcd 0.19 ± 0.08 de 42.80 ± 15.27 de

TR 352.30 ± 47.69 bcde 1279.50 ± 367.98 bcde 0.71 ± 0.05 bc 302.85 ± 36.28 bcd 554.50 ± 156.22 cd 0.44 ± 0.08 de 0.29 ± 0.09 abcd 54.61 ± 13.38 de

End

Female
CK 386.26 ± 39.07 abc 1858.62 ± 46.56 abc 0.82 ± 0.04 a 332.66 ± 9.17 bc 705.69 ± 46.34 bcd 0.53 ± 0.04 cde 0.28 ± 0.06 bcd 64.90 ± 15.79 cde

TR 419.39 ± 42.68 ab 1776.48 ± 151.05 ab 0.76 ± 0.04 ab 309.41 ± 12.30 bcd 650.10 ± 12.92 cd 0.52 ± 0.01 cde 0.43 ± 0.15 a 99.66 ± 37.58 ab

male
CK 429.63 ± 64.06 ab 1699.51 ± 277.76 ab 0.75 ± 0.02 ab 323.68 ± 43.64 bcd 592.58 ± 139.97 cd 0.44 ± 0.07 de 0.37 ± 0.03 abc 71.15 ± 7.23 bcd

TR 461.23 ± 50.61 a 1727.73 ± 333.38 a 0.72 ± 0.08 bc 469.98 ± 71.60 a 1138.11 ± 286.62 a 0.58 ± 0.06 abc 0.15 ± 0.08 de 37.61 ± 21.77 e

Note: Different lowercase letters indicate statistically significant differences between treatments (one-way ANOVA, p < 0.05) (Table S5).
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3.4. The Effects of Wetting on Leaf Anatomical Structure

Time T had significant individual effects on LT, TUE, TLE, TUP, TLP and TS
(Figures 3 and 4). Among the variation in the characteristics of LT for male and female P. eu-
phratica, T, S and W had significant individual effects on the LT of P. euphratica (F2,4 = 30.114,
p = 0.004; F1,2 = 63.500, p = 0.015; F1,2 = 58.224, p = 0.017). Secondly, T × S × W had a
significant interaction with LT (F2,4 = 28.222, p = 0.004). Further analysis found that S ×W
had a significant interaction effect only in the Initial and Mid periods. In both periods, the
following rules were demonstrated: the LT of female and male P. euphratica was signifi-
cantly different under the same treatment, and the LT of P. euphratica was also significantly
different under different treatments for the same sex (Figure 4A). The two-factor interaction
effects of T × S and S ×W showed significant effects on the TUP and TS of P. euphratica
leaves (Figure 4B, E). The difference in TUP between male and female P. euphratica under
CK conditions was manifested in the Mid and End periods. The difference in TUP between
male and female P. euphratica under the TR condition only appeared in the End period.
The interaction effect of S ×W on TS only worked in the Initial period, and the difference
between male and female TS was only reflected under CK conditions (Figure 4B).

3.5. Driving Factor Analysis of Wetting Treatment for P. euphratica

In Figure 5A,B, the eigenvalues of axis 1 and axis 2 are 4.03 and 2.06, respectively,
and the contribution rates of each variable set in the first and second axes are 42.85%
and 21.88%, respectively(Tables S7 and S8). The cumulative contribution rate of the two
axes reaches 64.73% (Figure 5A). In Figure 5C,D, the eigenvalues of axis 1 and axis 2 are
3.86 and 2.57, respectively, and the contribution rates of each variable set in the first and
second axes are 40.65% and 27.06%, respectively. The cumulative contribution rate of the
two axes reached 67.71% (Figure 5B), so the first two axes were selected to explain the
relationship between the variable sets. There were significant correlations between leaf
water potential and anatomical parameters, fluorescence parameters and photosynthetic
parameters (p < 0.01). Since the water potential was negative, the angle of correlation
between the indicators demonstrates a negative correlation if it is an acute angle and a
positive correlation if it is an obtuse angle. The analysis found that the angle between the
predawn water potential of female and male P. euphratica and TE in the leaf anatomical
parameters was the smallest, and the angle between the predawn water potential and the
WUE in the photosynthetic parameters was the smallest. It can be seen that the predawn
water potential has a strong correlation with these parameters. Comparing the distribution
of the fluorescence parameters of male and female P. euphratica, it can be seen that the angle
between predawn water potential and Fv/Fm is an obtuse angle, indicating that the two
are significantly positively correlated (Figure 5B,D).



