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Abstract

:

Foliar water uptake (FWU) is one of the primary water sources for desert plants. Desert plants’ water uptake capacity is essential in maintaining the balance of carbon and water. However, there are few studies on FWU capacity in desert plants and the physiological and ecological characteristics that lead to differences in FWU capacity. In order to clarify FWU strategies and the influencing factors of plants in desert ecosystems, this study measured the contact angle, FWU parameters, and hydraulic parameters to explore six desert plants’ FWU capacity and the effects of leaf wettability and hydraulic parameters on FWU capacity. The results showed that all six plants had FWU capacity, among which the leaves of Nitraria sibirica Pall. and Halimodendron halodendron (Pall.) Voss had a high foliar water uptake rate (k) and high foliar water uptake accumulation (FWU storage), and the leaves of Glycyrrhiza uralensis Fisch. had a high k and low FWU storage. The leaves of Populus euphratica Oliv., Apocynum hendersonii Hook. f., and Alhagi sparsifolia Shap. had a low k and low FWU storage. Additionally, FWU capacity was mainly affected by stomatal regulation compared with leaf wettability and leaf structure. The results of this study will help to improve the understanding of the physiological and ecological adaptability of desert plants.
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1. Introduction


During leaf-wetting events, a water film with a water potential close to zero can be formed on the leaf surface. Water flows bidirectionally inside the leaves through pores. At this time, the external water potential of the leaf is higher than the internal water potential, thus producing the foliar water uptake phenomenon (FWU) [1]. FWU is a common physiological phenomenon in natural ecosystems [2,3] and one of the critical survival strategies for plants to maintain their water balance [4]. Previous studies have found that in the process of FWU, plants with physiological and structural differences have different FWU strategies [5,6,7,8]. In some plants, there is a trade-off between the foliar water uptake rate (k) and foliar water uptake accumulation (FWU storage). The species with high FWU storage have a low k, while those with a high k have low FWU storage [7,8,9,10]. Some scholars have also pointed out that a high k and high FWU storage can coexist in the same species [7], leading to higher water use efficiency. However, the current research on FWU strategies mainly focuses on Brazil’s high-fog and high-humidity habitats [7,10]. Due to the difference in water input, plants living in different habitats will adopt different water adaptation strategies [5]. Therefore, it is necessary to research the FWU strategies in other habitats.



In arid desert ecosystems, leaf-wetting events also occur frequently with water as the main limiting factor [11]. Previous studies found that most plants are capable of FWU, and that the absorbed water could be transported downward through the xylem and improve the branch water status and photosynthetic capacity, promoting the carbon and water balance of plants in arid areas [11,12]. FWU also plays an important role in the survival and growth of trees in drought periods, helping to repair xylem embolism and increase water conduction efficiency [13,14]. In recent years, there has been an increase in the amount of research on FWU in arid areas [11,12,13,14], but there are few studies on FWU strategies.



The differences in the physiological and structural characteristics of plants lead to different FWU strategies [5,15,16]. For example, the differences in leaf anatomical structure, water status, stomatal conductance, and oxidative metabolites between species significantly impacted FWU strategies [5,6,7]. Due to the diversity of species and habitats, numerous factors lead to different FWU strategies for plants. Some plants will promote FWU by evolving unique FWU structures, such as cork warts and trichomes [17,18], and maintain leaf water balance. Therefore, it is necessary to further study the influencing factors of FWU strategies and explore the water utilization strategies of plant leaves, especially in arid areas.



Leaf wettability is a common phenomenon in various habitats, showing the adhesive capacity of leaves to water [19,20]. Water adherence to the plant surface is a prerequisite for FWU to occur [14,21]. Fernández et al. found that leaf morphology and structure have an impact on FWU based on the leaf’s hydrophilicity or hydrophobicity (wettability) [22]. Plants with high leaf wettability have higher FWU storage [23]. In arid areas, in order to adapt to harsh habitats and prevent water loss, plants generally form thicker cuticles on their leaves. The cuticle is the main factor affecting the wettability of the leaves, and the cuticle is hydrophobic [24,25,26,27]. Whether the wettability difference caused by the cuticle will affect FWU storage and whether it is related to k besides FWU storage remain to be elucidated [28]. Furthermore, Goldsmith and others [29] found that leaf wettability will also have a certain adaptability to changes in the environment. Under different water gradients (from tropical rainforests to cloudy mountain forests), leaf wettability will change accordingly. Areas with low precipitation and low temperature have stronger leaf hydrophobicity. Therefore, will leaf wettability change with changes in the environment? Will the difference in hydrophobicity and hydrophilicity generated by this adaptation of the environment affect the FWU strategies?



