

  water-14-00954




water-14-00954







Water 2022, 14(6), 954; doi:10.3390/w14060954




Article



Soil Water Use Strategies of Dominant Tree Species Based on Stable Isotopes in Subtropical Regions, Central China



Yuchen Li, Fangfang Zhu, Yu Wang and Jinhua Cheng *





School of Soil and Water Conservation, Beijing Forestry University, Beijing 100083, China









*



Correspondence: jinhua_cheng@126.com







Academic Editor: Maurizio Barbieri



Received: 17 January 2022 / Accepted: 16 March 2022 / Published: 18 March 2022



Abstract

:

Water is a crucial factor affecting plant growth and ecosystem processes. In the subtropical region, global climate change leads to frequent seasonal droughts. How plant water strategies and the adaptability of forest ecosystems change is an urgent issue to be discussed. In this study, four sample plots (P. massoniana for Plot 1, C. lanceolata for Plot 2, Q. acutissima for Plot 3, C. funebris and I. corallina for Plot 4) were selected in the Taizishan Mountain area of Hubei, China, including three forest types (coniferous forest, broad-leaved forest and coniferous broad-leaved mixed forest) and five dominant tree species. The δD and δ18O isotope compositions in plant and soil water were analysed, and the water use strategies of dominant species were predicted by using the MixSIAR model. The water absorption depth and proportion of the five species were significantly different in different seasons. In plot 4, I. corallina and C. funebris derived (58.8 ± 14.0% and 55.7 ± 23.4%, respectively) water from 10–40 cm soil in wet season, but C. funebris shifted to derive water from deep soil in dry season. This result indicates that the mixing of C. funebris and I. corallina can effectively prevent water competition in dry season with water deficit. From wet season to dry season, the depth of water utilisation of the P. massoniana, C. lanceolata, Q. acutissima and C. funebris with deep roots converted from shallow to deep soil, suggesting that the four species had significant dimorphic root systems and strong ecological plasticity.
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1. Introduction


Water is an important factor affecting plant growth, and plant water use is one of the most basic processes of terrestrial ecosystem hydrological cycles. In ecologically fragile areas, the available water in plants plays a decisive role in plant growth and distribution [1,2,3]. However, water use and response vary among different vegetation types [4], which also depend on plant growth forms and environmental conditions [5,6,7]. In recent years, global climate change and human disturbance have led to drastic changes in hydrological variables such as rainfall, evaporation, runoff, soil water and groundwater level [8,9]. The change in hydrological patterns leads to the increase of uncertainty of vegetation succession [10,11,12]. Under this complex environmental background, the adaptability of forest ecosystem has attracted the attention of many scholars. The study of plant adaptability to water is of great significance to understand how forest ecosystems respond to the hydrological process of soil vegetation atmosphere interface [5,13,14].



Previous scholars used a variety of methods to determine the water source of plants, such as sap flow technology [15], root system excavation [16,17] and judgment through plant physiological indicators [18,19]. Quantifying the proportional contributions of various water sources to plants is significant in advancing our knowledge of absolute contributions of root water uptake across multiple plant water sources given the complex hydrological systems of soil as well as the spatial and temporal variability in the plant water uptake process [14]. However, root system excavation not only causes damage to the environment, but also takes a long time, which is not conducive to dynamic observation [20]. Neither the method of sap flow technology nor judgment through plant physiological indicators can accurately quantify the proportion of water uptake by plants [16,21]. Since the 1980s, a growing number of scholars have begun to use stable isotope technology to explore water sources of plants and successfully solved many problems between plants and ecological environment research [17,22,23,24,25,26], provides an efficient, accurate and low-destructive method for studying different potential plant water sources [27]. Previous studies have shown that, with the exception of a few halophytes [28], isotope composition will not be fractionated when a plant absorbs water through the root system and the water is transported in the plant [29,30]. This finding shows that stable isotopic composition in plant tissue is a comprehensive reflection of different water sources. Therefore, by comparing the isotopic composition of plant xylem water and various water sources, we can effectively identify and distinguish the source of plant water use [31].



Several methods can be used to determine water sources of plants by using stable isotopes D and 18O: direct observation method [32], two-or-three-compartment linear model-N-CLM [33,34], a model to determine mean depth of water uptake [35], IsoSource model [34], the Bayesian-mixing model MixSIR, SIAR and MixSIAR [36,37,38]. Direct observation method assumes that plants only use soil water at a certain depth, but in fact, plant water is composed of multiple sources [29,39]. It is usually a mixture of soil water at multiple depths [40]. Two-or-three-compartment linear model-N-CLM is limited to calculating the contribution proportion of three or less water sources to plant water [41]. Iso-source model can estimate the contribution proportion range of multiple water sources to plant water [42] but ignores the uncertainty of water source, and its contribution proportion range cannot be expressed by a single probability. Bayesian mixing models improve upon simpler linear mixing models by explicitly taking into account uncertainty in source values, categorical and continuous covariates and prior information. The latest MixSIAR model combines the advantages of MixSIR and SIAR models and adds modules such as the input form of multivariate isotope raw data source of contribution source, random effect classification variables and residual + process error, which significantly improves the accuracy of quantitative calculation of plant water source and its contribution proportion [38].