Forests 2023, 14, 1444 13 of 21

Forests 2023, 14, x FOR PEER REVIEW 12 of 20 
 

 

different under the same treatment, and the LT of P. euphratica was also significantly dif-

ferent under different treatments for the same sex (Figure 4A). The two-factor interaction 

effects of T × S and S × W showed significant effects on the TUP and TS of P. euphratica 

leaves (Figure 4B, E). The difference in TUP between male and female P. euphratica under 

CK conditions was manifested in the Mid and End periods. The difference in TUP between 

male and female P. euphratica under the TR condition only appeared in the End period. 

The interaction effect of S × W on TS only worked in the Initial period, and the difference 

between male and female TS was only reflected under CK conditions (Figure 4B). 

 

Figure 3. Leaf anatomical structure of female (A–C) and male (G–I) P. euphratica under CK condi-

tions; leaf anatomical structure of female (D–F) and male (J–L) P. euphratica under TR conditions. 

Ue: Upper epidermal; LE: Lower epidermal; ST: Spongy tissue; UPT: Upper palisade tissue; LPT: 

Lower palisade tissue; Mv: Main vein; Mvp: Main vein phloem; Mvx: Main vein xylem. 

Figure 3. Leaf anatomical structure of female (A–C) and male (G–I) P. euphratica under CK conditions;
leaf anatomical structure of female (D–F) and male (J–L) P. euphratica under TR conditions. Ue: Upper
epidermal; LE: Lower epidermal; ST: Spongy tissue; UPT: Upper palisade tissue; LPT: Lower palisade
tissue; Mv: Main vein; Mvp: Main vein phloem; Mvx: Main vein xylem.
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Figure 4. The anatomic parameters of female and male P. euphratica in the wetting experiment. LT: leaf
thickness (A), TS: sponge tissue thickness (B), TUE: upper epidermal cell thickness (C), TLE: lower
epidermal cell thickness (D), TUP: upper palisade tissue thickness (E), TLP: lower palisade tissue
thickness (F). Note: Different lowercase letters indicate statistically significant differences between
treatments (one-way ANOVA, p < 0.05) (Table S6).
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Figure 5. Multivariate factor analysis of variable sets in female and male P. euphratica. Note: The
individual map of MFA (A,C) and the quantitative variables map of MFA (B,D). ***, p < 0.001;
**, p < 0.01; and *, p < 0.05.

4. Discussion
4.1. Foliar Water Uptake Capacity

As long as the external water potential of the leaf is greater than the internal water
potential, water will enter the leaf from the outside [1,2]. The water absorption test con-
ducted for P. euphratica leaves sets an ideal condition, which reflects the maximum potential
of the water absorption and water absorption rate of P. euphratica, so this index is often
used to evaluate the capacity of leaf water absorption. The results of the water absorption
experiment show that the water absorption capacity of P. euphratica leaves increased with
the growth period, and the FWU capacity of female P. euphratica exhibited a significant
time difference. After the Initial period, the FWU capacity of female P. euphratica increased
significantly, becoming much larger than that of male P. euphratica at approximately twice
the value; k also showed a gradual increase during the growth period, although the dif-
ference was not significant. This shows that the water absorption potential of P. euphratica
leaves increases during the growth period, and the water absorption potential of female
P. euphratica is stronger than that of male P. euphratica in the middle and later growth stages.
There are two kinds of water absorption strategies for plants, namely, the storage efficiency
of high water absorption and a low water absorption rate, and the speed efficiency of low
water absorption and a high water absorption rate [6,25,43]. However, the results from
P. euphratica presented in this paper show that storage efficiency and speed efficiency can
coexist, which is consistent with the results of Boanares et al. [44] on Senna reniformis.
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The difference in foliar water uptake also leads to significant changes in the degree
of drought stress (LWCA), which reduces FWU at the leaf level [40] (Table 2). Although
the water absorption capacity of female P. euphratica leaves was stronger than that of male
P. euphratica, from the change in LWCA, the water absorption of male P. euphratica leaves
alleviates the water deficit at the leaf level more strongly than that of female P. euphratica.
During the Mid period, the atmospheric temperature was the highest and the precipitation
was relatively less (Table 1; Figure S1), so the plants suffered the greatest risk of drought
stress during this period. The LWCA of male and female P. euphratica in this period was
larger than that in the other two periods, indicating that the water absorption strategy of
male and female P. euphratica leaves showed a high degree of environmental adaptability.
Coincidentally, the advantage of male P. euphratica in alleviating leaf water deficit was the
largest in the Mid period, indicating that male P. euphratica had a stronger adaptability to
arid environments [45]. After further evaluating the potential (PRI) and actual relative
importance (ARI) of FWU in alleviating plant water deficit, it was found that these two
parameters of female P. euphratica were significantly greater than those of male P. euphratica,
but this difference was only shown in the Mid period. The results show that FWU was more
important than male P. euphratica in alleviating the leaf water deficit of female P. euphratica,
that is, the potential value and actual value of FWU for female P. euphratica were higher.

