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ARTICLE INFO ABSTRACT
Editor: Fernando A.L. Pacheco Despite substantial drought conditions in the karst critical zone (KCZ), the KCZ landscapes are often covered with for-

est woody plants. However, it is not well understood how these plants balance water supply and demand to survive in

Keywords: such a water-limited environment. This study investigated the water uptake and transpiration relationships of four

Plant-available water source
Transpiration dynamic
Ecohydrological niche
Forest woody plant

Karst critical zone

coexisting woody species in a subtropical karst forest ecosystem using measurements of microclimate, soil moisture,
stable isotopes (8'%0, 8%H, and §'C), intrinsic water-use efficiency (WUEy), sap flow, and rooting depth. The focus
was on identifying differences within- and between-species across soil- and rock-dominated habitats (SDH and
RDH) during the rainy growing season (September 2017) and dry season (February 2018). Species across both habitats
tended to have higher transpiration with lower WUE; during the rainy season and lower transpiration with higher
WUE; during the dry season. Compared to those in the SDH, species in the RDH showed lower transpiration with
higher WUE; in both seasons. The dominant water sources were soil water and rainwater for supporting rainy-
season transpiration in the SDH and RDH, respectively, and groundwater was the main water source for supporting
dry-season transpiration in both habitats. A clear ecohydrological niche differentiation was also revealed among spe-
cies. Across both habitats, shallower-rooted species with higher soil-water uptake, compared to deeper-rooted species
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with higher groundwater uptake, showed higher transpiration and lower WUE; during the rainy season and vice versa
during the dry season. This study provides integrated insights into how forest woody plants in the KCZ regulate tran-
spiration and WUE; in response to drought stress through interactions with seasonal water sources in the environment.

1. Introduction

In many forest ecosystems, plant water availability is affected by sea-
sonal variations in rainfall (McCole and Stern, 2007; Wang et al., 2017;
Ding et al., 2021; Behzad et al., 2022). This, in turn, shapes the water up-
take and transpiration strategies that plants can adopt to cope with drought
(water) stress (Leo et al., 2014; Obojes et al., 2018; Wu et al., 2021). A bet-
ter knowledge of the diversity of ecophysiological responses to drought
stress is essential for forest development and sustainability (McDowell
et al., 2011; Anderegg et al., 2019; Brum et al., 2019; Wang et al., 2021).

A critical zone (CZ), including the karst critical zone (KCZ), comprises a
set of biophysical layers that extend from the top of the forest canopy down-
ward through the soil and into the surface and subsurface water-bearing
bedrock (Dawson et al., 2020; Fig. 1). Throughout the context of the KCZ,
which is inherently sensitive to seasonal variations in water supply
associated with changing rain inputs, drought stress does not occur uni-
formly, primarily because of the extremely high contextual heterogeneity
(Nardini et al., 2020; Deng et al., 2021; Behzad et al., 2022). For example,
in rock-dominated karst habitats, compared to soil-dominated karst habi-
tats, the soil is poorly developed and rocky, which considerably limits
water storage capacity in the near-surface for plant uptake (Chen et al.,
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2011; Nie et al., 2019; Carriere et al., 2019). Another important driver of
drought stress in the KCZ is the large water infiltration capacity of the
surface fractured bedrock (Estrada-Medina et al., 2013; Liu and She,
2020), which can explain the rarely observed surface runoff and streams
in the KCZs (Gregory et al., 2009; Yang et al., 2016). For these reasons,
KCZ landscapes are ostensibly not well-suited for vegetation development.
However, they are often covered with forests (Zhao and Wang, 2018;
Carriére et al., 2020; Liu et al., 2021a).