The stomata is the most important structure for water and gas exchange between leaves and the atmosphere [30], and it is the prediction index of plant response to drought. Facing the potential risk of hydraulic imbalance caused by drought, plants have evolved different stomatal regulation strategies, namely, isohydric regulation and anisohydric regulation. When the atmospheric water vapor pressure deficit (VPD) increases or the soil water content decreases, isohydric plants maintain the minimum leaf water potential relatively constant through strict stomatal regulation [31]. On the contrary, the stomata of anisohydric plants always maintains a certain opening [32,33]. Previous studies on mangrove and temperate species found that plants with anisohydric regulation had higher FWU storage, while plants with isohydric regulation had lower FWU storage [34,35]. However, at present, there is little research on FWU strategies through iso-/anisohydric regulation, especially for plants in arid areas, which needs to be discussed.



The Ebinur Lake Basin has a typical temperate continental arid climate. Due to the scarcity and uneven distribution of precipitation, water resources are incredibly scarce [36,37]. P. euphratica, N. sibirica, H. halodendron, A. sparsifolia, A. hendersonii, and G. uralensis are typical psammophytes in the Ebinur Lake Basin. They can not only improve the ecological environment in desert areas, but also weaken the ground evaporation and reduce the degree of soil drought to some extent. At the same time, the growth of psammophytes can reduce the amount of floating sand on the ground, which can create more suitable living space for other plant species and create more opportunities for the better growth and development of psammophytes [38]. Therefore, this study includes six typical desert plants in the Ebinur Lake Basin, namely, P. euphratica, N. sibirica, H. halodendron, A. sparsifolia, A. hendersonii, and G. uralensis, which were used as research objects to explore the following questions: (1) Do these six desert plants show the FWU phenomenon, and what FWU strategies do they adopt? (2) Do leaf wettability and iso/anisohydric regulation affect the FWU strategies of plants in arid areas? The purpose of this study was to explore FWU strategies from the perspective of leaf wettability and stomatal regulation, so as to enrich the understanding of the water use strategies of desert plants and provide a theoretical basis for the effective restoration and protection of degraded vegetation in desert areas.




2. Materials and Methods


2.1. Research Sites


The Ebinur Wetland Nature Reserve, which is situated in the Xinjiang Uygur Autonomous Region of northwest China (44°43′–45°12′ N, 82°35′–83°40′ E), is the lowest depression and the center of saltwater collection in the Ebinur Wetland western boundary of the Gurbantonggut Desert (Figure 1a). The reserve belongs to a typical temperate continental arid climate. The average yearly temperature ranges from 6.6 to 7.8 °C, and the annual evaporation exceeds 1600 mm [39]. The average annual precipitation is 90.8 mm [40], and the distribution is uneven throughout the year, with summer precipitation accounting for 34.0% to 66.6% of the annual precipitation. The spatial distribution of the soil in this area shows the law of meridional zonality and vertical zonality. The soil types are mainly clay, silt, and sand [41]. The main plant species in the study area are P. euphratica, H. ammodendron, H. halodendron, A. sparsifolia, R. soongarica, N. sibirica, A. hendersonii, G. uralensis, S. terrae-albae, P. australis, etc.




2.2. Field Experiments


2.2.1. Sample Plot Design


In July 2022, a 100 m × 2000 m sample strip was set up from south to north near Dongqiao Station in the reserve, along the direction perpendicular to the Aqikesu River. A 100 m × 100 m quadrat was set every 1000 m on the sample strip, with a total of 3 quadrats, which were set as high water (T1), medium water (T2), and low water (T3) (Figure 1b,c).



Soil from the 0–20 cm, 20–40 cm, and 40–60 cm soil layers was collected at three randomly selected locations within each sample square, packed into aluminum boxes, and brought back to the laboratory to determine the soil water content for water gradient division for backup. The soil water content was measured using the drying method by first measuring the fresh weight (SFW) and then drying at 105 °C for 48 h to a constant weight using an electric blast oven (DHG-9055A, CHN), and then the dry weight (SDW) of the soil samples was recorded to calculate the soil water content (SWC) using the following formula:


  SWC   ( % ) =   SFW − SDW   SDW      ×   100 %   












2.2.2. Plant Selection and Sample Collection with Determination


Plant selection: the plants selected were P. euphratica, N. sibirica, H. halodendron, A. sparsifolia, A. hendersonii, and G. uralensis (Figure 1d). The field investigation found that H. halodendron was only distributed in T1, and G. uralensis was only distributed in T1 and T2. Therefore, the plants selected in T1 were P. euphratica, N. sibirica, H. halodendron, A. sparsifolia, A. hendersonii, and G. uralensis, with a total of 6 species. The plants selected in T2 were P. euphratica, N. sibirica, A. sparsifolia, A. hendersonii, and G. uralensis, with a total of 5 species. The plants selected in T3 were P. euphratica, N. sibirica, A. sparsifolia, and A. hendersonii, with a total of 4 species. Four plants were randomly selected from each species in each quadrat, and their crown width and diameter at breast height/base diameter were recorded (Table S1).



