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Abstract: Subtropical forests in southwestern karst areas are the top priority for ecosystem restora-
tion, as studying the water absorption strategies of the major plants in these regions is crucial to
determining the species distribution and coexistences within these seasonal subtropical forests, which
will help us to cope with the forest ecosystem crisis under future climate change. We used the
stable isotope ratios (6D and 6'80) of tree xylem and soil water to assess the seasonal changes in
the water use patterns and hydrological niche separations of four dominant tree species in seasonal
subtropical forests in southwestern karst areas. The results showed that the soil water’s isotopic
composition varied gradiently in the vertical direction and that the variation of the soil water’s
isotopic composition was greater in the shallow layer than in its depths. Juglans regia (HT) mainly
depended on soil water at a depth of 3060 cm (41.8 =+ 6.86%) and fissure water (32.5 & 4.21%), while
Zanthoxylum bungeanum Maxim (H]J) and Eriobotrya japonica Lindl (PP) had the same water use
pattern. In the dry season, HT competed with HJ and PP for water resources, and in the rainy season,
HJ and PP competed with Lonicera japonica (JYH), while H] competed with PP all the time. JYH
and HT were in a separate state of hydrologic niche and they did not pose a threat to each other.
Coexisting trees are largely separated along a single hydrological niche axis that is defined by their
differences in root depth, which are closely related to tree size. Our results support the theory of
hydrological niche isolation and its potential responses in relation to drought resistance. This study
provides a method for determining more efficient plant combinations within karst forest vegetation
habitats and its results will have important implications for ecosystem vegetation restoration.

Keywords: karst forest; vegetation water use strategy; hydrogen and oxygen stable isotopes; hydrologic
niche separation

1. Introduction

According to the Global Forest Resources Assessment 2020, the average global forest
coverage rate is 31.7% [1], and these forests play an irreplaceable role in maintaining the
Earth’s ecological and hydrological cycles. Forest distribution and abundance are mainly
restricted by water resources [2,3]. Over the last few decades, due to major changes in the
climate because of human influence, droughts have become more severe and frequent [4],
which will have an obvious influence on the survival of forest vegetation species and the
hydrological cycle [5]. Therefore, studying the water use of forest vegetation is crucial
for forest ecohydrological regulation [6]. Forest vegetation is a participant in various
important processes of the terrestrial hydrological cycle, and its ecological processes and
hydrological processes are intertwined. The forest water cycle is an important part of the
land water cycle [7,8], as it not only affects the structure, function, and distribution pattern
of forest vegetation, but also affects the energy budget, conversion, and distribution of the
Earth’s surface system. It plays an important role in the carbon and nitrogen balance of
terrestrial ecosystems [9-11]. The hydrological function of the forest ecosystem is not only
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an important part of its service function, but also affects the system’s productivity, nutrient
cycle, and other functions [12-14]. Water is a key factor affecting the material circulation
and plant growth in forest ecosystems [15]. Plants absorb water from the soil through their
roots and store it in their xylem, and they use this water in photosynthesis or lose the water
through evaporation via their stomata to complete the hydrological cycle [16].

Affected by the subtropical climate, subtropical forests are mainly found in karst areas
in southwest China [17], where water and energy are abundant in the region. However,
seasonal droughts always occur due to the inconsistent distribution of temperature and
precipitation during the summer [18,19]. In the current extreme arid climate, more and more
species are suffering from water stress [20]. The main problem of karst forest ecosystem
restoration is vegetation restoration [21]. Understanding the physiological characteristics,
ecological characteristics, and water use patterns of the different vegetation in these regions
is a necessary means for this vegetation restoration. Stable hydrogen (6°H) and oxygen
(6'80) isotopes are the most effective tools for determining plant water sources. Previous
studies have shown that the isotopic fractionation of water does not occur during root
absorption and transport. Thus, the relative contributions of different water sources can
be inferred by comparing the 6°H and §'80 values of xylowater with the potential water
sources (e.g., soil water, groundwater, and rainwater) [22]. Previous studies on subtropical
forests have shown that multiple species living in the same habitat may have different
water use patterns; this makes it possible for these species to coexist [23], which is called
hydroecological niche separation [24]. Symbiotic plants often adopt different water use
patterns due to differences in their root size, root depth, and leaf water use, resulting in the
spatial-temporal distribution of their water use [25]. Some studies have shown that grasses
and herbs tend to draw water from shallow soils throughout the growing season [26,27]. In
contrast, some trees and shrubs often have the ability to obtain water from deep soil [22].
In addition, some species have the ability to switch between these shallow and deep soil
layers to absorb their water, which is related to the plant’s root morphology, as two forms
of roots provide them with the ability to use water flexibly, have a high ecological plasticity,
and can greatly adapt to changes in the external environment [17,28]. Based on this, plant
species with hydrologic niche separation can have symbiosis within the same lifetime
without water competition, which is an important mechanism for influencing the plant
community structure and maintaining the plant coexistence in ecosystems with limited
water resources.

The Guizhou Province is the most threatened area of rocky desertification in southwest
China, so the growth and development of its forest plants have received strong attention.
The region is widely mountainous, with a high bare rock leakage rate and shallow and
discontinuous soil layers [21]. An inappropriate species selection for its forest ecosystem
restoration would result in soil dryness vegetation degradation and reforestation difficulties.
We know very little about the water uptake of its local species and whether the mix of
these species within the small habitats of its subtropical forests is reasonable; therefore, it is
urgent to understand the water use strategies of its forest vegetation and whether there is
water competition or hydrologic niche separation among its different species.