Leaf traits profoundly affect leaf water absorption capacity [7,46,47]. SLW is one of the
important indicators used to reflect the morphological characteristics of plant leaves. Plants
with a higher SLW have a higher mesophyll density than those with a lower SLW [47],
while WSD reflects the state of the leaf water saturation deficit. These two indicators are
significantly correlated with FWU capacity and k, respectively. Boanares et al. [43] believed
that a higher RWC was the result of a higher water absorption rate. The results reflected by
WSD were actually consistent with their conclusions, that is, the higher the degree of leaf
water deficit, the greater the water absorption and water absorption rate of leaves. This
may be a strategy to avoid the effects of drought.

4.2. Response of Leaf Ecophysiology to Wetting

Studies have shown that FWU improves plant water status [5,48–51]. The effect of
wetting on plant ΨPre is more significant than for ΨMid [10,52], and our results confirm this.
Humidification significantly increased the predawn water potential of P. euphratica leaves
during the Mid period, minimizing the risk of water stress caused by scarce precipitation
during this period [10]. Boanares et al. [43] found that there is a relationship between
leaf water uptake and plant response to wetting. Specifically, the water uptake rate is
negatively correlated with ΨPre, and the water uptake is positively correlated with ΨPre,
because plants with higher leaf water uptake slowly absorb more water, lose less water than
plants that absorb it faster and keep more water in their tissues for longer. In this paper, the
ΨPre of P. euphratica did not change due to the gender differences in FWU capacity after
humidification, which indicated that the process may be dominated by water absorption
rate. This is because rapid water absorption can improve water status more quickly, which
is very important for plants in arid areas.

In addition to Ci, there was no significant gender difference in the photosynthetic
parameters of P. euphratica in each growth stage, but humidification treatment improved
the photosynthetic capacity of P. euphratica in each growth stage, and this effect reached
the maximum in the Mid period. Male P. euphratica had a higher carbon benefit in the Mid
period. Although the Ci of male P. euphratica was smaller in this period, male P. euphratica
maintained higher Pn through larger stomatal conductance [40,53]. The transpiration
of P. euphratica was very strong in the Mid period, and WUE was significantly lower
than that in the other two periods. It can be seen that the WUE of male and female P.
euphratica leaves was improved after humidification induction, although the change was
not significant. Humidification has a compensatory effect on the carbon assimilation
process of P. euphratica. Improved leaf water status can effectively alleviate the water loss
caused by transpiration [43], which is beneficial to P. euphratica.
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Plant chlorophyll fluorescence parameters are helpful to understand the photosyn-
thetic mechanism of plants against environmental stress, and are good indicators reflecting
the relationship between plant photosynthesis and environmental stress [54,55]. Fv/Fm
is the conversion efficiency of intrinsic light energy, which can reflect the ability of light
system II to use light energy. The higher the value, the less likely it is that photoinhibition
occurs. Under non-stress physiological conditions, the Fv/Fm of most plants is between 0.8
and 0.85, and the lower the value, the higher the degree of stress [52,56]. In addition to the
End period, the Fv/Fm value of P. euphratica under the control condition reached 0.82, and
the Fv/Fm values of P. euphratica in other growth stages were less than this interval, indicat-
ing that the photosynthetic organs of both were subject to different degrees of stress. After
comparing the results for the fluorescence parameters, it was found that humidification
did not significantly improve the light energy utilization process of plants.