Determination of morphological indicators: A total of 4 plants were randomly selected within the sample plot, and 3 leaves were randomly selected from each plant in different directions, with a total of 12 leaves. The fresh weight was recorded using a one-ten-thousandth precision balance (AL204, METTLER TOLEDO, CHN). The leaf thickness (LT) was recorded using an electronic vernier caliper with an accuracy of 0.01 mm and photographed and uploaded to IMAGE J software to calculate the leaf area. Then, the leaves were brought back to the laboratory for drying, and the dry weight was recorded. Finally, the specific leaf area (SLA) and leaf dry matter content (LDMC) were calculated using the above measurements.





2.3. Laboratory Experiments


2.3.1. Leaf Wettability


To characterize leaf wettability, the contact angle of a droplet of water was measured on the surface of a leaf. A total of 4 healthy plants were selected as replicates for each species in the sample plot, and 12 healthy and intact leaves were collected. The leaves were placed horizontally on the sampling table using double-sided adhesive tape, and then water droplets were titrated on the leaf surface with a micropipette (range 5~100 μL). Finally, the droplet side view was taken with a macro camera (Nikon Corp, Tokyo, Japan). Two equal water droplets per leaf were used as a parallel experiment of this treatment [29].



The contact angle (also referred to as θ) was measured as the angle between the horizontal line of contact of the water droplet on the leaf surface and the line tangent at the edge of the water droplet (Figure 2). A larger contact angle indicates higher leaf water repellency [29,42,43,44]. Before determining the contact angle, the water droplet was outlined as an ellipse to aid in a more accurate identification of the tangent. Analysis was conducted in IMAGE J v.1.47 (NIH, Bethesda, MD, USA).




2.3.2. Determination of FWU Parameters


According to the method proposed by Liang et al. [45], the randomly selected leaves were cut from the plants, weighed immediately, and recorded as the initial weight (CW). They were then soaked in distilled water with the leaves covered with filter paper to prevent them from floating above the water surface. During absorption, the leaves were weighed every 15 min in the first 2 h, and then every 30 min in the next two hours. Finally, the leaves were immersed in water for 1 h again and weighed to obtain the saturated weight (SW) (a total of 13 measurements). The leaf area (LA) was measured before the experiment. After the experiment, the leaves were dried at 108 °C for 48 h, and the dry weight (DW) was recorded. The main FWU parameters were as follows:



Foliar water uptake accumulation per unit area (FWUcapacity; mg cm−2):


    FWU   capacity    =     SW   -   CW    LA    











The increase in leaf water content (ΔLWC; %):


  ∆  LWC =     SW   -   DW    SW      ×   100   -       CW   -   DW    CW      ×   100   











Foliar water uptake accumulation (ΔM; mg·mg−1):


   Δ M =     SW   -   CW    CW    











Foliar water uptake rate (k; mg·cm−2·min−1):


   k =      FWU   capacity    t   








where SW is the leaf saturation weight, CW is the fresh weight, LA is the leaf area, DW is the dry weight, and t is time.




2.3.3. Determination of Pressure–Volume Curves


The pressure–volume (P–V) curves were determined using the method proposed by Tyree et al. [46]. Due to the small leaves and short petioles of N. sibirica, H. halodendron, A. sparsifolia, A. hendersonii, and G. uralensis, a pressure chamber (PMS model 1505 D, Albany, OR, USA) could not be used to determine the water potential. Therefore, the above plants’ P–V curves measured about 10 cm of leafy twigs; only P. euphratica was directly measured using the leaves. The P–V curves were plotted following the procedures described by Sack and Pasquet-Kok [47]. The leaves were weighed and rehydrated in distilled water for 12 h at 4 °C and then gradually dried in a well-ventilated room at 25 °C. During the drying process, the leaves were weighed, and the water potential was measured using a pressure chamber (PMS model 1505 D, Albany, OR, USA) until a complete P–V curve with at least ten points was established. No ‘plateau effect’ was observed for any sample. Leaf dry mass was determined after at least 72 h at 70 °C. The full turgor and turgor loss points (Ψtlp) were established by considering the highest R2 of a linear fit for the linear portion of the -1/Ψ vs. 1-RWC relationship (RWC: relative water content). The following parameters were obtained from the P–V curves: osmotic potential at turgor loss point (πo); capacitance at turgor loss point (Ctlp); capacitance at full turgor (Cft); bulk modulus of elasticity (ε, calculated from the total relative water content); and osmotic adjustment ability (πo-Ψtlp)