In this study, stable hydrogen (§2H) and oxygen (6'80) isotopes were used to analyze
the water use patterns of forest plants in a karst rocky desertification area. Our objectives
were to: (1) explore the water use strategies and seasonal variations of the functional
vegetation within the forest, and (2) determine whether there was hydroecological niche
separation among the forest’s species within the same lifetime. We hypothesized that:
(i) the water use patterns of the four plants were different, and (ii) there was a significant
hydrologic niche separation among the plants within the study habitat. The results of this
study will elucidate the characteristics of the water use patterns of plants in karst forests
and provide a scientific basis for the coexistence of plants in native territories.
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2. Materials and Methods
2.1. Study Area

This study was conducted in the Guizhou Plateau canyon landform-type area in
southwest China, which represents the general structure of the karst environmental types
in southern China, specifically in the Huajiang section of the Beipanjiang Gorge, Guizhou
Province (105°36/30"~105°46'30" E, 25°39/13"~25°41'00"" N) (Figure 1). Karst landforms
account for 87.92% of the total area, with a subtropical hot and dry valley climate, rain,
and heat all co-occurring in time. The seasonal distribution of its precipitation is uneven,
with most of the rain being concentrated within the period of May to October, accounting
for 83% of the annual rainfall, for an average annual rainfall total of 1100 mm [29]. Its
average annual temperature is 18.4 °C, with hot and humid summers and autumns and
warm and dry winters and springs. The sample area is 607-890 m above sea level. This
area has strong karstification, abundant underground cracks, karst caves, and serious soil
erosion. Its soil average thickness is only about 30 cm and its lithology is Middle Triassic
dolomitic limestone.
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Figure 1. Geographical location of the study area. The left is a sampling point map, and the right is a
regional satellite map. Juglans regia, Zanthoxylum bungeanum Maxim, Eriobotrya japonica, and Lonicera
japonica these four plants are represented by their Chinese abbreviations in the following articles and
charts, which are HT, HJ, PP, and JYH in the above order.

In the early 1970s, this area was a vast original forest with various types of vegetation,
with the forest accounting for about 74% of the basin area. Subsequently, its artificial
cultivation resulted in large-scale deforestation, with many plants recovering after a com-
prehensive conversion of farmland to forest in 2002. Nonetheless, the native vegetation
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in the region has been seriously degraded, and the land is now occupied by secondary
vegetation, mainly broadleaved forest, coniferous and broad-leaved mixed forest, and
shrub. Its land use types are agricultural land and abandoned forestland, etc. The study
area is rich in plant species, including Lonicera japonica, Eriobotrya japonica Lindl, Pinus
massoniana Lamb, Hylocereus undulatus Britt, Zanthoxylum bungeanum Maxim, Juglans regia,
and Broussonetia papyrifera. Among them, Juglans regia, Zanthoxylum bungeanum Maxim,
Eriobotrya japonica, and Lonicera japonica (these four plants are represented by their Chinese
abbreviations in the following articles and charts, which are HT, HJ, PP, and JYH in the
above order) are the dominant species, with the largest local planting scales; they not only
exhibit a great adaptability to the karst environment, but also bring considerable economic
benefits to local residents.

2.2. Experimental Design and Sampling Collection

At the start of the experiment, the team performed a preliminary survey of the main
plant species within the area’s forests. The results showed that HT, HJ, PP, and JYH had
the highest coverage compared to other plant species. Therefore, these four plants were
selected as samples. The team found 360 plants of these four species across the region. After
a statistical analysis of their physiological characteristics, such as the plant size and growth
years of the samples, according to the average level of samples, a total of 12 representative
sample plots (10 m x 10 m) were selected. The numbers of the four plant species in each
plot tended to be consistent, with 4-5 from each species, totaling 217 tree species. The
sample trees were the same in age, and their physiological characteristics, such as tree
height, base diameter, and DBH, were roughly similar. The soil, plant, and spring water
samples were collected once in each of the following months: September 2021, January
2022, April 2022, and July 2022 (the study area was located in southwest China, which is
affected by subtropical monsoons and has a dry and hot valley climate. January, April, July,
and September fall in winter, spring, summer, and fall. There would be significant changes
in the rainfall and plant growth within the study area. Therefore, this paper chose these
four months for sampling, which could be more representative).

On each sampling date, two plants with a similar growth morphology were randomly
selected from each sample plot as sample trees (Table 1). A sample of each plant’s xylem
was collected from all four sides of its canopy. To avoid an isotope fractionation of the
xylem water and a contamination with isotopically enriched water, the phloem tissue of
the branches was removed [30]. All the plant samples were cut into 3-4 cm segments,
placed in a high-boric-acid glass bottle, sealed with polyethylene film, and kept frozen
in the refrigerator (4 °C) until the isotopic analysis. The fully expanded leaves of at least
10 individuals from each plant species on three slopes were collected to produce one
composite sample for a carbon isotopic composition analysis. The leaves were dried at
60 °C and ground into a uniform powder that was sieved through a 1 mm mesh for the
analysis of the carbon isotopic composition.

Table 1. Basic information of sampled plant species.