To date, the study of water utilisation sources of plants based on stable isotope technology has many achievements. Numerous studies have shown that plants will adopt different water use strategies under water stress [40,43], and soil water content is highly consistent with plant water use depth [23]. White et al. [44] studied the water source of white pine (Pinus strobus L.) in the northeast of the United States by using stable isotope technology, and found that white pine makes efficient use of summer precipitation, but turns to use deep soil water and groundwater in the dry season. McCole et al. [41] reported that Juniperus ashei in Texas had different seasonal water use sources; it preferentially uses deep soil water sources in summer and shallow soil water in winter. Nippert [45] found that plants have seasonal water use strategies; when the surface water is rich enough, some deep-rooted plants will turn to absorbing and utilising surface soil water. In a Northern Mongolian tribe, Larix sibirica Ledeb. is known to absorb and use 0–30 cm soil water mainly in the wet season, whereas deep soil water becomes its chief water source in the dry season [46]. Similar results were also found in plants such as Pinus massoniana Lamb., Pinus elliotti and Cunninghamia lanceolata (Lamb.) Hook. [40]. Research on plant water uptake by using stable isotope technology and related mathematical models mainly focused on arid and semi-arid areas [14,47,48,49,50]. However, only a few studies have been conducted on plant water use in subtropical humid areas. Moreover, a comprehensive comparison about water use status of different plant types is generally lacking throughout existing studies. In the subtropical monsoon climate region, although precipitation is rich, seasonal differences result in serious seasonal drought [51,52,53,54]. The analysis of plant water sources in subtropical monsoon climate region under different water conditions is helpful to understand plant growth characteristics and water cycle process of regional forest system [55].



The Taizishan area of Hubei Province belongs to the middle and upper reaches of the Yangtze River, and it is located in the low mountains and hilly area of Central China. It is the key area of the Yangtze River water conservation belt and the southern management and restoration area. In order to relieve the pressure of timber demand, plantation forests such as Pinus massoniana Lamb., Cunninghamia lanceolata (Lamb.) Hook. had been planted on a large scale, leading to ecological problems such as reduced biodiversity, decreased productivity and serious pests and diseases. Moreover, in the subtropical monsoon climate, although precipitation is abundant, seasonal differences, uneven distribution of precipitation and serious seasonal drought are evident. Faced with the dual constraints of fragile forest ecosystems due to plantation management patterns and severe seasonal droughts due to climatic characteristics, how the water use strategy of plants and the adaptability of forest ecosystem will change are uncertain. In this paper, we take the typical plantation (coniferous forest, broad-leaved forest and coniferous broad-leaved mixed forest) in Taizishan mountain area as the research objects, attempt to analyse the hydrogen and oxygen stable isotopic compositions of plant stem water and soil water of the dominant species Pinus massoniana Lamb., Cunninghamia lanceolata (Lamb.) Hook., Quercus acutissima Carr., Cupressus funebris Endl. and Ilex corallina Franch. We also determine plant water sources and quantify the proportion of plant water uptake from the soil water by using MixSIAR mixing models. Moreover, we aim to discuss the adaptability of different plant water use strategies to seasons and water changes, and provide insights into tree species selection for reasonable mixing for Taizishan mountain area.




2. Materials and Methods


2.1. Study Site


The study area is located in Jingshan County, Jingmen City, Central Hubei Province, at 30°56′23”–30°54′15” N, 112°53′12”–112°56′21” E, with an altitude of 40.3–467.4 m (Figure 1). This region is affected by subtropical monsoon humid climate, with an average annual precipitation of 1094.6 mm. Precipitation is unevenly distributed throughout the year, with obvious seasonal differences. Rainfall is mainly concentrated from January to August (Figure 2). From September to December, it enters the dry season with less precipitation (Figure 2). The relative humidity and annual average temperature is 70% and 16.4 °C, respectively, with a frost-free period of 240 days. The soil is mainly clayey yellow brown soil developed from loess parent material, and the thickness of soil layer is 50–100 cm. The pH value of located soil is between 5.5 and 6.5, which is slightly acidic. Natural vegetation is dominated by Quercus L., mostly distributed in areas with poor site conditions such as bare rocks and barren soil layers. Artificial vegetation mainly includes Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) forest, Pinus massoniana (Pinus massoniana Lamb.) forest, cypress forest (Cupressus funebris Endl.) and a variety of broad-leaved forests. The main herbs are ferns (Pteridophyta) and Bambusa (Miscanthus floridulus (Labill. Warb.). We selected June 2019 to May 2020 as the observation period. See Table 1 for the basic conditions of the study site.




2.2. Observation of Meteorological Factor


A Vantage Pro2 Type Automatic Weather Station was installed in the open area near the experimental plots to monitor the temperature, rainfall, rainfall intensity, air humidity, wind speed and other meteorological factors in real time. In this study, it was mainly used to record the time of rainfall to ensure that no rainfall event occurs before the experiment.




2.3. Litter Collection and Root Characteristics Investigation


Three small plots that measure 40 cm × 40 cm were set to collect litter in each plot. Five points were selected randomly to measure the thickness of litter. The litter collected in the field was dried in an oven at 70 °C and weighed. The volume of litter per unit area in each forest land was calculated. The litter was soaked for 24 h to determine its maximum water-holding capacity [56].



In each plot, three trees with good growth were selected for root investigation. At 0.5–1 m away from the base of the trunk, soil was excavated step by step on a layer of 10 cm according to the area of 30 cm × 30 cm. The excavating depth of five species was within 100 cm. Soil was broken through sieving and roots were picked out. The roots were classified according to diameter: coarse root (>5 mm), medium root (2–5 mm) and fine root (<2 mm). The roots were dried in an oven at 70 °C and weighed to calculate the proportion of roots of different diameters in each soil layer.