The availability of groundwater and deep rooting are two determining
factors for maintaining the growth and survival of plants in the KCZs (Fan,
2015; Richter and Billings, 2015; Schwinning, 2020; Liu et al., 2021b). As
field-based studies have demonstrated, water supply in groundwater pools
(either epikarst or phreatic) is less affected by the seasonal or short-term
variations of rain inputs (Rose et al., 2003; Huang et al., 2011; Hahm
etal., 2019, 2022). Therefore, these water pools can serve as stable hydro-
logic refugia for plants, especially during rainless conditions when the soil
becomes increasingly dry (McLaughlin et al., 2017; Ackerly et al., 2020).
However, access to groundwater supply is impossible for all plants,
including shallow-rooted plants (Dawson and Pate, 1996; Teodoro et al.,
2019). Plant access may also prove difficult due to the limited development
of bedrock fractures that exclude deep rooting (Estrada-Medina et al., 2013;
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Fig. 1. A conceptual sketch of water sources potentially available to forest trees in a karst critical zone (KCZ). The KCZ includes a set of biophysical layers (defined along the
right-hand margin) that extend from the top of the forest canopy to where groundwater is actively circulating in the saturated bedrock (the upper phreatic zone) (Dawson
et al., 2020). While the KCZ structurally varies from region to region depending on the geological structure and lithology, climate, and vegetation type, it generally
supplies three potential water sources within a complex and heterogeneous context for plant uptake: (1) soil water that is supplied at the different depths of the soil zone;
(2) groundwater that is supplied in two zones of the shallow bedrock (epikarst zone) and deep bedrock (vadose and phreatic zones); and (3) rainwater that is supplied as
a seasonal reserve in the uppermost layer of the shallow bedrock (the upper epikarst). As illustrated by three schemas, plants may take up the rainwater that retains its
initial (isotope) composition from (a) a temporary pool (i.e., from recent rainwater temporarily held in the fractures and cavities with relatively narrow bottoms), (b) a mobile
pool (i.e., from rainwater moving downward) on the upper epikarst, and from (c) a substrate (i.e., through water or residual moisture related to the generation of interflow) at

the soil-bedrock interface.
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Nardini et al., 2020). Furthermore, some studies have indicated that facili-
tating water uptake from depth is impossible without consuming metabolic
energy (Jiang et al., 2020; Wu et al., 2021). Besides, plants may have to re-
sort to alternative mechanisms to survive drought. Accordingly, plants
might decrease their transpiration and increase their water-use efficiency
(WUE;) as drought stress intensifies (Craven et al., 2013; Wang et al.,
2021). Other drought survival mechanisms include decreasing stomatal
conductance and photosynthetic rates (Klein et al., 2011; Maxwell et al.,
2018) and the formation of leaves with well-developed epidermal hairs
and thicker cuticles or waxy layers (Barbeta and Pefiuelas, 2016). However,
despite recent advances, climate-mediated, ecophysiological interactions
have received less attention from the KCZ perspective, especially in well-
karstified environments.

By taking advantage of the heterogeneous nature of soil- and rock-
dominated habitats (SDH and RDH) across a typical KCZ forest ecosystem
located in southwest China, this study investigates: (1) how forest woody
species across both habitat types regulate transpiration and water loss ac-
cording to drought-induced seasonal shifts in water supply from different
available source pools, including rainwater, soil water, and groundwater;
(2) whether greater use of groundwater contributes to increased transpira-
tion rate and reduced drought stress level in species; and (3) the mecha-
nisms behind seasonal water uptake strategies for the regulation of
transpiration and whether they vary between and within species. Water
shares from different water sources supplied to the environment were quan-
tified, and WUE; values and transpiration rates for four coexisting woody
species across habitats between seasons were determined. The relationships
between groundwater use, WUE;, and transpiration were also examined to
ascertain each species' seasonal physiological response in both habitat
types. It was hypothesized that: (1) transpiration is limited in the dry season
compared to that in the rainy season due to decreases in the near-surface
water supply; (2) transpiration for species in the RDH is reduced compared
to those in the SDH due to lower availability of soil water; (3) use of ground-
water during the dry season helps to reduce drought stress in species of both
habitat-types; and (4) the pattern of water uptake and transpiration is
different among species due to differences in maximum rooting depth.
Accordingly, water uptake and transpiration rates are higher in species
with deeper roots.