. . . Height (m) Coverage Sample
Species Family Life Feom (Mean + SD) DBH (cm) Area (m2) Number
Juglans regia Walnut genus Arbor 11.28 £3.19 21.48 £2.72 35.46 4+ 5.31 49
Zanthoxylum Peppercorn Small
v, PP deciduous 3394021  552+0.11 5.83 +0.19 55
bungeanum Maxim genus
trees
Loquat Small
Eriobotrya japonica Lindl d deciduous 2.76 £0.24 531 £0.13 2.86 = 0.34 53
enus trees
Lonicera japonica Honeysuckle g0 o reen 0.89 + 0.23 231+ 131 433 +1.29 60

genus
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The soil samples were collected at the same time as the plant samples. On each
sampling date, using a ring cutter, the soil samples were collected separately under each
sampled tree at depths of 10, 20, 30, 40, 50, and 60 cm. The soil samples were divided into
two parts: one part was stored in a freezer for the isotope analysis and the other was used to
obtain the soil water content by weight (the subsequent soil moisture content is represented
by “SWC” %). The root samples were collected at 10 cm intervals of depth, separated from
the soil, and washed with water. The diameters and lengths of all the root segments within
each 10 cm deep segment were measured with calipers and rulers to determine the root
surface area within each segment. Fine roots with diameters of less than 0.001 m and roots
with decayed surfaces were not recorded.

The surface of a karst area tends to be rugged and fragmented, with widespread
fissures; as a result, fissure water is also a possible source of plant water. After a statis-
tical survey of all the fissures in the region, the research team separately selected three
representative fissures within the sampling area of each slope position. These fissures
were located at an average distance of 2-3 m from the sample trees and had depths that
varied from 0.4-1.5 m, and some plant roots extended to this point. Alternatively, either an
underground water source that contributed to the pore leakage into a spring or the spring
itself could be used [17]. Because a spring was located at each of the upper and middle
slope positions, we also collected spring water in glass bottles and refrigerated these water
samples. The fissure soil and spring samples were collected at the same time as the soil and
plant samples, with a total of 72 fissure soil samples and 48 spring samples. The sampling
time was similar to that of the plant soil. Because the water used to irrigate the HJ and PP
was derived from precipitation, it was not separately included in this study.

In addition, a funnel device was used to collect the precipitation directly. The rainwater
samples were also placed into glass bottles and sealed with film before the isotope analysis.
The meteorological data were monitored over time by a small weather station in the study
area (ATMOS, Meter Company, NC, USA). The equipment recorded the precipitation,
air temperature, relative humidity, atmospheric pressure, and photosynthetically active
radiation, at a frequency of 30 min per sampling record.

2.3. Isotopic Analysis

Water was extracted from the collected plant and soil samples using a low-temperature
vacuum extraction instrument (LI-2100, LICA, Beijing, China), with the extraction process
taking 2 to 3 h. Using this approach, the extraction efficiency exceeded 98%, which was
sufficient for obtaining appropriate water samples [28]. The extracted water samples
and rainwater samples were filtered through a 0.22 um filter to eliminate any impurities
and organic contaminants. Isotope measurements were performed on the filtered water
samples using a liquid water isotope analyzer (TLWIA, Lijia, Beijing, China). The accuracy
of the liquid water isotope analyzers for the 6'80 and 6°H is usually better than 0.1%. and
0.3%o, respectively [31]. Due to the spectral contamination of the water samples that were
extracted at a low temperature, the spectra of the test results were corrected according to
the instrument’s calibration procedure [32]. The weighted averages (Jy, mean) of the 6%H and
6180 in the monthly precipitation were calculated as follows:

(Z?:l 5;,’,' X PPT,‘)

where J,,; is the 6180 and 6%H of the ith precipitation event, and PPT; is the amount of the
ith precipitation.

2.4. MixSIAR Analysis

The stable isotopes of the xylem water were compared to those of the potential water
sources, and the intersections of the two were then used as initial indications of the depth
from which each plant was absorbing water. The current proportion of the water used
by plants is usually estimated by the Bayesian mixing model MixSIAR (version 4.2.0),
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which includes the uncertainties and discriminant factors that are associated with multiple

water sources [33]. The initial xylem isotope values, 6°H and 6'80, for the four plants

were used as mixed data inputs for MixSIAR, and the means and standard errors of the
isotope values (0°H and 6'80) at the different soil layers (0-10 cm, 10-20 c¢cm, 20-30 cm,

30—40 cm, 40-50 cm, 50-60 cm, fissure water, and groundwater) were used as the source

data within the MixSIAR program. There was no concentration dependence in the source

data. Because isotope fractionation did not occur due to the plant water absorption, the
discrimination data were set to zero [34]. The run length of the Markov chain Monte

Carlo (MCMC) was set to ‘long” (chain length = 300,000; burn = 200,000; thin = 100; and

chains = 3). Gelman-Rubin and Geweke diagnostic tests were used to determine whether

the model was close to convergence [33] and the model’s predictions were expressed as the
mean values. Previous sample surveys found that the soil layers in the study area were
generally unevenly distributed and shallow; therefore, only the 0-60 cm soil samples were
retrieved. When analyzing the soil water, the soil isotope values between the different soil
layers at 0-60 cm of depth were not readily apparent, so the water sources from the different

soil layers were combined into two larger layers (0-30 cm and 30-60 cm) to facilitate a

subsequent analysis and comparison. The two layers were identified based on the following

approach [22]:

(1) The shallow layer (0-30 cm): The SWC and isotope values from the first 30 cm were
close to each other, with a small variation along the vertical profile. In addition, the soil
that resided close to the surface could easily be affected by rainfall and evaporation,
so the soil water isotope value and SWC tended to exhibit a large range of variation
between the seasons.

(2) The deep layer (30-60 cm): The SWC and isotope values in this layer changed less
than those in shallow soil, because the soil layer was deeper and thus less affected by
external precipitation and evaporation. As a result, the changes between the seasons
were smaller.