2.4. Stable Isotope Sample Collection and Determination


The samples of each rainfall greater than 1 mm were collected during the observation period. In order to avoid the influence of rainfall, plant and soil collection were carried out 3–10 days after rainfall. Three representative standard plants with good growth were selected from each dominant tree species, and three xylem branches were collected from each plant as plant tissue samples. In addition, the phloem tissue of plants was removed to avoid isotopic fractionation of xylem water and contamination by isotopic enriched water [57]. Soil samples were collected simultaneously with plant tissue sampling. The collection of soil samples was carried out at a thickness of 10 cm each layer within a radius of 1 m, centred on the trunk of the standard plant from which the plant samples were collected. Three replicate samples were taken from each soil layer. Soil samples were divided into two: one portion was stored in a freezer for isotopic analysis and the other was used to obtain gravimetric soil water content (SWC, %) as determined by drying at 105 °C until the weight did not change anymore. All stable isotope samples required prompt loading into sampling vials, sealing with parafilm film and storage in a holding oven at 0–5 °C, with prompt freezing to −20 °C after being brought back to the laboratory until isotope determination. Water in plant and soil samples was extracted by using cryogenic vacuum distillation system (LI-2100, LICA, Beijing, China). An isotope ratio mass spectrometer (Finnigan Delta V Advantage, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and an elemental analyser (Flash 2000HT, Thermo Fisher Scientific, Inc., Waltham, MA, USA) were used to determine the extracted water samples and analyse the stable isotope composition of hydrogen and oxygen in each sample. The measurement precision was consistently ±2‰ for δD and ±0.2‰ for δ18O. Isotopic ratios are expressed in thousands of differences from the Vienna Standard Mean Ocean Water (V-SMOW):


  δ ( ‰ ) =  (   R  s a m p l e   /  R  s t a n d a r d   − 1  )  × 1000 ,  



(1)




where Rsample and Rstandard represent the molar abundance ratios of the sample and V-SMOW (D/H, 18O/16O), respectively.




2.5. Data Analysis


This study first used a direct comparison method [32] based on δD and δ18O of soil water and xylem water to discriminate the root water absorption depth of five plant species in different seasons, with an assumption that plant roots give priority to the use of a specific layer of soil water at any time, that is, by comparing the soil water isotope and the corresponding plant xylem water isotope value in the same period (δD and δ18O are compared respectively). When the δD and δ18O value of soil water and xylem water has a common and unique intersection, the depth corresponding to this point could be determined as the water absorption depth of the plant. When there are two or more common intersections, the root water absorption depth is not unique. If there is no common intersection, the main water absorption depth is difficult to determine [40].



Meanwhile, the Bayesian model MixSIAR was used to determine the water sources of five plants and calculate their contribution proportion. Considering the water content of soil profile, soil water isotopic composition and root distribution characteristics, the soil profile was divided into four layers for water source analysis, namely, the surface layer 0–10 cm, the shallow layer 10–40 cm, the middle layer 40–70 cm and the deep layer 70–100 cm. When quantifying the water source, the soil water isotope values of four soil layers were taken as the average values of soil water isotopes at all depths in the layer. Trees absorb water from roots and roots absorb water from soil without fractionation in this process. [29], Therefore, soil water can be regarded as the water source of trees (source data), and the isotopic value of xylem water is the “mixture data” of multiple soil water isotopes, which was input into the MixSIAR model. “Short” was specified as the run length of Markov chain Monte Carlo, error structure was set to “residual only” in the model, and the contribution ratio of corresponding median values (50% quartiles) of each water source calculated is the contribution rate of the water source to plant water.



To understand the differences among plant water and soil water of different tree species, analysis of variance is needed for the isotopic values of plant water and soil water [3]. Firstly, Kolmogorov–Smirnov (K–S) test was carried out on the isotopic values of plant water and soil water. The K–S test showed that the isotopic ratio of plant tissue and soil water accorded with normal distribution. Two-way analysis of variance (ANOVA) was used to explore the differences of plant water isotope values in different seasons and different species, and one-way ANOVA was used to analyse the differences of soil water isotope values at different depths in each sample plot. The above data analyses were conducted in SPSS 24.0.





3. Results


3.1. Characteristics of Litter and Soil Water Content in Different Stand Types


Litter is an important layer in forest hydrological process [56,58]. It plays an important role in intercepting precipitation, inhibiting soil water evaporation [59], increasing soil water infiltration [60] and preventing soil erosion [61]. Table 2 shows that the litter thickness of the four plots were 3.66 cm for Plot 3 (Q. acutissima), 3.35 cm for Plot 4 (C. funebris and I. corallina), 2.98 cm for Plot 2 (C. lanceolata) and 1.56 cm for Plot 1 (P. massoniana), in descending order. The litter storage of four plots were 9.6 t·hm−2 for Plot 3 (Q. acutissima), 8.25 t·hm−2 for Plot 4 (C. funebris and I. corallina), 7.99 t·hm−2 for Plot 2 (C. lanceolata) and 7.45 t·hm−2 for Plot 1 (P. massoniana), in descending order. The litter thickness and storage of P. massoniana are the smallest, which may be because the leaves of P. massoniana are needle shaped, small in volume and light in weight, which are easier to decompose than other tree species. As for Maximum Moisture Capacity of Litter, the maximum was 15.49 hm−2 for Plot 3 (Q. acutissima), and the minimum was 11.43 t·hm−2 for Plot 1 (P. massoniana). This finding showed that the litter water holding capacity of broad-leaved trees was generally higher than that of coniferous trees. As for the water holding capacity of different stand types, the litter water holding capacity of broad-leaved forest was generally the highest, followed by coniferous and broad-leaved mixed forest, and finally coniferous pure forest. Given that the composition and arrangement of litter in different stands are different, the decomposition degree is also different.