[ Sampling site in SDH
[] Sampling site in RDH
[ Control site

V Weather station
@ Underground river
@ Epikarst spring

T T
106° 25'N  106° 30'N
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2. Materials and methods
2.1. Study area

The study area consists of a typical karst depression surrounded by
mountains with an area of 39 km? that is situated in northwest Chongging,
southwest China (29°40’30”-29°48’10”N, 106°23’15”-106°28"05"E;
Fig. 2). This region has a subtropical, humid, monsoon climate with an an-
nual mean temperature and precipitation of 18 °C and 1200 mm, respec-
tively. The rainy season occurs between April and October, receiving
75-85 % of the total rainfall. The dry season occurs between November
and March, receiving 15-25 % of the total rainfall, and is characterized
by a 4-5-month seasonal drought.

Lithologically, the karst depression is composed almost entirely of lime-
stone (CaCO3) with minor impurities, such as dolomite (CaMg(COs3),). Geo-
logically, a dense network of vertical open fractures has developed in the
limestone bedrock of the karst depression. The thickness of the limestone
bedrock ranges from 500 to 700 m (Liu et al., 2019). In the bedrock struc-
ture, two distinct hydrological subzones are present: an epikarst zone, or
the near-surface fractured zone, characterized by a dominant diffuse flow
system, and a phreatic or saturated zone characterized by a dominant
conduit flow system (Lv et al., 2022). The layer thickness of the epikarst
zone in the region ranges from approximately 5 m on hillslopes to approx-
imately 8 m in flatter areas. The matrix porosity of the epikarst zone varies
between 8 and 45 %, which is lower than that of the shallow soil layer
(46-53 %). The potential available water storage (PAWS) of the epikarst
zone is 333-1690 m°/ha and much higher than that of the shallow soil
layer, which measures 0-143 m>/ha (see Tables S1 and S2 for additional
details regarding other physical characteristics of the region's epikarst
and soil, respectively, reported by Chongqing Nanjiang Geological
Engineering Survey and Design Institute (CNGESDI), 2015; Lv et al.,
2022). This water reserve of epikarst can remain available to the plants lon-
ger than the soil water reserve, especially during long-lasting periods of
water stress (Estrada-Medina et al., 2013). According to field measure-
ments collected during the last 5 years (2017-2022), the region's epikarst
water storage is drained by three permanent springs with an average an-
nual flow of nearly 10 L/s. In contrast, the water storage of the phreatic
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Fig. 2. The location, sampling sites, hydrologic observation points, and geological cross-section of the study area.
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zone is mainly drained by three outlets of two underground rivers with an
annual average flow of nearly 40 L/s (Li et al., 2021). The continuous high-
resolution monitoring of discharges from underground rivers as well as the
rainfall during the last 5 years (2017-2022) shows that peak flow rates at
the underground river outlets often occur between one and 11 h after the
biggest volume of rainfall (see Table S3 for details). This indicates that
the timing, distribution, and volume of water flow in the phreatic zone
are highly irregular, primarily because of the high karstification (Lv et al.,
2022). Furthermore, this could explain for the scarcity of surface runoff
generated in the region (Li et al., 2021).

2.2. Characteristics of the habitats

Two habitat types with different soil characteristics were identified in
the study area: soil-dominated habitat (SDH) and rock-dominated habitat
(RDH), which account for >70 % and <30 % of the surface area, respec-
tively. Across the SDH, the soil has a continuous, thin layer (40-50 cm)
that covers most of the underlying fractured bedrock outcrops and consists
of 41 to 54 % coarse particles (loam and sandy clay loam, according to U. S.
Department of Agriculture (USDA) and Natural Resources Conservation
Service (NRCS), 2012). According to Estrada-Medina et al. (2013), the
PAWS of SDH soil ranges between 118 and 143 m3/ha (Table S2). Across
the RDH, the soil has a discontinuous cover with a variable thickness
(0-65 cm) that is interrupted by numerous rocky outcrops. It is found
around the base of individual trees and forest stands or in some flat patches.
RDH soil contains 57 to 66 % coarse particles (sandy loam, according to U.
S. Department of Agriculture (USDA) and Natural Resources Conservation
Service (NRCS), 2012); the PAWS of RDH soil ranges between 0 and 34
m>/ha (Table S2). In terms of vegetation, both habitat types are covered
by native woody species, dominated by shrub species of Berchemia
polyphylla (BP) and Viburnum chinshanense (VC), and tree species of Citrus
reticulate (CR) and Fraxinus chinensis (FC). These species were found to coex-
ist with contrasting life forms, leaf habits, and rooting depths (see details in
Table 1) and, thus, were targeted for this study.