Although humidification could not significantly induce a change in leaf anatomical
structure, the effect of time on each anatomical parameter was very significant. During
the growth period, the development of leaf thickness, spongy tissue and upper palisade
tissue of female P. euphratica was stronger than that of male P. euphratica. Generally, plants
with thicker leaves often have more developed water storage tissues, such as neat palisade
tissue, parenchyma cells and water-containing parenchyma at the vascular end [57]; this
may be one of the reasons why the FWU capacity of female P. euphratica leaves is greater
than that of male P. euphratica, that is, the water storage structure contributes to leaf water
absorption [58].

The change in water absorption was inseparable from cell structure support and
physiological regulation (Figure 5). During the whole growth period, the response of the leaf
structure and physiology of male and female P. euphratica to humidification exhibited both
similarities and differences. In addition to WUE, there was a positive correlation between
predawn water potential and photosynthetic capacity in male and female P. euphratica,
indicating that an improvement in leaf water status due to humidification was beneficial to
the process of carbon assimilation [59]. After comparing the fluorescence parameters, we
found that qP and ETR were negatively correlated with the leaf predawn water potential.
The larger the qP value, the greater the electron transport activity of photosystem II, which
can not only reflect the redox state of the original electron acceptor QA, but also reflect
the ability of the photon energy captured by photosystem II to be used for photochemical
reaction. ETR reflects the apparent electron transfer efficiency under actual light intensity
conditions [60,61]. Through the relationship between qP, ETR and predawn water potential,
we believe that humidification inhibits the electron transfer process of the photosynthetic
apparatus of P. euphratica, which may explain why humidification does not significantly
improve chlorophyll fluorescence parameters. The predawn water potential of female
P. euphratica was significantly positively correlated with TUP, while the predawn water
potential of male P. euphratica was significantly positively correlated with TS, which may
be due to the demand for water storage in the palisade tissue of female P. euphratica, while
the sponge tissue of male P. euphratica provides a larger intercellular space and promotes
gas exchange [62]. The studies have shown that male P. euphratica shows stronger drought
resistance than female P. euphratica [45], and the stronger leaf water absorption capacity
of female P. euphratica may benefit it at the individual or population level [63]. At present,
we do not have sufficient data to prove that climate change has a greater impact on female
or male P. euphratica. Especially in the past 50 years, the climate in Xinjiang has shown a
trend of warming and wetting [64], which may make the mechanism of climate influence
on plants more complicated. Therefore, in the future, we will focus on the role of long-
term changes in climate on the structural, physiological and ecological adaptability of
dioecious plants.
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5. Conclusions

During the growing season, the foliar water uptake capacity of male and female
P. euphratica leaves increased with the growth period. Among them, the water absorption
capacity of female P. euphratica leaves was stronger than that of male P. euphratica, and
showed a strategy of coexistence between storage and rate efficiency, which was inseparable
from the developed water storage tissue of female P. euphratica. Leaf water absorption
can effectively improve the leaf water status of male and female P. euphratica, and FWU
effectively enhances the ecological adaptability of male and female P. euphratica. The leaves
of female P. euphratica are more dependent on FWU, and the leaf water potential and net
photosynthetic rate are effectively improved, but the ability of male P. euphratica to alleviate
leaf water deficit and carbon benefit was stronger than that of male P. euphratica. This
advantage was the largest in the middle of growth, indicating that male P. euphratica was
more adaptable to the drought environment.
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the wetting experiment; Table S5: The fluorescence parameters of female and male P. euphratica in
the wetting experiment; Table S6: The anatomical parameters of female and male P. euphratica in the
wetting experiment; Table S7: The extracted axis features of MFA for female P. euphratica; Table S8:
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