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• Transpiration pattern along hillslopes can
evaluate eco-hydrological functions.

• R. chinensis primarily relied on shallow
soil water at up and down hillslopes.

• Transpiration rates declined by nearly half
to adapt the water-limited environment.
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Topographic positions can mediate subsurface water availability, but its effects on tree transpiration are controversial.
In humid karst regions, climax forests are usually not limited bymoisture supply, even at the summit, through absorb-
ing water from deep layers. However, little is known on the transpiration pattern and its limiting factor on the shrub-
land widely distributed along the karst hillslopes. In the current study, Rhus chinensis, a widely spread constructive
species in natural restoration was selected. Meteorological factors, 0–300 cm soil–epikarst moisture, sap flow, and
root water uptake were studied during an entire growing season to assess how hillslope positions affected transpira-
tion. We found the mean water content in uphill was only around 60 % of that in downhill, indicating a contrasting
water supply along the slope. However, there were no significant differences in the xylem isotopic composition and
lc–excess which suggested the similar water uptake strategies in both uphill and downhill. R. chinensis primarily relied
on the soil water rather than epikarst water (groundwater) along the hillslope because of the MixSIAR model results
and more negative lc–excess values (−13.18 ‰). R. chinensis exhibited decreases of nearly half in the transpiration
rate and amount in uphill compared to those in downhill. In downhill with sufficient water availability, transpiration
followed the variation in atmospheric water demand. In uphill, a poor moisture supply limited tree transpiration and
its response to atmospheric water demand. Our findings revealed that the early successional species did not entirely
depend on atmospheric water demand, absorbing deep epikarst water as the mature forest. The transpiration rates
of those species declined by nearly half to adapt to the water–limited environment along the hillslope in the humid
karst region. This study can contribute to the evaluation of eco–hydrological functions during natural restoration.
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1. Introduction

Transpiration is a dominant determinant of the flux in the water cycle at
Earth's critical zone (Jasechko et al., 2013; Schlesinger and Jasechko, 2014;
Behzad et al., 2023), impacting vegetation productivity (Gutierrez Lopez
et al., 2021), streamflow generation (Vose et al., 2016), and ecosystem ser-
vices (Yang et al., 2022). Transpiration is usually controlled by atmospheric
water demand (AWD) and moisture supply (Novick et al., 2016; Jiao et al.,
2019; Wu et al., 2021). AWD means the original forces of solar radiation
and vapor pressure deficit to mediate stomatal opening and closing
(Hayat et al., 2020; Deng et al., 2021; Huang et al., 2021). Ecosystem
water stress is frequently characterized by low soil water availability limit-
ing transpiration (Clausnitzer et al., 2011; Naithani et al., 2012; Ungar
et al., 2013; Dymond et al., 2017; Cai et al., 2018; Liu et al., 2023).
Denissen et al. (2022) demonstrated awide regime shift from ecosystemen-
ergy limitation to water limitation under global warming. Topographical
factors influencewater availability due to the redistribution of soilmoisture
(Mitchell et al., 2012; Looker et al., 2018; Fan et al., 2019), and this can
mitigate or intensify drought effects on vegetation along a hillside gradient
(Hawthorne and Miniat, 2017). Differences in forest community composi-
tion, tree growth and response to drought have been attributed to topo-
graphically driven differences in environmental moisture conditions
(Adams et al., 2014; Berdanier and Clark, 2016; Gutierrez Lopez et al.,
2021). However, whether the changes in water supply caused by topogra-
phy can become the dominant factors affecting transpiration remains
controversial.

Along a topographic gradient, tree transpirationmay vary depending on
moisture availability in the subsurface associated with the transpiration
limiting factors and water utilization along the slope. Downslope areas
are generally understood to have wetter soils than side slopes or ridges
(Jencso et al., 2009; Pacific et al., 2011) due to the lateral redistribution
of soil moisture, the deeper soil, and the higher water holding capacity
(Kumagai et al., 2007; Fan et al., 2019). In arid and semi–arid zones, soil
water availability is often the main limiting factor for plant growth. Thus,
high soil water availability in downslope areas usually results in a higher
rate of transpiration compared to upslope areas (Wang et al., 2017). In
humid regions with high annual precipitation, atmospheric water demand
is still the main controlling factor for transpiration rather than topographic
factors; this causes similar transpiration at upper and lower elevations
(Kumagai et al., 2007; Renner et al., 2016; Tsuruta et al., 2020). However,
it is uncertain whether the trees may absorb deep water such as groundwa-
ter tomaintain similar rates of transpiration at upper and lower position on
a slope (Dudley et al., 2018; Carrière et al., 2020). Fabiani et al. (2021) ob-
served similar water sources irrespective of hillside position and greater sap
velocities at upslope locations in a moderate oceanic climate region; the
subsurface hillslope structure promoted vertical water flux over lateral re-
distribution in the vadose zone. Despite topographic–induced changes in
moisture, vegetation in humid regions does not appear to be under water
constraint. When the subsurface structure is complex, with rapidly varying
hydrological processes along the slope, it is unknown whether plants will
show the same transpiration patterns.