2.3. Potential water sources supplied for the plants in the environment

Based on ecohydrological evidences from recent studies (Liu et al.,
2019; Cao et al., 2020; Wu et al., 2021) and on direct measurements of
rooting depth from a previous study conducted in the same region (Liu,
2018; see details in Table 1 and Section 4.2), three potential, plant-
available water sources were identified: (1) soil water supplied at two
depths of 0-20 cm (upper soil layer) and 20-40 cm (lower soil layer),
which are separated hydrologically (water content) and isotopically (§'%0
and 82H) into two distinct source pools (see additional details in Sections
3.1 and 3.2); (2) groundwater supplied in two zones of the shallow bedrock,
or epikarst, and deep bedrock, both vadose and phreatic, which differ
hydrologically (in terms of distribution and volume of water) but pool,
isotopically, into a common water source for plant use and are hereinafter
referred to collectively as groundwater; and (3) rainwater supplied in the
uppermost layer of the shallow bedrock, or the upper epikarst, which is
often available as a temporary reserve during the rainy season (see details

Table 1
Main characteristics of the four woody plant species targeted in the study.
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in Supplementary material Fig. S3 and Notes S1 and S2). Through compar-
ing the isotopic signals of stem and source waters (Figs. 4, 5, S1, and S2, de-
scribed in Sections 3.2 and 3.3), which was also validated by the IsotopeR
results (Fig. 6, described in Section 3.4), it was found that the rainwater, re-
sponsible for supporting growing-season transpiration, most likely came
from rainfall and interflow that occurred in September 2017 rather than
from rainfall and interflow that occurred before. Since the rainfall and in-
terflow events that occurred in September had small isotopic variations
and the values were similar to each other, the merged arithmetic mean
was used to represent the “rainwater” signal during the rainy season
(Figs. 4, 5, Sla, and S2a). During the dry season (February 2018), no rain-
fall or interflow occurred above the threshold for plant uptake with all
major rainfall events measuring <5 mm (Fig. 3a), which did not result in
the generation of interflow as well.

2.4. Sampling

Plant and soil sampling was conducted across 15 approximately 70 x
70 m sites with similar altitudes around 430-500 m above sea level (asl)
and slopes between 10 and 30 %. Ten sites were established within the
SDH, and the other five were established within the RDH. Most of the
sites were dominated by two native woody shrub species (BP and VC)
and two native tree species (CR and FC). The stand structures of each site,
including leaf habit, diameter at breast height, and plant size were investi-
gated in June and July 2017 (Table 1). Moreover, the maximum rooting
depth was obtained from previous observations made in 46 pits excavated
in the study area (Liu, 2018), current observations made in roadcuts, and
also inquiries from 13 local professional experienced drillers. More infor-
mation on the maximum rooting depth of each woody species and also on
the number of pits excavated per species per individual is presented in
Table 1.

Three to four individuals, including a minimum of two replicates of
each species, were selected if the target species was present at the sampling
site for stem water and leaf isotopic measurements. All individuals across
the sites were marked for ecophysiological measurements during Septem-
ber 2017 and February 2018 (late rainy and dry seasons, respectively). A
total of 206 individuals (136 from the SDH sites and 70 from the RDH
sites) were sampled during each season (Table 1). The selected individuals
in each study site covered almost the entire surface area of that site. For the
measurements of stem water isotopic signatures, comprising 8'0 and §°H
measurements, three to five sun-exposed suberized twigs were collected
from the canopy of individuals of each target species across the sites during
both seasons. All leaves and bark-like tissues were carefully removed from
the twigs with sterilized razor blades to minimize the risk of back-diffusion
of isotopically enriched water (Ehleringer and Dawson, 1992). Chipped
stems were immediately placed in glass-capped vials, wrapped in parafilm,
and kept frozen to prevent evaporation before isotope analysis could be
conducted. For the measurements of leaf isotopic signatures, comprising
8'3C measurements, at least 10 mature, intact, sunlit, upper canopy leaves
were collected from all the marked individuals of each target species across
the sites during both seasons. All leaves sampled were subsequently dried in
an oven at 70 °C to a constant weight and then were ground to a fine