Soil water content (SWC) had significant differences among the four plots in different seasons (p < 0.05) (Figure 3). Overall, the SWC of the four plots in the wet season was greater than that in the dry season. the SWC in the dry season does not fluctuate significantly with the increase of depth, but the SWC in the wet season fluctuates relatively greatly with depth. Table 3 shows the average SWC of different soil depths. The SWC of the four plots in the dry season show that the water content of the surface and shallow soil is lower than that of the middle and deep soil. However, the variety was opposite in the rainy season, as a result of less rainfall, high temperature and evaporation during the dry season. In the wet season, the surface and shallow layers of soil were most replenished by precipitation, and the SWC was higher than that of the middle and deep layers. The highest point of SWC of Plot 1 (P. massoniana) and Plot 2 (C. lanceolata) appeared in the layer of 10–40 cm, which is 25.03% and 23.75%, respectively. This result may be due to the evaporation of surface soil water and the recharge movement of precipitation in the wet season; the highest SWC of Plot 3 (Q. acutissima) and Plot 4 (C. funebris and I. corallina) appeared at 0–10 cm, which were 31.25% and 25.25%, respectively. This result may be due to the higher litter thickness and storage of broad-leaved forest and coniferous broad-leaved mixed forest, and the less obvious evaporation of soil surface water. The average SWC of Plot 3 (Q. acutissima) was the maximum, which was 16.44%, followed by Plot 4 (C. funebris and I. corallina), which was 13.17%, then Plot 2 (C. lanceolata), which was 11.96%, and the minimum was Plot 1 (P. massoniana), which was 10.88%. The ranking law of the average SWC of the four plots was consistent with the law of their litter thickness, litter storage and the maximum water holding capacity of litter, indicating the important impact of litter layer on the water conservation function of forests.




3.2. Precipitation Distribution and Isotopic Composition


During the observation period, the total precipitation in the study area was 836.6 mm (Figure 4). Precipitation events were mainly concentrated from January to August, with a cumulative precipitation of 727.4 mm, accounting for 86.9% of the annual precipitation. September to December was the dry season, and the cumulative precipitation was 109.2 mm, accounting for only 13.1% of the annual precipitation. In September and December 2019, the precipitation was only 2.4 mm, and seasonal drought was serious. According to the characteristics of rainfall variation with time, the observation period from June 2019 to August 2019 and from January 2020 to May 2020 was considered the wet season, and September 2019 to December 2019 was considered the dry season.



During the observation period, 74 precipitation samples with rainfall greater than 1 mm were collected, and their isotopic compositions were measured. The δD values in precipitation varied in the range of −109.20 to 4.00‰. The δ18O values in precipitation varied in the range of −15.62 to −1.61‰, of which the maximum value appeared on November 30 and the minimum value appeared on July 18 (Figure 4). Seasonal differences were evident in stable isotope composition in precipitation. From June 2019 to August 2019, the average δD value in precipitation was −63.00‰, the average δ18O value in precipitation was −9.03‰; from September to December 2019, the average δD and δ18O value in precipitation was −20.98 and −4.03‰, respectively; from January to May 2020, the average δD and δ18O values in precipitation was −33.14 and −5.73‰, respectively. From June to August, the precipitation in Taizishan area was mainly affected by the warm and humid air mass in the tropical ocean area. The water vapour condensed and fell in the form of precipitation during the transportation process, and the stable isotopes in the remaining water vapour were continuously depleted. Therefore, the stable isotope values in the precipitation were negative. From September to December, low temperature, low humidity and less precipitation were recorded in Taizishan area. Stable isotopes in air mass were less depleted during transportation; therefore, stable isotopes in the precipitation were positive.



According to Craig’s definition of meteoric water line [62], the linear relationship between δD and δ18O of local meteoric precipitation, soil water and xylem water is defined as local meteoric water line (LMWL), soil water line (SWL) and xylem water line (XWL). By comparing LMWL, SWL and XWL, the regional hydrological and meteorological conditions, the contribution of different environmental factors and the transformation relationship of different water bodies can be determined [40]. Figure 5 shows the distribution of stable isotope values and waterline equation in different water bodies during the whole observation period. The LMWL was δD = 7.95 δ18O + 11.65 (R2 = 0.96, n = 74), and the slope and intercept were close to the global meteoric waterline GMWL (δD = 8 δ18O + 10). The SWL was δD = 9.39 δ18O + 21.09 (R2 = 0.86, n = 240), the slope and intercept were greater than that of LMWL, which may be related to the climate and environmental characteristics of the region. The XWL was δD = 10.15 δ18O + 29.20 (R2 = 0.96, n = 90), and the slope and intercept were greater than that of LMWL and SWL. To understand the seasonal characteristics of the interaction between water bodies under different water conditions, the isotopic distribution and linear regression relationship of δD and δ18O in rainfall, soil water, xylem water from wet season and dry season were made respectively (Figure 6).




3.3. Isotopic Composition and Variation in Xylem Water


The isotopic values of xylem water varied with plant species and season (Figure 7), the δD values of xylem water in P. massoniana, C. lanceolata, Q. acutissima, I. corallina, C. funebris ranged from −78.05 to −41.72‰, −89.30 to −41.68‰, −78.70 to −41.70‰, −76.51 to −34.66‰, −82.37 to −37.01‰ respectively. The δ18O values ranged from −10.29 to −6.49‰, −12.57 to −6.76‰, −11.1 to −7.25‰, −10.12 to −5.85‰, and −11.46 to −7.49‰, respectively. Generally, the isotopic values of xylem water in the wet season were more negative than that in the dry season. The δD and δ18O values of xylem water of different seasons and different plant species were analysed by conducting two-way ANOVA. The results showed significant differences in isotopic values of different plant water whether in the wet season or the dry season (p < 0.01). This finding indicated that five plants absorb water from different soil layers at the same time. Moreover, significant differences were found in the composition of xylem water isotopic values in different seasons (p < 0.01), indicating that the water absorption of the five plants had significant time variability.