2.5. Data Analyses

A K-S was used to test the normality of all the parameter sets and a linear regression
analysis was used to understand the relationship between the 580 and §°H of each plant
and its potential water source. After a box plot detection, the outliers were removed and
the best fitting line was drawn to determine the equation, R coefficient, and p value. The
differences in the xylem water content’s §'0 and 62H at p < 0.05 were analyzed by a one-
way ANOVA and minimum significance difference (LSD) analysis. Then, the differences
in the soil water isotope composition of each plant in the same month and the significant
differences in the water sources of the different plants, with seasonal variations, were
detected by a post-Tukey test and the minimum significant difference. An IBM SPSS 23-line
statistical analysis was used for all the data, and Excel 2019 and Origin 2018 were used for
the data editing and visualization.

3. Results
3.1. Precipitation Distribution and Isotopic Composition

The precipitation and temperature in the study area from August 2020 to July 2022 are
shown in Figure 2, revealing a daily rainfall that ranged from 0 mm to 76 mm. Throughout
the rainy season, a total of 1197.96 mm of rainfall occurred, accounting for 81.7% of the
annual precipitation, of which the highest monthly rainfall was recorded at 283.4 mm in
June. This latter value alone accounted for 19.33% of the annual total rainfall. The average
daily rainfall was 6.65 mm during the rainy season and only 1.48 mm during the dry season.
The daily temperature ranged from 4.16 °C to 30.98 °C and the average temperatures during
the rainy season and dry season were 24.84 °C and 14.73 °C, respectively. In comparison,
the rainfall increased by 10.11% in 2022 compared to 2021 (Figure 2).
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Figure 2. Precipitation and temperature in the study area from August 2020 to August 2022. The
black arrow in the figure represents the sampling date.

The isotopic composition of the precipitation showed great changes during the sam-
pling period, with the 5180 ranging from —5.15%. to —11.36%0, with an average of —7.57 %o.
The range of the 0?H was —37.41%o to —83.51%o, with an average of —60.48%o (Figure 3).
The local atmospheric precipitation line (LMWL), which was fitted according to the precipi-
tation data (Figure 4), showed that the slope and intercept of the LMWL were smaller than
those of the global atmospheric precipitation line (GMWL) [35]. The isotope values of the
four plants mostly fell to the right of the LMWL, meaning that the soil water came from
rain and underwent a degree of evaporation. It can also be seen from the soil water line
(SWL) for the different slope positions of the four plants that the soil water source within
each soil layer was precipitation (Figure 4).
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Figure 3. Seasonal variation of $>H and ¢'80 values in xylem water of different water bodies and
four plant species. The error bar represents the standard deviation. The §?H and 6'80 in rainwater

represent the values of weighted averages per month.



Forests 2023, 14, 747

8 of 20

20 + SWL: y=7.16x-1.03
R’=0.88 P<0.001

L SWL: y=7.99x+2.98
R’=0.95 P<0.001

40 b

8°H (%o)

-60

-80 F

20F SWL:y=8.15x+7.73
R’=0.89 P<0.001

L SWL:y=6.54x-7.96
R’=0.93 P<0.001

40+ L
;\E >
= 60} -
&

-80 | r

JYH
'100 T T T T T T T T T T
‘14 12 -0 -8 -6 4 14 <12 -0 -8 -6 -4 <2
3"30 (%o) 380 (%o)

o 0-10 @ 20-30 <« HT 4 HJ

10-20 ® 30-60 » JYH v PP GMWL —— LMWL ——SWL

e groudwater

Figure 4. The linear regression relationship between 6*H and 6'80 of soil moisture of four plant
species in the study area. SWL represents soil water line based on isotopic data of soil water. LMWL
represents the local meteoric water line (y = 7.86x + 9.02, R? = 0.98, and p < 0.01). GMWL is the global
meteoric water line (y = 8x + 10) [35]. LMWL and GMWL are plotted in each panel for reference. The
isotopic compositions of xylem water from four species are shown in the Figure 4.

3.2. Isotopic Composition and Variation of Xylem Water

The isotopic values of the xylem water varied with the sampling time and species.
For HT, the 6°H ranged from —46.37 %o to —77.24%. and the §'80 ranged from —6.42%o
to —10.22%o; for the HJ, the $2H ranged from —38.85%o to —76.34%o. and the 180 ranged
from —5.72%0 to —10.22%o; for the PP, the 6°H values of the loquat ranged from —41.24%o
to —79.99%. and the 5180 values ranged from —5.85%o to —10.69%o. The variation ranges
of the 6°H and 680 of JYH were the largest (Figure 3) and it is speculated that the water
source of JYH was shallow and most affected by the surface rainfall evaporation. Overall,
there was no significant difference between HJ and PP (p > 0.05) when averaging the
xylem water isotope values across all the sampling dates, suggesting that both species
were absorbing water from similar soil layers. However, the analysis on the sampling
dates showed that the four planting covers had significant differences between the seasons
(p < 0.05), indicating that the water absorption of the plants had an obvious time variability.
From September 2021 to July 2022, the 6°H and 6'80 in the xylem water of the four plants
increased first and then decreased, and the change trend was basically the same, with the
maximum value appearing in April and the minimum value in July (Figure 3). Meanwhile,
the isotopic composition of HT and HJ was close to the fractured water and 30-60 cm water
source in most cases, and occasionally close to the groundwater and precipitation, while
the honeysuckle mainly depended on the 0-30 cm surface soil water and precipitation,
and PP changed significantly between the deep and shallow water sources (Figure 3). In
combination with Figure 4, the isotopic values of the plant xylem water were distributed
across the different soil layers, indicating that soil water was still the main source of water
for all four species. Among them, the water utilization of HJ and PP was very similar.
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3.3. Soil Moisture and Isotopic Composition