Species Abbreviation Family Leaf phenology  Nstem water & leaf measurements ~ NSap flow measurements ~ Averageheight (m) ~ Average DBH (cm)  Rooting depth (m)*
SDH RDH SDH RDH SDH RDH
Berchemia polyphylla  BP Rhamnaceae Deciduous Shrub 32 13 10 6 4.43 = 1.15 12.26 + 2.03 3-4 2-6
Viburnum chinshanense ~ VC Adoxaceae  Evergreenshrub 40 22 17 10 5.30 = 1.03 21.49 = 1.64 9-19 13-25
Citrus reticulate CR Rutaceae Evergreen tree 21 12 11 7 4.87 = 1.51 15.12 = 1.25 3-7 5-8
Fraxinus chinensis FC Oleaceae Deciduous tree 43 23 14 12 6.64 = 0.78 27.57 = 1.92 11-28 17-36

Nitem water & leaf measurementss NSap flow measurements» Sampling number for the stem water and leaf, and sap flow measurements, respectively. DBH, diameter at breast height. SDH,
RDH, soil- and rock-dominated habitats, respectively. Species average values + SE are shown.
# The maximum rooting depth was obtained from previous observations made in 46 pits excavated in the study area (Liu, 2018), current observations made in roadcuts,

and also inquiries from 13 local professional experienced drillers.



H.M. Behzad et al.

Science of the Total Environment xxx (xxxx) XXX

Temperature (°C)
)
o

—_
(=2
-

60

— Daily rainfall
— Daily temperature

50

40

- 30

Rainfall (mm)

- 20

10

-0

Soil water content (SWC, %)

—o— Upper soil waterg,,
—B—Lower soil waterg,,
= A= Upper soil water,
-@®- Lower soil water,,

2018

Month

Fig. 3. Variations in (a) daily temperature (°C) and daily rainfall (mm) and (b) monthly soil water content (SWC, %) of various soil layers across the soil- and rock-dominated

habitats (SDH and RDH) over a hydrological year (April 2017-March 2018).

powder for isotope analysis. During each season, two replicated 100-cm gas
samples were collected using 300-mL air bags installed in each of the five
control sites in the study area to measure air CO5 concentration for 8'3c,
determination (see Egs. (5) and (6)). To accurately represent the air of
the upper canopy, air bags were installed at an altitude of approximately
20-35 m higher than the canopy of the control sites.

To measure sap flow for transpiration estimation, 87 out of the 206 pre-
viously marked individuals across the pre-selected sites per habitat (52 and
35 replicated individuals across the SDH and RDH sites, respectively) were
instrumented with thermal dissipation probes, as described by Granier
(1987). The selected individuals covered almost the entire surface area of
the study sites. To avoid direct sunlight, the probes were installed on the
north side of the trunks of each individual at breast height (1.3 m). All
measurements were logged at 15 min intervals throughout the day and
night from April 19 to October 24, 2017, during the rainy growing season,
and from October 25, 2017, to March 27, 2018, during the dry season. To
estimate stand-level transpiration, the obtained sap flow rates were normal-
ized to minimize differences among individuals of each species, as
described by Du et al. (2011). They then were scaled to the species level
based on sapwood basal area for individuals of the same species (see
Egs. (7) and (8)).

For soil sampling, four soil samples were collected using a 5-cm-
diameter hand probe from each site across depths of 0-20 and 20-40 cm,
with n = 2 per depth. The samples were subsequently prepared for soil
water content analysis monthly (April 2017-March 2018) and soil water
isotopic analysis (§'%0 and §°H) seasonally (September 2017 and February
2018). A total of 1080 soil samples (n = 30 and 15 per depth per month
across the sites established in the SDH and RDH, respectively) were gath-
ered to measure the gravimetric soil water content (SWC, %), and 180
soil samples (n = 30 and 15 per depth per season across the sites estab-
lished in the SDH and RDH, respectively) were gathered to measure soil
water isotopic signatures. All collected samples were immediately placed
in glass-capped vials and preserved the same way as the plant samples.
Five control sites established across the SDH were considered (Fig. 2) for
continuous monitoring of soil water content in the two mentioned depth

ranges every 15 min during a hydrological year (April 2017-March 2018)
(Fig. 3b).