2.4. Statistical Analyses


ANOVA was performed to compare the variability of the three water gradients, and the results are shown in Table 1. Two-way ANOVA and one-way ANOVA explored the differences in the leaf wettability, FWU parameters, leaf structure, and hydraulic parameters of the plants to be tested across the water gradients as well as between species, using LSD for comparison when the variances were equal and Games–Howell for comparison when the variances were not equal. Secondly, logistic and exponential equations were used to fit the model of FWU with time, and the confidence level was 0.95. Multiple factor analysis (MFA) was used to reveal the multiple relationships among the following groups: (1) species and water gradient (high water, medium water, low water); (2) hydraulic parameters (Ψtlp, π0, ɛ, πo-Ψtlp); (3) FWU parameters (ΔM, ΔLWC, FWUcapacity, k45); (4) leaf structure (LDMC, LT); (5) leaf wettability (CA). Two-way ANOVA was performed in SPSS 19.0 (IBM SPSS Inc., Chicago, IL, USA). Logistic and exponential model fitting and graphical production were completed in Origin 2023 (OriginLab, Northampton, MA, USA). MFA and RV coefficient calculations were completed using R ‘FactoMineR’ and ‘coffRV’ packages (R version 4.2.2 ucrt, http://cran.rproject.org accessed on 31 October 2022). The significance level was uniformly set to 0.05.





3. Results


3.1. Leaf Wettability


Among the six desert plants, the leaf contact angle (CA) of G. uralensis was significantly lower than that of the other plants (p < 0.05), and its hydrophilic ability was the strongest. N. sibirica came in second, and its CA was less than 90°, which is hydrophilic. The CAs of P. euphratica, H. halodendron, A. sparsifolia, and A. hendersonii were all above 90°, and the surfaces of the leaves were hydrophobic. While under different water gradients, there was no significant difference in CA among species (p > 0.05) (Table 2).




3.2. FWU Characteristics of Six Plants


3.2.1. Patterns of FWU Characteristics over Time


The six plants’ foliar water uptake accumulation per unit area (FWUcapacity) showed differences. Among them, the FWUcapacity of N. sibirica was significantly higher than that of the other species (p < 0.05), followed by H. halodendron, and the lowest was found for G. uralensis, A. hendersonii, P. euphratica, and A. sparsifolia (Figure 3a–c).



The foliar water uptake rate (k) was also different among species. The k of G. uralensis decreased gradually with time. The k of N. sibirica, A. sparsifolia, and A. hendersonii increased initially and tended to be stable with time. The k of P. euphratica and H. halodendron increased first and then decreased with time (Figure 3d,e).



The initial k of G. uralensis was significantly higher than that of the other species (p < 0.05), followed by N. sibirica and H. halodendron. The lowest rates were found for P. euphratica, A. sparsifolia, and A. hendersonii. When the water was absorbed for 300 min, the k of N. sibirica was the highest, followed by that of H. halodendron (Figure 3d,e).




3.2.2. Patterns of FWU Characteristics under Water Gradients with Time


The FWUcapacity of the six plants was different under different water gradients. The FWUcapacity of N. sibirica and A. sparsifolia under low water was higher than that under high water. However, the FWUcapacity of P. euphratica and A. hendersonii had no apparent regularity with the increase in the drought degree (Figure 4a–f).



Under different water gradients, with the increase in the drought degree, the k of N. sibirica, G. uralensis, and A. sparsifolia showed an increasing trend. There was no apparent regularity between the k of P. euphratica and A. hendersonii (Figure 3g–i).



The FWUcapacity of the six plants showed two trends with time. One is exponential growth with time (G. uralensis), which is divided into a fast water absorption period, a slow water absorption period, and a saturation period (Figure 3l). The other is the logistic curve growth mode (P. euphratica, H. halodendron, A. sparsifolia, N. sibirica, and A. hendersonii), divided into a slow water absorption period, fast water absorption period, and saturation period, taking A. sparsifolia as an example (Figure 4f).




3.2.3. FWU Characteristics under Different Water Gradients and Interspecific Differences


The water gradients and interspecific differences had significant effects on the FWU parameters (ΔM, FWUcapacity) (p < 0.05; Table S3).



Under high water, the FWU parameters of N. sibirica were significantly higher than those of the other plants (p < 0.05), followed by H. halodendron. Under medium water, N. sibirica had significantly higher parameters than the other plants (p < 0.05), followed by G. uralensis and P. euphratica. Under low water, N. sibirica had significantly higher parameters than the other plants (p < 0.05), while A. hendersonii had the lowest (Figure 5a).