The subtropical karst region of southwestern China covers >0.54 mil-
lion km2 and is one of the world's largest exposed carbonate rock areas
(Yuan et al., 1994). Sufficient heat and moisture have promoted the forma-
tion of karst terrain and the development of an intricate network of crevices
and cracks in the epikarst (Williams, 1983; Williams, 2008; Zhang et al.,
2022). Shallow soil, rapid rainfall infiltration, and a complex underground
drainage system move rainwater through cracks and subsurface flow from
uphill areas to the depressions (Heilman et al., 2014). Thus, the soil water
storage is relatively low along the slope. Within a relatively small distance
and variation in altitude, the water storage availability and soil depth de-
crease sharply from the mesic downhill area to the xeric uphill area
(Wang et al., 2020). Previous studies have generally focused on plant tran-
spiration in habitats with relatively deep soil thickness such as the foot of a
slope or in a depression (Zhang et al., 2019a; Deng et al., 2021; Wu et al.,
2021). All such studies have found that atmospheric water demand is the
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main influence factor on the transpiration in a subtropical karst region.
Huang et al. (2009) and Du et al. (2021) found that transpiration was gen-
erally maintained at a high rate (e.g., > 4.0 mm·d−1 in the growing sea-
sons), even when the shallow layer water content (SLWC, 0–40 cm)
dropped to about 0.15 cm3·cm−3 during dry spells. They concluded that
the plants in this region could take up water from deep layers when the
SLWC is limited. However, researchers have usually concentrated on the
mature plantations or primeval forest at late stage of succession, and natu-
rally restored secondary forests are rarely investigated.

Large parts of the karst area are covered with restored vegetation in the
early stages of succession after ecological engineering employed to combat
the rocky desertification and deforestation (North et al., 2009; Jiang et al.,
2014). The early successional plant communities were usually more depen-
dent on recent rainwater received within short time spans (Nie et al., 2018;
Luo et al., 2023). Previous studies have indicated that most of the fine roots
of woody species in shallow rocky soil habitats are concentrated in the
upper 20 cm soil depth in karst ecosystems, and these roots accounted for
>57 % of root biomass and decreased with increasing soil depth (Du
et al., 2019; Huang et al., 2022). Rhus chinensis, a typical constructive spe-
cies in early successional communities, is widely distributed along the hill-
sides of karst areas (Yin, 2011; Devi and Singh, 2018). Previous studies have
shown that R. chinensis is a pioneer woody species characterized by strong
adaptability, rapid growth, and high root tillering ability (Zhou et al.,
2017). Our field investigations have suggested that R. chinensis could easily
be uprooted, indicating its shallow root distribution. The small sapwood
area of R. chinensis indicates that it is easily affected by drought (Fig. S1).
R. chinensis trees are generally smaller in size at higher positions on the
slope compared to lower elevations, presumably due to the slow growth
ratewith low transpiration needed to adapt to the drought stress. Therefore,
describing the transpiration patterns and how they are influenced by atmo-
spheric water demand and moisture supply of constructive species are
important factors that need to be evaluated for understanding eco–
hydrological functions and constructing dynamic vegetation models.

The current studymonitored several environmental factors affecting the
early natural restoration ofR. chinensis during the growing season:meteoro-
logical factors and variation in the water content in 0–300 cm karst critical
zone at different topographic positions, the sap flow and the water uptake
depth., The analysis considered the transpiration patterns, and its limiting
factors along the hillslope. We hypothesized that: (1) R. chinensis would
rely on the shallow soil water no matter whether in a at sufficient moisture
environment lower down the slope or in a water–limited environment
higher up the slope; (2) R. chinensis would be affected by atmospheric
water demand and moisture supply and would exhibit lower transpiration
higher up the slope. The main objectives of the study were: (1) to explore
root water sources and transpiration patterns of R. chinensis at different to-
pographic positions; (2) to examine the effects of atmospheric water de-
mand and moisture supply on transpiration.