The isotopic composition of soil water varied with soil depths and plant species (Figure 8). Significant differences in soil water isotope ratios were found among the four plots (p < 0.01). The δD and δ18O values of soil water in Plot 1 (P. massoniana) plot are high, which are −51.81 ± 14.73‰ and −7.47 ± 1.87‰, respectively. The δD and δ18O values of soil water in Plot 2 (C. lanceolata) were −57.07 ± 19.21‰ and −8.15 ± 1.67‰, respectively. The δD and δ18O values of Plot 3 (Q. acutissima) were −56.52 ± 18.27‰ and −8.33 ± 1.71‰, respectively. The δD and δ18O values of Plot 4 (C. funebris and I. corallina) were −55.44% ± 17.19‰ and −8.39 ± 1.35‰, respectively. The soil water isotope ratios of the four sample plots were significantly different in different seasons (p < 0.01) and soil depths (p < 0.01). The δD values of 0–10 cm soil water ranged from −23.40 to −89.04‰, and the δ18O values ranged from −10.93 to −2.96‰. The δD values of 10–40 cm soil water ranged from −26.09 to −101.76‰, and the δ18O values ranged from −12.75 to −4.03‰. The findings show that the soil water of surface and shallow layers showed obvious seasonal differences and large fluctuations. As for the 40–70 cm soil water, δD values ranged from −38.41 to −93.3‰, and the δ18O ranged from −12.17‰ to −6.26‰. The δD values of 70–100 cm soil water ranged from −42.17‰ to −70.44‰, and the δ18O ranged from −10.33‰ to −6.52‰, which showed less seasonal differences and stable changes.



Figure 8 shows that in the wet season, the intersection of xylem water δD value and soil water δD value (10–40 cm) was consistent with the intersection of δ18O of stem water and soil water (10–40 cm) of P. massoniana; the intersection of δD in xylem water and soil water (10–40 cm, 40–70 cm) of C. lanceolata was not completely consistent with the intersection of δ18O (10–40 cm); the intersection of δD in xylem water and soil water (10–40 cm, 40–70 cm) of Q. acutissima was consistent with the intersection of δ18O (10–40 cm, 40–70 cm); the intersection of δD in xylem water and soil water (10–40 cm, 40–70 cm) of I. corallina was not completely consistent with the intersection of δ18O (0–10 cm, 10–40 cm); and the intersection of δD in xylem water and soil water (10–40 cm, 40–70 cm) of C. funebris was not completely consistent with the intersection of δ18O (10–40 cm). On the other hand, in the dry season, the intersection of δD in xylem water and soil water (10–40 cm) of P. massoniana was not completely consistent with the intersection of δ18O (40–70 cm); the intersection of δD in xylem water and soil water (40–70 cm) of C. lanceolata was consistent with the intersection of δ18O (40–70 cm); the intersection of δD in xylem water and soil water (10–40 cm) of Q. acutissima was not completely consistent with the intersection of δ18O (40–70 cm); the intersection of δD in xylem water and soil water (10–40 cm) of I. corallina was consistent with the intersection of δ18O (10–40 cm); and the intersection of δD in xylem water and soil water (70–100 cm) of C. funebris was not completely consistent with the intersection of δ18O (40–70 cm).



In summary, P. massoniana gave priority to the use of shallow soil water in the wet season, and the water source cannot be accurately determined in the dry season. The water source of C. lanceolata cannot be accurately determined in the wet season, and the middle soil water was mainly used in the dry season. Q. acutissima preferentially used shallow and middle soil water in the wet season, and the water source in the dry season cannot be accurately determined. Both of the water sources of I. corallina and C. funebris in the wet or dry seasons cannot be accurately determined. When the direct comparison method was used to determine the water sources of plants, the intersection of δD in xylem water and soil water was often not completely consistent with the intersection of δ18O in xylem water and soil water. Therefore, accurately determining the main water absorption depth of plants is difficult by using the direct comparison method.




3.4. Seasonal Variations in the Proportion of Plant Water Uptake


The MixSIAR Bayesian mixing model can be used to calculate quantitatively the proportion of plant water uptake in different soil depths. Figure 9 shows the average plant water uptake proportion of (a) P. massoniana, (b) C. lanceolata, (c) Q. acutissima, (d) I. corallina, and (e) C. funebris by using the MixSIAR model. Significant seasonal differences were observed in the water use characteristics of the five plants. The surface and shallow soil water were mainly used in the wet season, and the uptake proportion of middle and deep layer soil water were increased in the dry season. P. massoniana mainly used the surface and shallow layer soil water in the wet season, with proportions of 44.2% and 32.7%, respectively. This result was consistent with the highest value of SWC in the wet season. The proportions of water that P. massoniana extracted from surface, shallow, middle and deep soils during the dry season are 14.2 ± 9.2%, 22.4 ± 13.5%, 32.1 ± 21.9% and 31.4 ± 15.9%, respectively. P. massoniana used middle and deep soil water in the dry season. C. lanceolata absorbed the largest proportion of soil water from the shallow layer of soil with a percentage of 77.3 ± 11.7%. The highest value of SWC in the wet season of C. lanceolata appeared at the same layer with that of soil water mainly used. In the dry season, the water use depth of C. lanceolata shifted down significantly and changed to deep soil water, with the proportion of 41.6 ± 15.8%. Q. acutissima mainly extracted water from shallow soil layer in the wet season, and the proportion was 58.8 ± 14.0%. In the dry season, the middle and deep soil water are mainly absorbed, and the proportions are 36.5% ± 23.2 and 43.7 ± 17.7%, respectively. As for I. corallina in the wet season, the soil water of shallow layer was mainly used, with a proportion of 55.7 ± 23.4%, and the highest SWC value of Plot 4 (C. funebris and I. corallina) occurred in the shallow layer, which is consistent with the layer of soil water I. corallina mainly used. In the dry season, the water uptake fraction of I. corallina was 28.7 ± 14.0% for surface soil layer, 35.3 ± 21.0% for shallow layer, 19.3 ± 15.8% for middle layer and 16.8 ± 14.5% for deep layer, the utilisation proportion of middle and deep soil water in the dry season was higher than that in the wet season, but surface and shallow soil water were still the main water source. C. funebris mainly extracted water from surface and shallow soil layer in the wet season, and the proportion was 28.9 ± 21.3% and 38.3 ± 35.7% respectively. The proportions were similar to the main water source of I. corallina, indicating that in the wet season there was a certain degree of water competition between C. funebris and I. corallina. In the dry season, the water use depth of C. funebris significantly moved down and changed to middle and deep soil water, and the utilisation proportion was 38.5 ± 19.6% and 43.9 ± 22.4%, respectively.