Regarding the different water gradients, the FWU parameters of N. sibirica and A. sparsifolia under low water were significantly higher than those under high water (p < 0.05), and there was no clear rule among the other species (Figure 5).





3.3. Leaf Structural Characteristics


Among the six plants, N. sibirica had the thickest leaves, which were significantly thicker than the leaves of the other plants (p < 0.05), and the leaf dry matter content (LDMC) was significantly lower than that of the other plants (p < 0.05). G. uralensis had the thinnest leaves and the highest LDMC, while there was no significant difference between the LT and LDMC of P. euphratica, A. hendersonii, and A. sparsifolia (Table 3).




3.4. Hydraulic Parameters of Six Plants


The results of the two-way ANOVA showed that the water gradients and interspecific differences had significant effects on the turgor loss point (Ψtlp) (p < 0.05). The elastic modulus (ε) and osmotic adjustment ability (Ψtlp-π0) were significantly different among species (p < 0.05). The saturated osmotic potential (π0) was significantly different between species and under the interaction of species and water gradients (p < 0.05) (Table S3).



Ψtlp and π0 showed differences among species. Under high water, the Ψtlp and π0 of P. euphratica, N. sibirica, and H. halodendron were significantly higher than those of G. uralensis, A. hendersonii, and A. sparsifolia (p < 0.05). Under medium water, the Ψtlp and π0 of N. sibirica were the highest, while those for A. hendersonii and A. sparsifolia were the lowest. Under low water, the Ψtlp and π0 of N. sibirica were the highest, followed by those of P. euphratica (Figure 6a,b). Ψtlp-π0 also showed differences among species, and the Ψtlp-π0 values of P. euphratica and N. sibirica were significantly higher than those of the other plants (p < 0.05) (Figure 6d).



With the deepening of drought stress, the Ψtlp and π0 of G. uralensis and A. sparsifolia increased or decreased, but there was no significant difference (p > 0.05). The Ψtlp and π0 of N. sibirica under high water were significantly higher than those under low water (p < 0.05). The Ψtlp and π0 of P. euphratica and A. hendersonii showed no apparent regularity (Figure 6).




3.5. Relationship between FWU, Leaf Structure, and Hydraulic Parameters


The MFA results (Figure 7) showed that the first and second axes accounted for 42.1% and 26.2% of the total variance, respectively. The hydraulic parameters had the most significant influence on the FWU parameters. The RV coefficients between the FWU parameters and hydraulic parameters, leaf wettability, and leaf structure were 0.38, 0.31, and 0.26, respectively (Figure 7). FWUcapacity was positively correlated with LT and k45 (R2 = 0.66; R2 = 0.3) and negatively correlated with Ψtlp, π0, and CA (R2 = −0.73; R2 = −0.73; R2 = −0.33). The initial water uptake rate (k45) was negatively correlated with CA (R2 = −0.59). The turgor loss point (Ψtlp) was positively correlated with π0 and CA (R2 = 0.96; R2 = 0.48), which was negatively correlated with ΔM, FWUcapacity, and LT (R2 = −0.71; R2 = −0.73; R2 = −0.48) (Figure S1).





4. Discussion


4.1. FWU Strategies of Six Plants


The leaves of all six plants showed water absorption phenomena after the soaking experiments, and different FWU strategies were adopted. G. uralensis showed a high k and low FWU storage. Consistent with the research results of Boanares et al. [5,6,7], there is a negative correlation between the k and FWU storage of plants. N. sibirica and H. halodendron showed a high k as well as high FWU storage. This result strongly proves that a high k and high FWU storage can also coexist in the same plant so that it has higher water use efficiency [5,6,7]. However, P. euphratica, A. hendersonii, and A. sparsifolia showed a low k and low FWU storage, which is different from the previous research results [5,6,7] and may have been caused by the differences in the climate and environment of the study area. The previous study area was mainly located in Brazil’s tropical high-fog habitat. This study area is located in northwest China and belongs to a typical arid ecosystem [37]. Due to the difference in water input, plants living in arid areas have different water acquisition and maintenance mechanisms [48], resulting in different water adaptation strategies.