The soil moisture’s 6°H and 680 experienced significant seasonal variations by depth
and month (Figures 4 and 5). Because the soil layers in karst areas are shallow, there was
no significant difference in the soil water content in the upper 0-30 cm soil layer (0-10,
10-20, and 20-30) depth in the vertical section (p > 0.05), and the variation value within
a single season was only about £4%. The SWC of the HT, HJ, and PP samples showed a
similar trend at each depth. The water content of all the soil layers gradually increased
from 0—40 cm and showed a turning point from 40 cm (Figure 4), gradually decreasing or
increasing slowly. This may be because 0-40 cm was greatly affected by the surface rainfall,
and the soil thickness in karst areas is generally about 40 cm. Further down, it is difficult
to store precipitation due to the influence of gravel and cracks, etc., and the distribution
being extremely uneven. In different months, the soil water content in the rainy season
was generally higher than that in the dry season, with the lowest occurring in January and
April and the highest in July. In July, the soil water content of HT reached 37.15%, which
was the best water-retaining species among the four plants; HJ and PP followed, reaching
36.08% and 35.76%. The lowest SWCS of HT, HJ, PP, and JYH were 27.24%, 26.15%, 24.10%,
and 24.06%, respectively. During the sampling period, the SWC in the shallow soil layer
(0-30 cm) changed more than that in the other soil layers, while the SWC in the deep soil
layer (30-60 cm) was relatively stable, and the same trend was observed for all four species.

Soil water content (%)

24 28 32 36 24 28 32 36 24 28 32 36 24 28 32 36
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Figure 5. Changes in soil water content between HT, HJ, PP, and JYH in 0-60 cm section. The error
bar represents the standard deviation.

The isotopic composition of the soil water varied with the soil depth and plant species.
During the sampling period, the isotopic composition of the soil water became poorer as
the soil depth increased, and the difference in the isotopic values and variations in the
shallow soil water (0-30 cm) was higher than that in the deep soil water (30-60 cm). From
a seasonal point of view, there was no significant difference between the shallow and deep
soil water isotopic compositions of HJ and PP (p > 0.05). The 6*H and 6'80 values of HT
ranged from —21.94%0 to 86.83%0, and from —2.55%. to 12.21%o, respectively. The §°H
and 6180 values of HJ ranged from —32.17%o to 77.34%., and from —5.04%o to 10.91%o,
respectively. Those of PP ranged from —31.41%o to —77.76%0 and —5.26 %o to 9.59 %o, while
those of JYH ranged from —3.26 %0 to —11.25%. and —20.87%o. to —82.51%o., respectively.



Forests 2023, 14, 747

10 of 20

3180 (%o0)

-12

-10

From January to July, the 6°H and 680 in the xylem water of the four species decreased
gradually and increased in September (Figure 3).

3.4. Variations in the Proportion of Plant Water Uptake

According to the graph inference method, the isotopic ratios of the xylem water, crack
water, and soil water of the four plants overlapped at several soil depths during the study
period (Figures 6 and 7), suggesting that the plants could obtain water from several sources.
Using the MixSIAR model further to predict the water absorption ratios of the plants,
HT mainly depended on 30-60 cm deep water sources (41.8 & 6.86%) and crack water
(32.5 & 4.21%) during the rainy season in July and September, while its use of surface water
sources 0-30 cm (22.5 £ 2.86%) was relatively small (Figure 8). This was related to the
sufficient precipitation during the rainy season, which increased the water content of the
surface layer (Figure 5), while the dry season mainly relied on deep and fissure water. For
HJ during the dry season, deep soil water was dominant (45.24 & 4.16%) and shallow soil
water was secondary (25.5 & 4.38%). However, in the rainy season, the water source was
mainly shallow soil water (45.6 + 3.94%), which was supplemented by deep soil water
(22.03 £ 4.22%).

[ Sep[_]Jan
[T Apr [ Jul

HT HJ EP JYH

Figure 6. Significant differences in soil water isotope composition of four plants in the same month. a
and b represent different significant differences. Error bars represent standard deviations, p < 0.05.



Forests 2023, 14, 747

11 of 20

330 (%o0)

Sep Jan Apr Jul
-12 -9 -6 -3-12 9 -6 -3-12 9 -6 -3-12 9 -6 -3
o T T e
I . il
L as d g '3
30{ e + o: »J;
b ‘4 ., . - !
45 - }+ | 78 ??
- .I r.l- I‘VI ’{
600{ e, e ® % TR
oI T T Tl = T
s] e | o le: &
I I S ST
= 30 I. b + J|
= 45 ’+ ™ |
= 1 M s il ®
o 66je, = e . ®, e ..
9 @ e —
o 0 e I e @ e
= i [ le | @ le P
8 - |0 | ® |. .l
30 | + le lln 0:
il & Io ) @
45 4 .| | .l .l
1 & I |
601 ®, e L e, e
e - il
1 b ol e
15 ] ,44 > 1! t."' 4
Jdooa 8
; @ @ ry o
45 1 |1 - || \ |
O T 1 1
1. My . ] A T ., e,
@ HT - H ~® PP -—@—JYH - —-Xylem

Figure 7. Seasonal variation in 6'80 in soil layer (0-60 cm) and xylem water (vertical dashed line)
of four species. From left to right are September 2021, and January, April, and July 2022. Error bars
represent standard deviations (p < 0.05).