2. Materials and methods

2.1. Study site description

The study site was located in a small catchment (area= 1.14 km2, alti-
tude from 252 to 500 m) in the Huanjiang Observation and Research Sta-
tion for Karst Ecosystems of the Chinese Academy of Sciences (24°43′
58.9″–24°44′48.8″N, 108°18′56.9″–108°19′58.4″E), situated in northwest
of Guangxi Province, China. The watershed is a typical karstic peak–
cluster depression area with a flat depression (area = 22.1 hm2)
surrounded by mountain ranges on three sides and the mouth of the water-
shed in the northeast. Approximately 60% of the hillsides land have a slope
>25°. The loose rocky soils usually consist of a thin layer of coarse gravel
underlain by a thick layer of soil and rock fragments, with a depth of around
60 cm along the slope. Soils are well–drained, gravelly, and calcareous,
with stable infiltration rates ranging from 40 to 130 mm·h−1. The epikarst
has a near–steady infiltration rate of approximately 35 mm·h−1, where the
subsurface runoff occurs along the soil–epikarst interface and is dominated
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by preferential flow. Large amounts of soil material are deposited at the
foot of the slope and depression with surface runoff and erosion from the
hillslope during heavy rainstorms (Wang et al., 2019). Thus, within a rela-
tively small distance and variation in altitude, water storage availability
and soil depth decrease steeply from the mesic downhill areas to the xeric
uphill areas along karst slopes. There are two springs and a stream in the
catchment. The springs are at the bases of hillssides; thefirst one is an inter-
mittent spring that flows during the wet season and the second one is a pe-
rennial spring. The region has a subtropical mountainousmonsoon climate,
with mean annual precipitation of 1389.1 mm and an annual temperature
of 18.5 °C. The wet season lasts from late April to the end of September and
provides>60% of the total annual rainfall. The pronounced six–month dry
season in winter/spring provides 20–30 % of the annual rainfall.

This area experienced severe deforestation from 1958 to themid–1980s
and has been under natural restoration for almost 25 years (Tong et al.,
2018). The distribution pattern of plant communities was formed as grass
and shrub at upper elevations and secondary forest lower down the slope
under long–term natural vegetation recovery (Nie et al., 2019; Meng
et al., 2022). To explore plant transpiration and its response pattern along
the slope, two sample plots were selected at uphill and downhill (Fig. 1).
In the uphill plot, R. chinensis as the only tree species dominated the over-
story tree layer. Dicranopteris linearis dominated the herbaceous layer. In
the downhill plot, Rhus chinensis, Mallotus philippensis, Vitex negundo and
Pyracantha fortuneana were the dominant species. Although the species di-
versitywas high, R. chinensiswas in the top three in importance value in the
overstory tree layer. In the growing season, the leaves regrow around in the
middle of March, reach peak growth in June, and fall off in October. Other
information concerning the sampling plots is listed in Table 1.

2.2. Transpiration measurement

Sap flux (SF) of R. chinensis in the two plots wasmonitored using a Ther-
mal Dissipation Probe (TDP, FLGS – TDP XM1000 connected to a CR1000
datalogger, USA) as described by Granier (1987) during the full growing
Fig. 1. (a) Location of the study area in Guangxi Province, China; (b) topographic map of
(c) schematic diagram profile line for geological inference of the study hillslope.
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season from the day of year (DOY) 60 to 304 (1st March 2021 to 31st Octo-
ber 2021). According to the species DBH distribution, four TDPs were
installed in each plot (Table 2). In a previous field investigation, we
found that R. chinensis generally showed a thin sapwood depth but a thick
heartwood depth (Fig. S1). The average sapwood depth was 8.16 ±
2.96 mm (N = 14 the ranges of DBH from 4.5 cm to 10 cm). Thus, we
chose 10 mm–long probes with the heating point in the middle (5 mm) to
coincide with the sapwood depth. The probes were 1.2 mm in diameter,
with a probe interval of 40 mm. All the TDPs were inserted into the
sapwood of stems 1.3 m above ground and on the north sides of the trunks.
The upper probe was heated with a constant direct current, while the lower
probe remained at trunk temperature (the reference probe). Each probe
contained a copper – Constantan thermocouple positioned half way along
its length. Both thermocouples were connected to vield a temperature
difference between the two probes. The temperature difference data were
measured automatically every 10 min. Sap flow density (Js,
g·H2O·s−1·m−2) was calculated as follows:

Js ¼ 119� ΔTmax � ΔTð Þ=ΔT½ �1:231 (1)

where ΔT is the temperature difference between the two probes, and ΔTmax

is the maximum value of ΔT recorded at the no–transpiration state when Js
is zero.

The daily sap flux (SF, m3·m−2·d−1) was calculated as follows:

SF ¼ ∑n¼144
i¼1 Js � 60� 10

� �
=106 ð2Þ

where 60means 60 s and 10means 10min. The sapflow flux in 10minwas
calculated bymultiplying Js (sap flow density per second) and time (60 s�
10 min).

The daily transpiration rate (T, mm·d−1) was calculated as follows:

T ¼ SF � As

Ac
� 103 (3)
the study area and sites for sap flow and moisture measurement along the hillslope;



Table 1
The information of sample plots.

Slope
position

Elevation
(m)

Gradient Gravel content
(%)

Organic content
(g/kg)

Soil thickness
(cm)

High-weathered bedrock thickness
(cm)

Vegetation
type

Vegetation
coverage

Uphill 348.16 47° 23.19 50.01 40 20 Grass-shrub 90 %
Downhill 263.38 26° 43.86 62.29 50 30 Second forest 85 %
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where As is sapwood area, and Ac is canopy area of each tree, as shown in
Table 2.