4.2. Effects of Leaf Wettability and Leaf Structure on FWU Strategies


The change in the foliar water uptake accumulation per unit area (FWUcapacity) of the six plants with time presents two patterns, which may be mainly related to the wettability of the leaves. Among them, the changes in the FWUcapacity of P. euphratica, N. sibirica, H. halodendron, A. sparsifolia, and A. hendersonii showed a logistic curve growth pattern with time (Figure 3, Table S2). The existence of cuticles (hydrophobicity) in the early stage of FWU affects the leaf wettability, resulting in a low k (the first part of the logistic curve). With the extension of the water absorption time, FWU will promote the rehydration of the epidermis and accelerate the k (the second part of the logistic curve). With the increase in FWU, the k of leaves gradually decreases and finally approaches zero, and the leaves no longer absorb water (the third part of the logistic curve; Figure 4f), which is consistent with the research results of Guzmán-Delgado et al. [49]. However, G. uralensis leaves have high wettability (Table 2) [50]. The upper and lower cuticles are thin [51,52], which reduces the resistance of FWU [49,53,54,55] and then produces the maximum initial k (Figure 3), so the water absorption of G. uralensis leaves shows an exponential growth pattern with time (Figure 2 and Figure 3e, Table S2), which can be divided into a fast water absorption period, slow water absorption period, and saturation period. This conclusion is consistent with the research results of Liang [45], Li [24], and Guzmán-Delgado [49].



The difference between leaf wettability and leaf structural characteristics shows that N. sibirica and H. halodendron adopt different adaptation methods to maintain high FWU strategies. N. sibirica leaves are thick (Table 3) and have high wettability (Table 2), which may be one of the reasons why N. sibirica has a high FWU capacity. Consistent with previous research results [17,56,57,58], plants with thicker leaves have higher FWU storage, while plants with hairy leaves or succulent leaves have higher leaf wettability, and their k is significantly higher than that of plants with lower leaf wettability. However, there was specificity between the leaf wettability, structural characteristics, and FWU strategies of H. halodendron leaves. The H. halodendron results showed that the leaves were thin (Table 3) and the leaf epidermis was hydrophobic (Table 2). According to the results of previous studies, the higher the leaf wettability, the higher the k [57,58], and the thicker the leaf, the higher the FWU storage [6,7,8,9], indicating that the FWU strategies of H. halodendron are theoretically a low k and low FWU storage. However, the actual research results are exactly the opposite. It may be that the stomata on the epidermis of the H. halodendron leaves are densely distributed, which leads to the hydrophobicity of the leaves [44]. At the same time, the stomata are also the primary way for the leaves to absorb water [59]. Densely distributed stomata will further promote FWU, thus producing a strong FWU capacity.




4.3. Effects of Stomatal Regulation on FWU Strategies


The turgor loss point (Ψtlp) is the osmotic potential at the initial plasmolysis, reflecting the plants’ limited osmotic potential to maintain the lowest turgor. It is one of the best indicators to measure the drought tolerance of plants. The lower the Ψtlp value, the stronger the ability of plants to maintain turgor and the stronger their tolerance to drought [60,61,62,63]. In arid or semi-arid habitats with severe water shortage, the average value of the Ψtlp is about three times that of tropical rainforest species [64]. Secondly, the Ψtlp is one trait most closely related to the relative isohydric degree of species. The higher the Ψtlp, the more plants tend to be isohydric [64]. Meinzer et al. [65] proposed the use of the Ψtlp as an indicator to measure the degree of isohydric regulation, which has been proven in many plant species [66,67]. Therefore, based on the value of the Ψtlp, this paper judged the stomatal regulation behavior of plants. N. sibirica and H. halodendron are more inclined to adopt anisohydric regulation, while P. euphratica. A. hendersonii, A. sparsifolia, and G. uralensis are more inclined to adopt isohydric regulation.



This study found that the FWU strategies are related not only to leaf wettability and leaf structure but also to stomatal regulation behavior. The FWU capacity decreases with the increase in the Ψtlp of different plants (Figure 7). That is, anisohydric plants with faster water loss rates have a higher FWU capacity, and FWU can be used as a temporary water source to reduce their hydraulic risks. Species with a low FWU capacity will rely more on alternative strategies, such as stomatal regulation behavior that tends to be isohydric, to reduce water loss and maintain leaf turgor under drought stress, which is consistent with the results of Eller et al. [68]. For example, for N. sibirica and H. halodendron, as plants that are more inclined to adopt anisohydric regulation, their stomata are insensitive to environmental changes and always maintain a certain opening. Their leaves have a significantly higher FWU capacity than other plants [69,70,71,72]. P. euphratica is also more inclined to adopt anisohydric regulation, and its FWU capacity is significantly lower than that of N. sibirica and H. halodendron (Figure 5; Table S4). Compared with other works, the FWU capacity of trees in temperate arid areas is significantly lower than that of P. euphratica [66]. Therefore, when comparing trees, P. euphratica has a higher FWU capacity, which accords with the characteristics of plants with anisohydric regulation. However, for A. sparsifolia, A. hendersonii, and G. uralensis, as plants that are more inclined to adopt isobaric regulation, their stomata are sensitive to environmental changes. Due to the influence of plant internal factors, soil moisture status, and atmospheric vapor pressure deficit, plants will adopt a conservative strategy to reduce water loss by closing their stomata, so they have a relatively low FWU capacity [31,34].