In contrast, the water absorption pattern of PP was the same, and the difference was
only slightly different in numerical value (Figure 8); for example, the absorption of shallow
water in the rainy season reached 54.31 £ 3.36%, while that in the dry season was only
12.53 £ 4.24% (Figure 8). In contrast, the water absorption ratio of JYH was significantly
different, as JYH was dominated by 0-30 cm surface water (61.3%) in both the dry and rainy
seasons (Figure 8). Individual plants may have also reached as deep as 40 cm into the water,
which was mainly related to JYH's root system. In addition, the proportion of water sources
for HT was relatively balanced and the change was slightly small, as the main body of HT
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relied on a 30-60 cm water source and fissure water (70 £ 3.22%) (Figure 8). HJ and PP
transferred flexibly between the shallow layer during the rainy season and the deep layer
during the dry season, and it can also be clearly seen from Table 2 that the proportion of the
water sources in the loquat varied significantly between the seasons. During the sampling
period, there was no significant difference in the water absorption patterns between HJ and
PP (p > 0.05), but there was a difference in the water absorption ratio between the seasons
(p < 0.05), as shown in Table 2. The utilization of shallow water by JYH was significantly
higher than that by the other plants in the dry rainy season, and the utilization of deep
water from 30-60 cm by the other three plants was significantly higher than that by JYH in
the dry rainy season.

[ ]0-30cm [ ]30-60cm [__|Fissure water [ ] ground water

?fp—;—f salealesleall EalEsEaMED anfEaf==
A — L e | T HL — T L
1L B

Sep Jan Apr Jul Sep Jan Apr Jul Sep Jan Apr Jul Sép Jz;n Alpr'.lill

HT HJ PP JYH

Figure 8. Seasonal variations in proportion of water uptake from different soil layers based on
MixSIAR for HT, H]J, PP, and JYH. Error bars represent standard deviation.

Table 2. Changes in water use ratio of four species in dry rainy season.

Water Source Juglans regia Zanthoxylum Eriobotrya japonica Lonicera iaponica
Plants 8 8 bungeanum Maxim Lindl jap
Dry Rainy Dry Rainy Dry Rainy Dry Rainy
0-30 cm 17.9% © 28.3% © 29.6% P 45.2% b 7.1% 4 43.4%P 53.1%2 69.6% @
30-60 cm 47.2%2 38.9% 2 45.4%2 27.8% P 47.6% 2 27.7% P 30.1%"P 20.9% ©
Fissure water 28.4%2 27.1%2 15.5% b 10.4% © 29.9% 18.3% P 12.0% P 6.9% ¢
Ground water 6.6% P 5.9% P 9.6% P 16.7% 2 15.5% 2 10.6% 2 4.9%b 2.6%P

By contrast, in the table, ?, b ¢ andd represent the significant difference in water utilization ratio of the four plants
in the same season, p < 0.05.

3.5. Changes of Carbon Isotopes in Plant Leaves

The seasonal variation in the 6'°C in the leaves of the four plant species was measured
during the study period. The results showed that leaf §'3C of the four planting species
changed from high to low from the dry season to the rainy season (Figure 9). Under drought
conditions in January, the 6!3C was generally high, and HJ and HT were the highest, at
—26.24%o and —26.37 %o, respectively. In the rainy season, the 6'°C values were generally
low, especially in July, when the precipitation was sufficient and the plants were not affected
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by drought stress, adopting a low water use efficiency (Figure 9). The WUE of each plant
species was at a low level. In addition, by analyzing the 013C value, HT, HJ, and PP, in
descending order, were HT > HJ > PP. This is the same as the result that was obtained in
Figure 8, where HT and HJ had a higher water use efficiency and higher survival rate than
the other two species.

High
m H @ PP

A HT v JYH

: by

o ¢

WUE

Low
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40
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80
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Surface area of feeder roots (m?)
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T T v 1 T 1 ! 1
HT HJ PP JYH

Figure 9. (a) Seasonal variation of 813C values in leaves of HT, HJ, PP, and JYH. (b) Profile distribution
of root surface area of four species. Error bars represents standard error.

4. Discussion
4.1. Vertical Gradients of Forest Soil Water Isotopic Composition

In subtropical forests, the vertical gradient of soil water isotopes is mainly affected by
evaporation and infiltration, as well as the mixing of old and new rainwater [36]. It could
be clearly seen that 0-60 cm, from the surface to the deep layer, presented a clear trend of
gradual depletion. It only showed significant changes at about 0-15 cm, because it was
close to the surface and was greatly affected by precipitation and evaporation. The further
down the soil was, the less the external precipitation evaporation had an influence, so the
water isotope of deep soil tended to be stable. The stable isotope ratios of the four plants
from 0-60 cm decreased, as shown in Figure 7. As the authors make clear, there was no
significant difference between the different months and different depths among some plants
(HJ and PP), as only the range and trend of the variation were described. Due to the small
data gap, the data analysis showed that there was no statistically significant difference
(Figures 6 and 7). As the soil depth increased, the 6*H and 6'80 in the soil moisture became
more depleted. Compared to the deeper soil profiles in January and April, the isotopic
composition in the surface 0-30 cm soil water was more abundant (Figures 6 and 7). This is
attributed to the decreased rainfall and increased evaporation in the surface soil layer [37].
However, due to the influence of rainfall with poor isotopic values in the summer, this
trend was reversed in the topsoil during July and September, suggesting that precipitation
was also an important factor controlling the soil water isotopic composition [22,38,39]. The
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isotopic ratios of the surface soil displayed larger variances than those of the deep soil, due
to the combined influences of evaporation and precipitation. In this study, the §'80 values
of the 30-60 cm soil changed less by depth and sampling date than those of the 0-30 cm
soil (Figures 6 and 7). H] and PP showed the same change pattern, suggesting that the
influence of evaporation on the deep soil was limited [36,40]. The fissure water in the study
area often came from rainwater that had seeped into the soil, and the vertical changes in
the soil isotope composition were caused by the mixing old and new water [41,42], which
would then infiltrate into the deeper soil layers [43].