The groundwater isotopic signatures (880 and §%H) were collected sea-
sonally from the outlets (n = 2 per outlet per season) of three underground
rivers as well as three epikarst springs in the study area (Fig. 2). All samples
collected (n = 24) were sealed and stored for the isotope analysis in the
same manner as the plant and soil samples.

The rainwater isotopic signatures (8'®0 and 8H) during the rainy sea-
son were obtained from rainfall and interflow that occurred in September
2017. As previously mentioned in Section 2.3, during the dry season
(February 2018), no significant rainfall or interflow occurred that could
be collected and subsequently measured. September rainwater samples
were collected from eight major daily rainfall events using a rain gauge di-
rected to a barrel placed in the five control sites. Following standard proto-
cols (IAEA, 2014), each rainwater collecting barrel was installed in a pit
sheltered from light and equipped with an atmospheric pressure capillary
to minimize the isotopic enrichment effect of evaporation (see Fig. S4).
Simultaneously, interflow water samples were collected 40 cm below the
surface using a small lysimeter directed to a barrel placed in each control
site similar to that used in the rainwater collection system (Fig. S4). Only
five out of the eight major rainfall events during September resulted in
interflow generation. All samples of rainwater (n = 80, including two
replicates per control site) and interflow water (n = 75, including three
replicates per control site) were preserved in the same way as the plant
and soil samples.

The meteorological data, including rainfall and air temperature, was
measured once every 15 min during the hydrological year using a portable
weather station installed in an open place with an altitude of approximately
20-35 m higher than the canopy in the sampling sites (Fig. 2).

2.5. Isotopic analyses
Water was extracted from the soil and plant stem samples through cryo-

genic vacuum distillation (West et al., 2006; Orlowski et al., 2013). Only
samples with a water recovery rate of over 99 % were utilized for isotope
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analysis. Unfractionated water samples were transferred into 2-mL sealed
brown bottles and stored at 4 °C until use. The §'%0 and §2H values of all
stem and source water samples were determined utilizing a liquid water
isotope analyzer (LWIA; DLT-100, LGR Inc.; Wassenaar et al., 2014). Or-
ganic compounds, such as methanol and ethanol, could easily contaminate
the extracted stem water samples, leading to errors in the measured §'0
and 8?H values (West et al., 2010; Millar et al., 2018). To account for this,
the §'0 and §H values from these samples were first examined for possi-
ble spectral interferences utilizing the spectral contamination processing
software (LGR, Inc.; Wu et al., 2016). The isotope data from all stem
water samples were modified using a specific standard curve provided by
Los Gato's engineers (Schultz et al., 2011). All values of 880 and 8%H can
be expressed in delta notation (8) with the unit of permil (%o) as follows:

8 (%0) = (Rsample/Rstu.ndard_ 1) x 1000 (1)

where Rgiandara and Rgampie are the absolute isotope ratios (*®0/°0 and
2H/'H) of the standard reference material (Standard Mean Ocean Water,
SMOW) and the sample, respectively (Gonfiantini, 1978; Ehleringer et al.,
2000). The standard deviation for replicate measurements was reported
to be less than +0.1 %o for 880 and + 0.3 %o for §2H.

An elemental analyzer coupled with an isotope-ratio mass spectrometer
(EA-IRMS, USA) was used to measure the leaf 8'3C value. The standard de-
viation for replicate measurements was reported to be less than 0.1 %o Vi-
enna Pee Dee Belemnite (VPDB) standard.