4. Discussion


4.1. The Linear Regression Relationship of δD and δ18O in Rainfall, Soil Water, Xylem Water


A large number of observations [63,64,65] showed that the slope of SWL was generally lower than that of LMWL in inland areas at middle and high latitudes due to the evaporation and enrichment of stable isotopes of soil water. However, considering that the study area is located in the subtropical monsoon region, the observation in this study showed the opposite result, that is, the slope of SWL is greater than that of LMWL, which is consistent with Yang’s study in 2015 [40]. This finding may be due to the fact that soil water came more from previous precipitation, or the evaporation and fractionation of soil water isotopes was weaker than that of precipitation due to vegetation cover and soil water collection.



The waterlines of different water bodies had evident seasonal differences. The slopes and intercepts of LMWL, SWL and XWL in the wet season were greater than those of LMWL, SWL and XWL in the dry season, which reflected the climate characteristics of drought and cold in the dry season, and also reflected that soil water and plant water were more affected by evaporation in the dry season. In the wet season, due to high relative humidity and less evaporation, there was a smaller range of isotopic value point distribution in soil water than that in the dry season. Owing to the influence of negative stable isotope values in wet season rainfall, the stable isotopic value points of soil water were distributed at the lower left of LMWL, resulting in the slope of SWL being greater than that of LMWL. This result was consistent with previous studies in arid and semi-arid areas [3,49], which proved the characteristics of seasonal drought in the study area. In the dry season, the distribution range of isotopic value points of soil water was larger than that of precipitation, and the stable isotopic value points of soil water were distributed at the left side of the precipitation points. This result implies that the water in the soil sampled on 28 September may have retained the precipitation in the wet season and the dry season at the same time. Regardless of the season, the slope and intercept of XWL were less than that of SWL, indicating that the process of plant absorbing soil water was affected by evaporation. Moreover, in the wet season, the distribution range of xylem water isotopic value points was negative compared with that of soil water isotopic value points. However, in the dry season, the distribution range of xylem water isotopic value points was positive compared with that of soil water isotopic value points. This finding implies that the process of plant utilisation of soil water was significantly more affected by evaporation in the dry season than that in wet season.




4.2. Vertical Gradient of Isotopic Composition in Soil Water


Figure 5 and Figure 6 show that the δD (δ18O) values of different plant water in different seasons were within the variation range of soil water δD (δ18O), which showed that plants made effective use of soil water. Similar to the variation of stable isotopic values of precipitation, the variation of δD and δ18O of soil water with depths showed obvious seasonal characteristics. In the wet season, the δD and δ18O of soil water showed complex changes with depth. The δD (δ18O) of soil water of P. massoniana increased with the increase of depth. In the other three plots, the δD (δ18O) of soil water decreased first and then increased with the increase of depth. Generally, the δD (δ18O) of soil water increased with the increase of depth. The minimum value appeared at 10–40 cm, which may be due to replenishment of soil water by previous rainfall and the influence of negative isotope values of rainfall [3]. Plenty of precipitation events happened in the wet season, which was the main factor affecting the δD (δ18O) of soil water, whereas the dry season showed the opposite trend due to less precipitation and strong surface evaporation. In the dry season, the δD (δ18O) of soil water in the four plots decreased gradually with the increase of depth. The variation of soil water δD (δ18O) with depth was basically consistent with the variation of SWC with depth, which showed that the variation of soil water δD (δ18O) with depth was mainly the result of replenishment of soil water by precipitation. In general, the isotopic values of surface and shallow soil water showed obvious seasonal differences and large fluctuations, because the surface and shallow soil water are mainly affected by evaporation and infiltration [3,40,66,67,68]. The different composition and decomposition degree of litter covered on the soil surface further affected the evaporation and infiltration process of the soil surface and shallow layer. Deep soil water was less vulnerable to evaporation and precipitation than the surface soil water. Moreover, the δD (δ18O) of soil water tends to be stable with the increase of depth. The isotopic values of middle and deep soil water showed small seasonal differences and relatively stable changes, indicating that deep soil water was less susceptible to evaporation and precipitation [40,68,69]. The results were in line with previous studies [67,70,71]. In 2017, Wang et al. showed no significant differences in soil water isotope among the three species, indicating that vegetation type has no effect on soil water isotopic values [3]. However, in this study, significant differences in soil water isotopic values were found among the four plots, which may be due to the large differences in site conditions of the plots, such as litter and canopy density, which affect the process of soil water evaporation and rainfall infiltration. Further analysis found significant differences in SWC among the four sample plots, but there was no significant difference in SWC between P. massoniana forest and Chinese fir forest (p > 0.05). Generally, the SWC of the broad-leaved forest was the largest, followed by coniferous and broad-leaved mixed forest. The lowest SWC was found in the coniferous forest. The ranking of litter thickness, litter storage and maximum water holding capacity of the four sample plots were consistent with the ranking of SWC, which showed that the litter of different stands significantly affects the characteristics of soil water. The soil water δD values of the broad-leaved forest and coniferous and broad-leaved mixed forest were relatively poor, whereas that of the coniferous forest were relatively rich. The thick litter on the surface of broad-leaved forest and coniferous and broad-leaved mixed forest makes the soil less affected by evaporation. This result showed that forest types affect the hydrogen and oxygen isotope characteristics of soil water.