The isotopes in precipitation generally show the seasonal variation characteristics
of being low in summer and high in winter, which is mainly related to the water vapor
sources in the winter and summer half years and the meteorological conditions during
precipitation [17,28,44]. In the summer half year, southwest China is mainly affected by
the oceanic warm and humid air masses of southwest monsoons and southeast monsoons,
with sufficient water vapor, a high humidity, and weak evaporation [44]. According to the
Rayleigh fractionation principle, the heavy isotopes in precipitation would be depleted
with a decrease in the water vapor content during the transport process of air mass, and
the 6'80 would be low. In the winter half year, the region is mainly affected by the westerly
dry and cold water vapor mass and the local evaporation of water vapor, with the water
vapor content being low, the air being relatively dry, the evaporation being strong, the
heavy isotope being gradually enriched in precipitation, and the 6'80 being high [45,46].
Compared to the GMWL, the slope and intercept of the atmospheric precipitation line
in the study area were relatively small, indicating that the climate in this region is warm
and humid, that there is a certain degree of secondary evaporation in the precipitation
process, and that the unbalanced evaporation effect is larger. This is mainly related to the
temperature of the water vapor condensation, the evaporation conditions, the water vapor
source, and the transportation mode [46].

4.2. Differences in Seasonal Water Uptake Patterns among Species

According to the regression diagram of the soil water’s 6°H and 6'80 in Figure 4, the
xylem isotopic compositions of the four plants were distributed in 0-60 cm of the soil and
water, suggesting that most of the water sources for the subtropical forest plants during
the study period came from the 0-60 cm soil layer [47]. Figure 8 also shows that about
71.67% of the water sources for the four plants came from 0-60 cm of the soil water. During
the study period, HJ and PP were concentrated in deep water absorption during the dry
season and shallow water absorption during the rainy season. HT, however, was always
dominated by deep water sources and fissure water sources, and the reason for this was
that the three plants belonged to different functional types. As a macrophanerophytes,
HT has numerous root systems and goes deep underground, so it can use deep water
sources and water that is stored in rock cracks with great efficiency [48]. As small trees and
shrubs, H] and PP have small and shallow roots, and, in order to achieve a higher water use
efficiency, their absorbed water sources can be flexibly converted between deep and shallow
layers. In a study of aspen and other plants, Flanagan et al. also found that plants not
only absorb soil water, but also involve groundwater [49]. It could be seen that the water
absorption patterns of H] and PP showed the same “dimorphic root system” [48,50,51],
which indicates that their water resource utilization had a certain plasticity level. Wang
et al. found that Huangjing could switch between deep and shallow water sources with
seasonal changes, which was similar to our experimental results [47].

In contrast, JYH’s water absorption was more extreme between the seasons, with the
difference between the dry season and rainy season in the 0-30 cm soil layer being only
about 16.7% (Figure 8). The contribution ratio of the water absorption was significantly
different from that of the other three plants (p < 0.05). Karakis and other researchers found
in their experiments on grape that the depth of a vine’s water-absorbing root system could
vary over time. Shallow roots used rainwater as their main source during spring, and
with the advance of the growing season, the roots could gradually penetrate into the soil
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profile [52]. Similar results have been found for other ecosystems [25,53], and shrubs or
small trees will gradually increase their water absorption depth during the growing season.
This also had some similarity to our study, but it remains to be seen whether the roots
of plants gradually infiltrated into the soil layers with the growing season, due to a lack
of data [54,55]. In addition, although both belong to the “dimorphic root system”, PP
still showed different characteristics to HJ, as its water source segmentation was more
severe during the dry season and the rainy season (Figure 8), which may be related to the
root systems of both [56,57]. At the same time, during a precipitation event in July, PP
was greatly affected by precipitation [58], and the contribution ratio of the surface water
increased rapidly (Figure 8), while that of the deep water decreased slightly. However, HJ
is relatively slow and its rise is not obvious. This is influenced by the root system of HJ, as,
compared to PP, the root system of HJ has a deeper distribution and fewer fibrous roots on
the surface, which is less responsive to surface rainfall (Figure 9).

The four plants, all belonging to subtropical forest vegetation, showed different levels
of ecological plasticity under the same precipitation conditions. The shallow root system
of PP, coupled with small evergreen trees, resulted in a low plasticity level for its water
resource utilization [56,59]. Especially during dry years, many cases of dry death occurred
when there was no rain for a long time [13]. Furthermore, both PP and HJ belong to small
trees and have similar water use patterns, meaning that water competition exists between
these species. Adequate water sources during the rainy season can ensure the survival of
both, but under severe water stress, PP will be more passive [58]. Zhang et al. found that, in
plants from subalpine habitats that mainly absorb water from the surface layer (0-30 cm),
subalpine shrubs compete for water resources at similar depths during the drought and
growing seasons, with a high water demand, resulting in plant dieback [60].