2.3. Environmental factor measurements

Soil water content in various layers was continuouslymonitored by FDR
probes through excavating sections according to the soil generation layer at
0–20, 20–40, and 40–60 cm depth in the uphill plot and at 0–20, 20–50,
and 50–80 cm depth in the downhill plot. Among these, 0–20 cm was the
A horizon, i.e., the shallow soil layer; 20–40 cm in the uphill plot and
20–50 cm in the downhill plot was the B horizon, i.e., middle soil layers;
and 40–60 cm in the uphill plot and 50–80 cm in the downhill plot was
the AC layer, i.e., highly weathered bedrock sands (deep soil layer).
Soil moisture sensors were installed at two randomly chosen points in
each plot. Although there were only two points for continuous measure-
ment, the results were reliable. Zhang et al. (2023) collected continuous
data of soil water content for long–term (about nine years) measure-
ment, and the results strongly supported our measurements. In addition,
except for the continuous monitoring of soil moisture by using FDR
probes, a single gravimetric soil water content measurement was also
performed by collecting soil samples simultaneously with soil water iso-
topic analysis. These soil samples were obtained from six/seven depth
intervals (0–10, 10–20, 20–30, 30–40, 40–50, 50–60, and 60–80 (only
in the downhill plot) with an auger and five replicates were collected
from each layer.

Epikarst water content was monitored by FDR probes at 60–120 (up-
hill)/80–120 (downhill), 120–180, 180–240, and 240–300 cm at three-
meter-deep boreholes in the uphill and downhill plots in karst critical
zone platforms. The details concerning measurements can be found in
Zhang et al. (2022). All the probes were calibrated according to Yang
et al. (2019). The overall soil water content (SWC, m3·m−3) was calculated
using the arithmetic weighted average as follows:

SWC ¼ ∑n¼3
i¼1 θi � hi (4)

where θi is the soil water content of the ith layer, and hi is soil thickness of
the ith layer.

Meteorological data, including temperature (T, °C), relative humid
(RH, %), solar radiation (Rs, MJ·m−2) and precipitation (P, mm) were
collected at a meteorological station located in the middle of the same
small catchment. Vapor pressure deficit (VPD, kPa) was calculated as
follows:

VPD ¼ 0:611e 17:502T= Tþ240:97ð Þ½ � 1 � RHð Þ (5)
Table 2
The characteristic of Rhus chinensis.

Slope
position

Number DBH
(cm)

Height
(m)

Canopy area
(m × m)

Sapwood area
(m2)

Age

Uphill

1 5.6 4.5 2.3 × 2.5 0.0013 18
2 5.3 4.8 2.8 × 2.2 0.0011 15
3 5.8 5.2 2.1 × 2.5 0.0013 16
4 7.1 5.3 3.3 × 2.8 0.0015 20

Downhill

1 7.2 7.7 3.3 × 2.8 0.0016 19
2 8.5 7.2 3.2 × 2.5 0.0023 21
3 7.4 7.5 4 × 4.5 0.0017 18
4 7.6 7.8 4.4 × 3.5 0.0018 19

4

2.4. Sampling and stable isotope analysis

Rainwater samples were routinely collected for each rain event above
5mm from1stMarch 2021 to 31stOctober 2021.Groundwaterwas sampled
from an 11mborehole around 5maway from the downhill sample plot once
a week regularly during the study period and was collected at the same time
as plant and soil sampling. The isotopic composition of groundwater was not
enriched by evaporation, andwas used to represent epikarst water. All water
samples were stored in cap vials, wrapped in parafilm and stored in a freezer
until the analysis of stable isotopes was performed.

Xylem and soil samples were taken six times (DOY 76, 121, 169, 190,
227, and 286, corresponding to March 17th, May 1st, June 18th, July
9th, August 15th, and October 13th) during the growing season. We se-
lected four individuals as replicates in each plot. Shoots ranging from 0.3
to 0.5 cm in diameter and 3 to 5 cm in length were collected at midday
from stems more than two years old; the outer bark and phloem of the
shoots were removed to obtain the xylem samples. Soil samples were ob-
tained from six / seven depth intervals (0–10, 10–20, 20–30, 30–40,
40–50, 50–60, and 60–80 (the latter only in the downhill plot) with an
auger and five replicates were collected at each layer. The xylem and soil
samples were stored at −20 °C for isotopic analysis.

The xylem and soil samples were extracted by a cryogenic vacuum dis-
tillation system (LI–2100, LICA, Beijing, China). The isotopic composition
of xylem and soil water samples was measured using liquid water isotope
ratio infrared spectroscopy (IRIS, DLT–100, Los Gatos Research, Mountain
View, CA, USA) at the Key Laboratory for Agro–ecological Processes in Sub-
tropical Region, Chinese Academy of Sciences. The isotope composition is
reported in δ notation relative to V–SMOW as

δ2H δ18O
� � ¼ Rsample=Rstandard � 1

� �� 103 (6)

where Rsample and Rstandard are the ratio D/H or 18O/16O of ameasured sam-
ple and a standard sample, respectively. The standard deviations for re-
peated measurements were ±1 ‰ for δD and ±0.2‰ for δ18O.