4.3. Differences in Seasonal Water Uptake Patterns among Species


A comparison of the SWC of four forest lands showed that the surface SWC of Q. acutissima was significantly higher than that of other sample plots, and the surface SWC of Q. acutissima was higher than that of other layers in the wet season. However, Q. acutissima mainly absorbed water from shallow soil in the wet season (58.8 ± 14.0%) and deep soil in the dry season (43.7 ± 17.7%), indicating that litter mostly affected the surface evaporation of soil. Except litter and soil water, other factors would more significantly affect the water source of trees, such as the distribution characteristics of plant roots. Many studies have shown that in the wet season, due to the influence of excessive precipitation, surface SWC was high and the activity of plant surface root was strong [72,73]. The potential water sources absorbed by plants ought to be derived mostly from the surface layer (0–10 cm). However, in reality, except for P. massoniana, the other four plants derived most of the water from 10–40 cm soil. It is probable that, although precipitation events of June (sampling dates in wet season) were the most abundant, there was also strong variability of precipitation, the variation range of surface SWC was also large, resulting in less stability than that of other soil layers. However, the huge consumption of plants happened during the growing season, leading to the demand of more stable water source [73]. The surface soil water was not an ideal water source. Moreover, the root biomass of the five plants reached the maximum at 10–40 cm. Consequently, 10–40 cm soil water was the main water source. In the dry season, due to the long absence of rainfall, the surface layers of soil had serious soil water deficit, and the root activity of the plant surface decreased. As a result, the main water source of the plant was downward. Although I. corallina with shallow roots mainly used 10–40 cm of soil water in the wet season, the utilisation ratio of the middle and deep soil water was increased. The other four plants maintained their growth by absorbing more abundant soil water at soil layer of 70–100 cm.



A comparison of the water utilisation strategies of different plants showed that because of the difference of root distribution, I. corallina with shallow roots tended to use shallow soil water, whereas P. massoniana, C. lanceolata, Q. acutissima and C. funebris with deeper roots tended to use deeper soil water. In Plot 4, the proportion of water utilisation of C. funebris and I. corallina in the wet season were similar; both mainly used surface and shallow water of soil. Nevertheless, there was a significant difference in dry season. C. funebris converted to extract middle and deep water of soil. This change suggested a certain degree of water competition between C. funebris and I. corallina in the wet season with sufficient water, but the water competition was less in dry season with water deficit. The mixing of C. funebris and I. corallina can effectively prevent water conflict in arid season of water deficit and is helpful to maintain the stability of regional forest ecosystem. From the wet season to the dry season, the SWC decreased, and the main water use depth of P. massoniana, C. lanceolata, Q. acutissima and C. funebris also shifted from shallow soil water to deeper soil water. Compared with the wet season, the water utilisation proportion of middle and deep soil (40–100 cm) increased by 40.4%, 56.7%, 52% and 49.6% during the dry season, respectively, for the four plants. Among them, the proportion of C. lanceolata and Q. acutissima increased significantly more than the other two species, with the most flexible strategies of water use. Yang et al. [40] also found that the water use strategies of P. massoniana and C. lanceolata are similar with this study. Such transformation might play an important role in maintaining the long-term survival of plants, especially when water competition occurred between tree species. Similar phenomena have also been shown in other previous studies [40,41,74,75]. Although the root data showed that the percentage of root biomass was not the largest in the deep layers of the above four species (Figure 10), the vertical distribution of the root system may not be a reliable indicator for studying the spatial and temporal dynamics of plant water uptake [76]. The transformation of water use strategies was due to the functional dimorphic root [40,72,76]. Numerous studies have shown that hydraulic redistribution often occurs in an ecosystem with dimorphic rooted plants, which moisten surface soil, facilitate nutrient absorption and delay soil during the drought periods [77,78,79]. The study site is located in the subtropical monsoon region, with strong precipitation variability and frequent seasonal drought. The dimorphic root characteristics of P. massoniana, C. lanceolata, Q. acutissima and C. funebris are the results of long-term adaptation to the regional environment, suggesting that the four plants have strong ecological plasticity [40]. This characteristic is of great significance to alleviate seasonal drought and improve plant water use efficiency, and to equip plants to deal with the predicted increasingly frequent drought events caused by global warming.




4.4. Limitation and Constraints


This study provided a preliminary exploration of plant water use on the basis of typical sunny days of wet and dry seasons. However, precipitation is an important source of recharging soil water; the process of plant water uptake must be influenced by precipitation. The dynamics of plant water use before as well as after rainfall can be monitored under different gradients of rainfall conditions in future work. This study obtained samples only in June and September; hence, the time series of the study can be extended in the future to develop research on multiple time scales per season or even per month.



In 2021, Rasmussen C. R. [1] showed that we can only acquire the ratio (%) of plant water uptake from isotopic compositions, but xylem water isotopic compositions do not provide information about total plant water uptake (mm): though the ratio of deep soil water uptake increases in the dry season, determining whether the quantity of deep soil water uptake does increase is not possible. Therefore, a simpler approach is to combine stable isotope techniques with quantitative measures or reliable estimates of transpiration [80].





5. Conclusions


The seasonal variation of water use strategies of P. massoniana, C. lanceolata, Q. acutissima, I. corallina and C. funebris in Taizishan Mountain area were studied by using the MixSIAR model based on double stable isotopes δD and δ18O. The LMWL of study site was δD = 7.95 δ18O + 11.65. Both of the slope and intercept were similar to those of GMWL, suggesting that the local climate characteristics were similar to the global average climate characteristics, and were global typical and representative to a certain degree. In both the dry season and wet season, the slope and intercept of XWL were smaller than those of SWL, indicating that plant utilisation of soil water was affected by evaporation in different degrees.