With the deepening of drought stress, stomatal regulation behavior will also lead plants to adopt different FWU strategies. With the increase in drought stress, the FWU parameters of N. sibirica leaves increased significantly (Figure 5), and the Ψtlp decreased significantly (Figure 6), which is consistent with the results of Schreel et al. The FWU of anisohydric plants increases with the decrease in soil water potential [69,71], and the Ψtlp changes with the degree of soil drought [72]. However, the FWU parameters and Ψtlp of P. euphratica have no obvious regularity with the deepening of drought stress. The main reason may be that P. euphratica is an arbor, and its root system is very developed and has a high drought tolerance [73]. The water gradient selected in the plot is not sufficient to significantly impact its water physiology. In summary, anisohydric plants can reduce the effects of drought stress at the leaf level by increasing FWU [35].




4.4. Relationship between FWU and Leaf Wettability, Leaf Structure, and Stomatal Behavior


Comprehensive analysis showed that the effect of stomatal regulation on FWU capacity was higher than that of leaf wettability and structure (Figure 7b). For example, for H. halodendron, as a plant that is more biased towards anisohydric regulation, its stomata always maintain a certain degree of openness, and water loss is faster. Because the stomata are also the main route for FWU [58], although the epidermis of H. halodendron leaves is hydrophobic (Table 2) and the leaves are thin (Table 3), its FWU capacity is still significantly higher than that of other isohydric plants (plants that keep water by closing their stomata in stress environments). Therefore, stomatal regulation behavior is the main reason for high k as well as high FWU storage of anisohydric-regulating plants (H. halodendron and N. sibirica).





5. Conclusions


Our study found that the leaves of all six plants had absorbing water phenomena, and their water absorption ability was significantly different due to the influence of leaf wettability, leaf structure, and iso/anisohydric regulation behavior. Affected by the wettability of the leaves, the FWUcapacity shows two changing laws with time: (i) when the wettability of the leaves is high, the FWUcapacity shows an exponential growth pattern with time; (ii) when the leaf wettability is low, the change in FWUcapacity with time shows a logistic curve growth mode. Moreover, the FWU capacity is most affected by iso/anisohydric regulation behavior compared with leaf wettability and structure. This study deepens our understanding of FWU strategies and provides a theoretical basis for understanding the mechanism of plant water use in arid regions.
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Figure 1. The study area and plots. (a) Location map of the Xinjiang Uygur Autonomous Region. Where the red area represents Ebinur Lake; (b,c) location of the study area; (d) leaves of A. sparsifolia, G. uralensis, H. halodendron, A. hendersonii, P. euphratica, and N. sibirica. 
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Figure 2. Sketch of contact angle of water droplet and leaf surface. 
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Figure 3. The variation in foliar water uptake accumulation per unit area (FWUcapacity) and foliar water uptake rate (k) over time. (a–c) FWUcapacity of six plants under high water, medium water, and low water gradients over time; (d–f) k of six plants under high water, medium water, and low water gradients over time. Colored regions show 95% confidence intervals for the mean predicted value estimated using logistic and exponential models, and the parameters fit using each model are presented in Table S2 (N = 4). 
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Figure 4. The variation in FWUcapacity and k over time (a–l) under different water gradients. The parameters fit using each model are presented in Table S2 (N = 40). 
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Figure 5. Differences in FWU parameters (ΔM and FWUcapacity) among water gradients and species. (a) The difference in foliar water uptake accumulation (ΔM) between species and water gradients; (b) FWUcapacity among species and water gradients. Different lowercase letters indicate significant differences between species, and different uppercase letters indicate significant differences between water gradients (mean + SE; N = 4), α = 0.05. 
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Figure 6. The differences in hydraulic parameters between water gradients and species. (a) The difference in the turgor loss point (Ψtlp); (b) the difference in the saturated osmotic potential (π0); (c) the difference in the elastic mudulus (ɛ); (d) the difference in osmotic adjustment ability (Ψtlp−π0). Different lowercase letters indicate significant differences between species, and different uppercase letters indicate significant differences between water gradients (mean + SE; N = 4), α = 0.05. 
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Figure 7. Multivariate factor analysis and correlation analysis of six plants’ FWU parameters, leaf structure, and hydraulic parameters. Leaf structure (LS) includes LDMC and LT; FWU parameters (FWU) include ΔM, ΔLWC, FWUcapacity, and k45; hydraulic parameters (HP) include Ψtlp, π0, ε, and π0-Ψtlp; leaf wettability (LW) represents CA; SaG denotes species and gradients; k45 represents the initial foliar water uptake rate; LDMC represents leaf dry matter content; SLA represents specific leaf area; Cft represents capacitance at full turgor; Ctlp represents capacitance at turgor loss point; CA represents leaf contact angle. Blue, yellow, gray, and red represent FWU, HP, LS, and LW, respectively, ** p < 0.01. 
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Table 1. Analysis of variance of soil water content and division of water gradients.
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Water Gradient