Extracting water from plant xylem using cryogenic vacuum distillation
can mix organic materials (e.g., methanol and ethanol) that may affect
the spectroscopy and lead to erroneous stable isotope values when analyz-
ing with IRIS (Schultz et al., 2011; Wu et al., 2019). An error correction for-
mula was established in our previous study in order to remove the effects
pollution of methanol and ethanol (Liu et al., 2021).

We calculated the line-conditioned excess (lc-excess) values of xylem
water following Landwehr and Coplen (2006). The lc-excess values were
used to identify the offset of environmental waters from precipitation. A
negative lc-excess that exceeds the standard deviation of the local meteoric
water line (LMWL) indicates that the water has undergone evaporative iso-
topic enrichment (Evaristo et al., 2015). The lc-excess values of the samples
were calculated as follows:

lc � excess ¼ δ2H � a δ18O � b (7)

where the subscript a and b are the slope and intercept of the LMWL, respec-
tively. The LMWL showed the relationship between δ2H and δ18O in precip-
itation: δ2H = 8.37δ18O + 14.45, R2 = 0.95, p < 0.001.

2.5. Data analysis

Plant water source partitioning was determined by the Bayesian mixing
model MixSIAR (version 3.1.7). The raw isotopic ratios of the xylem water
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were input into MixSIAR as mixture data. The averages and standard devi-
ations of the different depths of soil water and groundwater were the source
data. The discrimination was set to zero for both δ2H and δ18O because
there is generally no isotopic discrimination of water during plant uptake
by roots. For the subsequent analysis and comparison, the plant water
sources were divided into shallow (0–20 cm), middle (20–40 cm uphill
and 20–50 cm downhill), and deep (40–60 cm uphill and 50–80 cm down-
hill) soil layers and groundwater according to the fluctuations and patterns
of isotopic ratios, the impact of rainfall pulses, and soil water content.
(1) The 0–20 cm: this layer was the A horizon, with large fluctuations in
soil water content and isotopic composition due to rainfall pulses and evap-
oration with seasons. (2) The 20–40 cm layer (uphill) and 20–50 cm layer
(downhill): this layer was the B horizon, with high clay content and soil
bulk density. The vertical recharge of rainfall was difficult to pass through
the clay to infiltrate the deeper layer. The variability of soil water isotopic
composition and soil water content in this layer were less than that of the
0–20 cm soil layer. (3) The 40–60 cm (uphill) and 50–80 cm (downhill)
layer: this layer was the AC horizon, occurring in surface carbonate rocks
between the heavy clay soil and hard bedrock. Water was recharged by
the preferential flow on the slope, and its isotopic values were close to
those of recent rainfall. Water content decreased rapidly after several
days of rain.

Statistical analysis was performed with SPSS 17.0 software (SPSS,
Chicago, IL, USA). One–way ANOVA and independent samples t–tests
were used to detect significant differences. A critical value of p < 0.05
was used to identify statistical significance. Partial correlation was used
to analyze the relationship between environmental factors and transpira-
tion. Principal component analysis (PAC)was used to reduce the dimension
of environmental factors that affected transpiration. The factor scores
(possibly negative numbers) after the PACwere saved as the comprehensive
factors and further used to regress with transpiration. The figures were plot-
ted with Origin software version 9.0 (Origin, Origin Lab, Farmington,
ME, USA).

3. Results

3.1. Variation of environmental factors over the growing season

Precipitation was concentrated in April to August, and the cumulative
precipitation was 917.8 mm during the study period (Fig. 2a). RH
Fig. 2.Monthly variation of (a) precipitation P and relative humidity RH, (b) tempera
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maintained high values from March to May, a result that was related to
the many light rainy days and fewer sunny days. RH was below 80 %
from June to October with mild fluctuations (Fig. 2a). T, VPD, and Rs

showed similar variation patterns during the study period (Fig. 2b). All
three meteorological factors increased starting from March and kept high
values during June to September, then declined significantly in October.

The mean water content was lower in the uphill plot (19.35 % in soil
and 10.08 % in epikarst) than that in the downhill plot (30.94 % in the
soil and 19.26% in the epikarst) (Fig. 3a, c). The moisture response to rain-
fall differed between the two slope positions. In the uphill plot, the water
content increased due to the infiltration of precipitation and then rapidly
declined, especially when there was no precipitation for several days in
June (Fig. 3b), indicating the poor water storage capacity of the soil. The
epikarst water content in the 120–180 cm layer was as high as that in top-
soil after heavy rainfall, indicating the preferential flow among cracks in
the epikarst (Fig. 3b). In the downhill plot, lateral flow was also an impor-
tant driver of water recharging, resulting in the relatively high moisture
level, even when there was no precipitation for several days in June
(Fig. 3d). The variation in water content variation in the epikarst was not
consistent with the pattern of precipitation, indicating that there was no
rainfall recharging for these depth due to the rock structure.