4.3. Hydrological Niche Separation and Ecohydrological Regulation of Forest Vegetation

During the dry season and rainy season, the water source of each plant in the same
habitat of a subtropical forest is different. With a change in water conditions, their water
use strategies will also change, showing a greater drought tolerance [12,15,61]. In this
study, HT, as a deciduous tree with stout branches and deep roots, had the same water
use pattern in both the rainy and dry seasons, with soil water of a 30-60 cm depth and
fissure water always being its main sources (Figure 7). Thus, in the dry season, HT would
compete for water with HJ and PP within the same lifetime. Moreover, HJ and PP had
the same water use pattern, indicating that they would compete for water resources at a
similar depth. With a small body size and shallow root system, the latter showed obvious
weakness in its water absorption [62]. In the rainy season, with sufficient precipitation,
HJ and PP turned to the shallow water source of 0-30 cm, while HT was still dominated
by the deep water, so there was no competition between them and a clear separation
of hydrological niche. However, as a perennial semi-evergreen shrub, the root system
of JYH was mainly concentrated at around 040 cm (Figure 8) and its water resources
throughout the whole year came from this. It was in competition with HJ and PP, and
the water use capacity of the three factors determined the survival status of the species,
with HJ usually winning. It follows that there are complex water use patterns among
plants within the same lifetime of these subtropical forests. HT competed with HJ and
PP during the dry season and HJ and PP competed with JYH during the rainy season,
while H] competed with PP all the time. JYH and HT were in a state of hydrologic niche
separation, and they did not pose a threat to each other; therefore, large swaths of JYH
were often seen growing around HT in the study area. The hydroecological niche isolation
(HNS) hypothesis proposes that, within a community, plants may differ in their hydraulic
characteristics in order to avoid or tolerate drought along the water availability gradients,
thus avoiding competition [23]. These features include water absorption (e.g., different
rooting depths or possibly leaf water absorption), differences in their stomatal control,
and differences in their xylem structures [63]. The four plants in this study belong to
different functional types of vegetation, with significant differences in their plant sizes.
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The root depth of HT was much greater than that of the other three species, so it could
utilize deeper water. Deciduous trees reduce water evaporation during the dry season
and greatly improve their water use efficiency. In fact, these characteristics can have a
significant impact on hydrological processes [64].

Previous studies have shown that tree size is also related to effective rooting depth [65]
and demonstrated that this interdependence is related to different hydraulic strategies.
Rooting depth increases with tree height, compensating for the greater evaporation re-
quirements at the top of the canopy [66] and allowing larger trees to be photosynthetically
active during the dry season. Our data in this study show a coordination between the
rooting depth and water absorption sources in seasonal subtropical forests, suggesting
a trade-off between drought avoidance (i.e., deep roots) and drought tolerance [64,67].
Drought-resistant species are characterized by their deep roots, such as tall trees and
shrubs, which enable the plants to survive close to the hydraulic safety limit [68,69]. This is
the main strategy of most vegetation within a forest, and these complementary strategies
allow for a niche partitioning within forest ecosystems and influence the structure of the
dominant species in communities that are driven by water resources and light [70]. At the
surface, trees take advantage of the abundant sunlight in the upper layers, shrubs take
advantage of the weaker light in the middle layers, and herbs gather at the ground level. In
the underground space, plant roots are interwoven layer by layer to gather soil nutrients
on the one hand, and prevent soil erosion on the other. This is especially evident in the
above-ground and subsurface binary structure space, with serious leakage in southwest
karst areas [21]. Due to the community structure of forest vegetation, it is highly possible
to gather precipitation and facilitate the successful completion of the forest ecohydrological
process between the atmosphere, vegetation, and soil. The dense canopy in a forest system
can reduce the flushing of the surface soil through rain [71], accumulate soil nutrients,
further promote vegetation growth during the dry season, and increase productivity [72,73].

Due to the limited availability of soil water, plants during the drought and rain seasons
are subjected to different levels of water stress [74,75]. Plants in hot, dry river valleys
respond to drought in different ways. One way is that some deciduous species drop their
leaves to reduce transpiration and remain dormant throughout the drought; another way is
through changing the water absorption strategy according to the available water source [22].
HJ is not only a small deciduous tree, but also has a dimorphic root system, which can
stably change its water source pattern between the seasons. This flexible water use strategy
can greatly improve its survival rate [19]. Although PP also has a dimorphic root system,
it also has a shallow root system, making it difficult for it to penetrate deeper and thus
relatively dependent on shallow soil water [58]. This extreme shallow and deep water
conversion between the seasons indicates its high dependence on the water environment.
Moreover, as an evergreen tree [56], PP has a greater need for water [76], which makes it
more likely to die than prickly ash in the same habitat.

5. Conclusions

In this study, we used a Bayesian mixing model (MixSIAR) combined with stable
isotopes of hydrogen (62H) and oxygen (5'80) to investigate the seasonal variations in
the water uptake patterns of four plantations in a karst subtropical forest. The soil water
isotopic composition varied in gradient along the vertical direction, and the variation in
the soil water isotopic composition was greater in the shallow layer than in the deep layer.
HT mainly relied on deep soil water and fissure water, while JYH mainly relied on shallow
water. They did not compete with each other for water, but had a seasonal hydrologic niche
separation from the other two species, which reduced the water competition. The stony
desertification intensity in the study area was relatively high and there were a variety of
vegetation types within the subtropical artificial forest, which led to water competition
among the various species with the same water use pattern. The result of this inter-species
competition led to plant drying and death. A reasonable species combination (for example,
the deep planting of PP, with timely irrigation during the dry season; HT, HJ, and PP being
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as far away from each other as possible; the adoption of grass irrigation, Joe irrigation,
Joe grass, and other planting methods) would facilitate their symbiosis with each other.
Staggered water uptake would greatly improve the survival of species and their adaptation
to changing future environments, maintain the hydrological cycle of forest ecosystems,
promote the transfer of water between the atmosphere, vegetation, and soil, and help the
ecological restoration of karst areas. This study provides a method for determining more
efficient plant combinations for karst forest vegetation habitats, and its results will have
important implications for ecosystem vegetation restoration.
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