Compared with deep soil water, shallow soil water has richer isotopic composition and greater variation. The MixSIAR model predicted that, in the wet season, the P. massoniana predominantly derived water from the surface soil (0–10 cm), whereas C. lanceolata, Q. acutissima, I. corallina and C. funebris mainly derived water from the shallow soil (10–40 cm), among which C. lanceolata derived 77.3% water of shallow soil. In the dry season, the total proportion of water uptake of I. corallina from surface and shallow soil reached 64%. The main water use depth of P. massoniana, C. lanceolata, Q. acutissima and C. funebris shifted from shallow soil water in the wet season to deep soil water in the dry season, suggesting that the roots of the four plants had significant morphological characteristics and a greater degree of ecological plasticity may facilitate plant adaptation to global warming. In the wet season with sufficient water, both C. funebris and I. corallina predominantly derived water from surface and shallow soil. Nevertheless, C. funebris converted to extract deep soil water in the dry season. The mixing of C. funebris and I. corallina can effectively prevent water conflict in arid season of water deficit and is helpful to maintain the stability of regional forest ecosystem. In future studies, plant water use strategies should be explored on long time scales under rainfall events. In addition, monitoring of physiological mechanisms such as plant transpiration and photosynthesis can be used to understand the full process of plant water uptake.
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Figure 1. Geographical location of the study area. 
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Figure 2. Temperature and precipitation during sampling periods. 
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Figure 3. Vertical profiles (0–100 cm) of gravimetric water content of soil for Plot 1 (a), Plot 2 (b), Plot 3 (c), Plot 4 (d). Error bars represent the standard deviation (N = 3). 
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Figure 4. Precipitation and isotopic composition of rainwater during the observation period (a) Precipitation and δD composition of rainwater, (b) Precipitation and δ18O composition of rainwater. The starting point of the abscissa axis represents 1 June 2019. 
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Figure 5. Linear regression relationship between δD and δ18O in rainfall, soil water and xylem water during the sampling periods. 
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Figure 6. Linear regression relationship of δD and δ18O in rainfall, soil water and xylem water from wet season and dry season. 
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Figure 7. Seasonal isotopic variations of (a) δD and (b) δ18O xylem water in P. massoniana, C. lanceolata, Q. acutissima, I. corallina and C. funebris. Error bars represent the standard deviation (N = 9). 
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Figure 8. Seasonal δD and δ18O variations of soil and xylem water in P. massoniana, C. lanceolata, Q. acutissima, I. corallina and C. funebris. Error bars represent the standard deviation (N = 3). 
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Figure 9. Seasonal variations in fraction of water uptake from different soil layers based on MixSIAR for (a) P. massoniana, (b) C. lanceolata, (c) Q. acutissima, (d) I. corallina and (e) C. funebris. 
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Figure 10. Vertical distribution of root biomass of the plant species in the four plots. 
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Table 1. Basic situation of the experimental plots.
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	Plots
	Dominant Tree Species
	Area (m2)
	Slope (°)
	Age (a)
	Canopy Density (%)
	Soil Bulk Density (g/cm3)
	Soil Porosity (%)





	Plot 1
	P. massoniana
	20 × 20
	15
	30a
	60
	1.36
	40.57



	Plot 2
	C. lanceolata
	20 × 20
	11
	30a
	64
	1.45
	42.58



	Plot 3
	Q. acutissima
	20 × 20
	12
	35a
	71
	1.29
	45.63



	Plot 4
	C. funebris and I. corallina
	20 × 20
	13
	30a
	69
	1.31
	46.1
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Table 2. Comparison of litter depth, storage and water holding capacity among different experimental plots.
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	Plots
	Stand Type
	Average Depth of Litter (cm)
	Litter Storage (t·hm−2)
	Maximum Moisture Capacity of Litter (t·hm−2)





	Plot 1
	P. massoniana
	1.56
	7.45
	11.43



	Plot 2
	C. lanceolata
	2.98
	7.99
	12.06



	Plot 3
	Q. acutissima
	3.66
	9.6
	15.49



	Plot 4
	C. funebris and I. corallina
	3.35
	8.25
	14.79
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Table 3. Average soil water content of different soil depths.
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Average Soil Water Content (%)

	
P. massoniana

	
C. lanceolata

	
Q. acutissima

	
C. funebris

I. corallina




	
16 June

	
28 September

	
16 June

	
28 September

	
16 June

	
28 September

	
16 June

	
28 September






	
Total

	
22.56 ± 2.64

	
10.88 ± 1.07

	
22.29 ± 2.14

	
11.96 ± 1.21

	
23.46 ± 3.11

	
16.44 ± 1.71

	
22.64 ± 1.95

	
13.17 ± 1.55




	
0–10 cm

	
20.48 ± 0.09

	
8.66 ± 0.19

	
22.96 ± 0.24

	
11.06 ± 0.75

	
31.25 ± 0.44

	
14.1 ± 0.06

	
25.25 ± 0.22

	
12 ± 0.92




	
10–40 cm

	
25.03 ± 3.26

	
10.98 ± 0.92

	
23.75 ± 1.36

	
12.4 ± 1.56

	
24.02 ± 0.8

	
15.36 ± 1.46

	
24.27 ± 1.4

	
11.53 ± 0.68




	
40–70 cm

	
22.42 ± 1.69

	
11 ± 0.86

	
23.15 ± 1.24

	
12.41 ± 1.01

	
21.4 ± 1.32

	
16.46 ± 0.88

	
21.6 ± 1.37

	
14.1 ± 1.4




	
70–100 cm

	
20.93 ± 0.54

	
11.41 ± 0.64

	
19.76 ± 1.62

	
11.39 ± 0.76

	
22.36 ± 1.83

	
18.27 ± 0.74

	
21.17 ± 0.88

	
14.29 ± 0.42
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