	
Soil Sample Depth

	
Soil Water Content






	
High water

	
0–20 cm

	
0.131 ± 0.026 a




	
20–40 cm

	
0.144 ± 0.013 a




	
40–60 cm

	
0.137 ± 0.009 a




	
Medium water

	
0–20 cm

	
0.093 ± 0.013 b




	
20–40 cm

	
0.119 ± 0.022 b




	
40–60 cm

	
0.128 ± 0.018 a




	
Low water

	
0–20 cm

	
0.028 ± 0.007 c




	
20–40 cm

	
0.026 ± 0.005 c




	
40–60 cm

	
0.035 ± 0.003 b








Note: different lowercase letters indicate significant differences in soil water content in different squares (mean + SD; N = 3), α = 0.05.
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Table 2. Determination of contact angles of the leaves of six desert plant species.
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Species

	
5 μL Contact Angle (°)




	
High Water

	
Medium Water

	
Low Water






	
P. euphratica

	
101.69 ± 2.22 Aa

	
101.62 ± 2.28 Aa

	
99.33 ± 3.7 Aa




	
N. sibirica

	
83.56 ± 4.62 Ab

	
81.82 ± 5.57 Ab

	
80.58 ± 3.67 Ab




	
A. sparsifolia

	
122.08 ± 6.96 Ac

	
127.27 ± 6.12 Ac

	
125.82 ± 4.48 Ac




	
A. hendersonii

	
129.22 ± 3.63 Ad

	
131.97 ± 4.33 Ac

	
131.23 ± 6.16 Ad




	
G. uralensis

	
59.42 ± 4.28 Ac

	
61.37 ± 3.44 Ad

	
-




	
H. halodendron

	
123.58 ± 4.17 e

	
-

	
-








Note: lowercase letters indicate significant differences between species, and uppercase letters indicate significant differences between water gradients (mean + SD; N = 6), α = 0.05.
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Table 3. Differences in leaf structure characteristics among three water gradients and species.
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Gradient

	
Species

	
LT (mm)

	
LDMC (%)






	
High water

	
P. euphratica

	
0.463 ± 0.038 ABd

	
0.357 ± 0.037 Ac




	
N. sibirica

	
0.652 ± 0.009 Ae

	
0.198 ± 0.026 Aa




	
A. sparsifolia

	
0.382 ± 0.014 Ac

	
0.350 ± 0.017 Ac




	
A. hendersonii

	
0.435 ± 0.078 Acd

	
0.276 ± 0.032 Ab




	
G. uralensis

	
0.208 ± 0.008 Aa

	
0.400 ± 0.012 Ac




	
H. halodendron

	
0.296 ± 0.037 b

	
0.389 ± 0.031 c




	
Medium water

	
P. euphratica

	
0.513 ± 0.080 Abc

	
0.253 ± 0.008 Bb




	
N. sibirica

	
0.682 ± 0.115 Ad

	
0.215 ± 0.019 Aa




	
A. sparsifolia

	
0.469 ± 0.016 Bb

	
0.312 ± 0.018 Bc




	
A. hendersonii

	
0.635 ± 0.072 Bcd

	
0.234 ± 0.017 Aab




	
G. uralensis

	
0.203 ± 0.004 Aa

	
0.393 ± 0.019 Ad




	
Low water

	
P. euphratica

	
0.410 ± 0.019 Ba

	
0.334 ± 0.026 Aa




	
N. sibirica

	
0.728 ± 0.217 Ab

	
0.214 ± 0.038 Ab




	
A. sparsifolia

	
0.489 ± 0.028 Ba

	
0.312 ± 0.019 Ba




	
A. hendersonii

	
0.483 ± 0.046 Aa

	
0.282 ± 0.026 Aa








Note: LT represents leaf thickness; LDMC represents leaf dry matter content. Different lowercase letters indicate significant differences between species, and different uppercase letters indicate significant differences between water gradients (mean + SE; N = 4), α = 0.05.
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