3.2. Isotopic composition and root water sources

The isotopic composition of xylemwater varied significantly (p < 0.01)
and gradually became more negative with the progress of the season
(Fig. 4). The lc–excess was less negative from March to October. No signif-
icant differences (p > 0.05) in xylem water isotopic composition or lc–
excess occurred between the uphill and downhill plots except in June and
July. The xylem water from both uphill and downhill plots showed below
the LMWL and overlapped with soil water in the dual–isotope space
(Fig. S2).

According to the MixSIAR results, R. chinensis primarily absorbed the
soil water rather than the groundwater during the growing season at the
two sites (Fig. 5). In the uphill plot, the water in the shallow and middle
soil layers was the main water source for the trees, except in June. At the
downhill sites, R. chinensis relied on shallow soil layer water, except in
June. In June, R. chinensis exhibited the highest transpiration rate corre-
sponding to the increase water uptake from middle and deep layers in the
uphill and downhill plots, respectively.
ture T, vapor pressure deficit VPD, and solar radiation Rs over the growing season.



Fig. 3.Daily variation of soil–epikarst water content (a) in the uphill plot during the growing season (the soil moisture data (0–60 cmdepths) were lost during 27August to14
October 2021 as shown in gray), (b) in the uphill along the profile onDOY 138 (55.2mmof precipitation on DOY 137), DOY 169 (13 continuous sunny days before that day),
DOY 182 (52.4 mm of precipitation on DOY 181); (c) in the downhill plot during the growing season; (d) in the downhill plot along the profile on DOY 138 (55.2 mm of
precipitation on DOY 137), DOY 169 (13 continuous sunny days before that day), DOY 182 (52.4 mm of precipitation on DOY 181).
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3.3. Variation of daily transpiration and its response to environmental factors

The daily transpiration exhibited significant variation in temporal and
position scales (Fig. 6). At the temporal scale, T increased with the leaf
Fig. 4. (a) δ2H, (b) δ18O, and (c) lc–excess of xylem water for each sampling cam-
paign across the growing season. The center line in the boxplot indicates the me-
dian, and the lower and upper extremes indicate the first and third quartiles,
respectively. The whiskers indicate points within 1.5 times the interquartile range
above or below the median.
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emergence (approx. 13th–19th March), reached the maximum values in
June, then gradually decreased. Compared to downhill, the transpiration
rate was significantly lower (p< 0.05) in the uphill plot. Daily transpiration
decreased by nearly half in the uphill plot (0.162mm·d−1) compared to the
downhill plot (0.306 mm·d−1) except in March. The total transpiration
amount during the entire growing season showed the same characteristics.

Partial correlation analysis showed that transpiration was significantly
positively correlated with precipitation, temperature, solar radiation,
vapor pressure deficit and soil water content in the 0–60 cm layer
(p < 0.05, Table S1). The epikarst water content showed no significant cor-
relation with T (p > 0.05, Table S1). Principal component analysis reduced
the dimension of correlated environmental factors to two categories as at-
mospheric water demand (T, RH, Rs, VPD) and soil water content (V1, V2,
V3), together explaining 75.86 % (in the uphill plot) and 79.11 % (in the
downhill plot) of the variance in transpiration (Fig. S3).

Transpiration showed significant (p < 0.01) positive correlations with
atmospheric water demand (AWD) at the two topographic positions
(Fig. 7). The slope of the regression line for the uphill plot was nearly half
that of the regression line slope for the downhill plot, indicating the low re-
sponse of transpiration to AWD at higher elevations. In addition, transpira-
tion decreased with the soil moisture decrease. In other words, under
similar AWD conditions, transpiration depended on the soil moisture sup-
ply, resulting in lower transpiration at the higher elevation than that at
the lower elevation.

4. Discussion

4.1. Contrasting water content along the hillslope

The water environment was significantly different at the two
topographic positions in our study. The mean water content was
0.178m3·m−3 in the uphill plot, approximately 60% of that at the lower el-
evation, indicating a large water available supply difference along the
slope. These results were consistent with previous studies (Mohanty and
Mousli, 2000; Zhang et al., 2019c). Xu et al. (2020) advised separating
hillslopes and depressions into two hydrological response units when
studying eco–hydrological process in karst regions. Large differences in
soil–rocky structure, including soil distribution, rock exposure, and the de-
velopment of underground matrices and conduits, will resulte in different



Fig. 5.Thewater use proportion (a, uphill and b, downhill) of different layers across
the growing season.

W. Liu et al. Science of the Total Environment 894 (2023) 164977
hydrological processes and water content along the slopes (Chen et al.,
2017; Zhang et al., 2019b).

In uphill, soil layers showedpoorwater holding capacitywith a large os-
motic coefficient (Meng et al., 2022). Epikarst layers developed large pipes
and cracks (Zhang et al., 2022), and were easily to generate a preferential
flow transiently during and within two days after a rain. After a period of
timewithout precipitation (five to seven days), thewater content decreased
along the profile (Yang et al., 2019). In downhill, the soil usually showed a
high water holding capacity related to the soil thickness and soil properties.
Soil thickness, especially the clay layer with high soil bulk density (nearly
1.55), increased lower down the slope. Meanwhile, impervious layers
prevented the precipitation and soil water from achieving vertical infiltra-
tion. Fu et al. (2015) indicated that 15% to 45% of rainfall was partitioned
into subsurface flow on hillslopes and then flowed to depressions during
simulated rainfall experiments. The infiltration of rainwater from up–
slope to down–slope was altered by vertical flow to lateral flow that was
connected through the soil–epikarst interface and finally converged in the
low–lying area (Zhang et al., 2022). Springs could also recharge the
epikarst layer in the wet season (Wang et al., 2020). Therefore, multiple–
sources recharge and high water holding capacity promoted the high mois-
ture at the lower elevation.
Fig. 6. (a) Seasonal changes of daily transpiration (T, mm·d−1, average of four sampled
months and the total transpiration amount during the growing season. Capital letters i
lowercase letters indicate significant differences among months at the 0.05 level.
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4.2. Similar root water uptake strategies at two topographic positions

Xylem isotopic composition varied seasonally but was consistent in the
two topographic positions, suggesting that at our study site, trees largely re-
lied on soil water rather than groundwater. Previous studies have found
that unlike the deep penetration of root in arid karst region (Schwinning,
2010; Ellsworth and Sternberg, 2015), the root system was dominated by
horizontal extension and concentrated in the surface soil layer in dolomite
subtropical karst region (Nie et al., 2014; Du et al., 2019; Liu et al., 2019;
Ma et al., 2020). Huang et al. (2022) found that a large amount of fine
root biomass was concentrated in the shallow soil layer on hillslopes in
our study area. In our study, we found that the coarse root system of
R. chinensis exhibited large radial extension (>3 m) within 40 cm depth
(Fig. S4). The roots were difficult to penetrate the hard bedrock for ground-
water absorption. Meanwhile, the lc–excess of xylem water was more neg-
ative, indicating that the species might use water sources with enriched in
heavy isotopes due to evaporation (Gaj et al., 2015; Juhlke et al., 2021).
Previous studies have found that the dominant species utilized water
from surface soil horizons during the growing season in subtropical karst re-
gions (Liu et al., 2021; Yan et al., 2022; Zeng et al., 2021). When sufficient
water was available to the plants, especially at the foot of the slope, plants
tended to obtain water through the shallow soil layers and consumed large
amounts of water.

In uphill, R. chinensis still mainly absorbed water from the shallow soil
layers and kept a low transpiration rate as an adaptation to the water–
limited environment. Previous studies suggested that the low plant transpi-
ration rates were primarily associated with the deep–water sources during
drought in karst regions (Wu et al., 2021). Water shortages in deep bedrock
at higher elevations decreased the availability of water from deeper layers.
In our study, the mean water content in the epikarst was lower (10.08 %)
than that in soil (19.35%) in the uphill plot. The vegetation community fea-
tures herbs with scattered shrubs and is controlled by soil–type related soil
properties, indicating a water–limited environment (Meng et al., 2022). In
addition, the competition for resources is strong in the early states of suc-
cession in humid regions. Species prefers to occupy more aboveground re-
sources for growth rather than developing deep–rooted systems for water.
Therefore, despite soil water content exhibiting a significant difference
trees) in the uphill and downhill sites. (b) Average daily transpiration in different
ndicate significant differences between uphill and downhill plots at the 0.05 level;



Fig. 7. Regression of transpiration and atmospheric water demand with the variation of soil moisture. Regression lines, regression formulas, explained variance (R2) and
significance (p value) of the linear models for the uphill and downhill plots are shown.
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between topographic positions, R. chinensis exhibited no significant water
source segregation, primarily utilizing soil water. This water uptake pattern
explained why R. chinensis was easily uprooted and grew slowly and was
prone to suffer drought in the uphill site but grew well lower down. In
the thin soil of rocky mountain regions in northern China, Liu et al.
(2022) also found that thewater sources utilized byPinus tabuliformis exhib-
ited no variationwith elevation or growing stage. The similarwater use pat-
terns along the hillslopes may be the result of long–term adaptation to
environmental conditions. Thus, the similar root uptake strategies for shal-
low soil water supported our first hypothesis. The low sensitivity of water
uptake patterns to the hillslope position suggested poor adaptation to envi-
ronmental changes, especially under climate change scenarios, and greater
dependence on the root zone moisture.

R. chinensis usually tended to transpire water supplied by the shallow
layer, but when the transpiration rate was the highest in June, the tree in-
creased the absorption ratios from middle and deep soil layers. Tall trees
could utilize deeper andmore stable soil water tomaintain the high transpi-
ration demand when the shallow soil moisture was insufficient (Huang
et al., 2009; Du et al., 2021). In our study, the shallow soil water content de-
clined in June (0.32 m3·m−3) compared to May (0.36 m3·m−3). Along the
soil profile, evaporation occurred in the shallow layers, leading to the de-
crease of soil potential compared to deeper layers (Song et al., 2009).
Zunzunegui et al. (2018) demonstrated that most plants show a preference
for easily accessible water under limited water availability. Therefore, the
roots were inclined to absorb soil water from deeper layers and switched
water use strategies under high transpiration demand.

4.3. Water supply limitation influenced transpiration patterns along the hillslope

R. chinensis exhibited decreases in transpiration rate and total amount
during the growing season in the uphill plot, nearly half of the rate and
amount compared to the downhill plot, suggesting a distinct transpiration
pattern along karst hillslopes in humid areas. Generally, in humid regions
plant transpiration is dominated by atmospheric water demand rather
than soil water (Oogathoo et al., 2020; Zeng et al., 2021; Wang and
Zheng, 2022). Kumagai et al. (2007) and Loranty et al. (2008) found no sig-
nificant correlation between soil moisture and sap flux, which caused the
similar transpiration rates at upper and lower plots during the growing sea-
son. In karst depression habitat with sufficient moisture, Zhang et al.
8

(2019a) also concluded thatVPD and PARwere the primary factors control-
ling the transpiration and that soil moisture had no significant correlation
with transpiration. Along the slope, Renner et al. (2016) found that solar ra-
diation was a dominant factor for transpiration, although topographic fac-
tors could enhance the response of transpiration to soil water limitation
during dry summer periods.

In our study, atmospheric water demand as a main driver also exhibited
significant correlations with transpiration at the two topographic positions.
The slope value of the regression formula for the uphill plot was half of that
for the downhill plot, indicating that the sensitivity of transpiration toAWD
was also affected by soil water content. Huang et al. (2009) found that VPD
(rather than SWC) was more important in influencing transpiration under
sufficient soil moisture conditions. Under seasonal drought conditions,
the contribution of atmospheric VPD limitation to plant transpiration was
decreased, and soil moisture limitation was increased (Song et al., 2020).
But Bovard et al. (2005) thought that low soil water content generally re-
sulted in increased stomatal sensitivity to increasing VPD. The reason that
caused diverse responses of transpiration to AWD under low soil moisture
was the different first limiting factors for transpiration, i. e. water supply
or atmospheric water demand (Loranty et al., 2008). In our study, water
supply was the first limiting factor, as it caused a decrease by nearly half
in transpiration under similar atmospheric water demand at uphill and
downhill positions.

Soil water content showed a significant positive correlation with tran-
spiration in our study, a result that was consistent with previous studies
in subalpine catchment (Nathaniel et al., 2018), and in arid (Pei et al.,
2019) and semi–arid (Wang et al., 2017) areas. In semi–arid regions, soil
water supply for vegetation was relatively low and was influenced by topo-
graphic position, resulting in a higher transpiration rate at the foot of the
slope than that at higher elevations (Wang et al., 2017). Gessler et al.
(2022) found that during the drought period, transpiration was
(1) decoupled fromVPD andprimarily governedby soilmoisture and (2) de-
clined by a factor of 2.3 compared to pre–drought conditions. In our study,
the droughtwas shifted from the temporal scale to the spatial scale. We also
found similar results as in Gessler et al. (2022), and our results supported
the second hypothesis. The contrasting differences in soil moisture along
the slope influenced and limited plant transpiration, results that high-
lighted the impact of moisture supply caused by topographic positions in
humid karst regions.
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5. Conclusion

Patterns of transpiration and its limiting factors in the early successional
constructive species at two topographic positions in a subtropical karst crit-
ical zone were examined by analyzing environmental variables and root
water uptake strategies. We found that the transpiration rate showed a sin-
gle peak trend during the growing season at the two topographic positions,
reaching a peak in June. R. chinensis exhibited decreases in transpiration
rate and amount by nearly half in the growing season at an uphill site com-
pared to a downhill site, largely due to the soil water supply.R. chinensis pri-
marily relied on the soil water along the hillslope, as indicated by the
seasonal fluctuation in xylem isotopic composition and more negative lc–
excess, with no significant difference between uphill and downhill areas.
The soil moisture showed high values from April to August at the two posi-
tions. However, the mean soil water content in the uphill plot (19.35 %)
was only around 60 % of that in the downhill plot (30.94 %) in the entire
growing season, indicating the contrast in water supply along the slope.
At the downhill site with sufficient water availability, transpiration
followed the variation in atmospheric water demand (AWD). At the uphill
site, the poor moisture supply limited tree transpiration and its response
to atmospheric water demand (about half of the slope value of the AWD–
T regression equation for the downhill plot). Our findings revealed that
transpiration by the early successional naturally restored species declined
by nearly half to adapt to thewater–limited environment along the hillslope
in the humid karst region, serving for the evaluation of eco–hydrological
functions of natural restoration in southwest China. Further studies should
account for the response of the stomatal regulation and hydraulic functions
on transpiration in order to evaluate vegetation restoration efforts in the
face of future climate change.
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