2.6. Data analysis

A comprehensive Bayesian mixing model (IsotopeR; Hopkins and
Ferguson, 2012) was employed to estimate the relative share of potential
water sources to the total plant water uptake. In this model, like other
mixing models, isotope signatures of §'%0 and 8H are used to determine
the relative share (f) of multiple water sources (1, 2, 3...n) to a mixture of
stem water (m) according to the following mass balance equations
(Schwarcz, 1991):

880 =f, 8;°0 + £, 8,0 + £, 80 + ...+, 8!*0 )
SH=f 8H+f, SH+f8H+... +f, 8H 3)
fitfotfst+. +fi=1 (€]

where f; defines the relative share, and 8180 and 8?H represent the isotope
signatures for each water source. To minimize the uncertainty of the esti-
mates of each source's shares, several sensitivity analyses were conducted
to test the relative effects of (1) sample sizes, (2) the value of inferences
for different sources, (3) the isotopic signature difference among the
sources, (4) isotopic signature standard deviations (SD) in the mixture
and source populations, and (5) analytical SD (SD among replicated sam-
ples). Furthermore, in this model, corrections associated with the isotopic
correlation coefficients for the mixtures and sources were included as
well as the errors associated with measurement for each observation. All es-
timates were reported as an average + 1SD for the individual sources at the
population level. More details about the sensitivity analyses and the uncer-
tainties associated with the model input data have been fully addressed in
previous work (Wu et al., 2021).

Intrinsic water-use efficiency (WUE;) was calculated using species mean
A'3C (photosynthetic *C discrimination) according to a leaf-scale model of
C3 photosynthetic isotope discrimination (Farquhar et al., 1989):

C,(b—4"C)

WUE: = 606 — a)

)

where C, (ppm) is the CO, concentration in the ambient air, a is the *CO,
fractionation due to diffusion through stomata pores (4.4 %o; O'Leary,
1981), and b is the fractionation during carboxylation by the CO,-fixing
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enzyme Rubisco (27 %o; Farquhar and Richards, 1984). C, measured during
September 2017 and February 2018 were 384 and 460 ppm, respectively.
AC was estimated from the '°C/'2C ratio in leaves according to
Farquhar and Richards (1984):

3 3
_ 8%, -38%,
1+ 8Cyio00

ABc 6)

where 8'3C, is the 8'3C value of CO, in ambient air and 813Cp is that of the
plant leaves. 8'3C, measured during September 2017 and February 2018
were — 12.4 and — 11.5 %o, respectively.

Sap flow (SF, gH,0/m? s) per individual per species was estimated ac-
cording to the following equation (Granier, 1987):

SF =119 X [(ATmax — AT)/AT]**! %)

where AT,y is the maximum value of AT logged at the no-transpiration
period when SF was near zero (°C), and AT is the temperature difference
between probes (°C).

Whole-individual daily transpiration (E,, kgH,O/day) per species was
estimated by the following equation (Huang et al., 2011):

SF,, +SF.
E = ;{AS X (%) x 15 x 60}/1000 ®)

where A, (m?) is sapwood area, t; is a time in a day, and the interval be-
tween ¢; and t; ., ; is 15 min;/1000 is the constant for converting g to kg,
and x15 x 60 is the time constant for converting s~ * to day .

Statistical analyses were conducted with IBM SPSS Statistics 25 (IBM
Co., NY, USA). Differences in mean values of SWC of each soil depth and
the 8'80 and 8*H mean values of each source water (upper soil water,
lower soil water, rainwater, and groundwater) were tested by one-way
analysis of variance (ANOVA), followed by Tukey's honestly significant dif-
ference post-hoc test with a = 0.05. One test was run separately for each
parameter as the response (dependent) variable, while sampling locations
and dates were set as the explanatory (independent) variables. Normality
and homogeneity of variance assumptions within each data set were
checked using Shapiro-Wilk's and Levene's tests, respectively. Additionally,
differences in mean values of stem water §'%0 and §°H, leaf §'°C, WUE;, E,,
and proportions of each source water were tested with two-way ANOVA
analyses after checking for data normality and homogeneity of variance as-
sumptions. In these analyses, each parameter was considered as the depen-
dent variable, while sampling sites (SDH and RDH), sampling seasons (dry
and rainy), species, and their interaction were set as the fixed factors.
Highly significant and moderately significant were defined as P < 0.01
and 0.05, respectively. Furthermore, linear regression analysis and the
Pearson's correlation coefficient were used to determine correlations be-
tween groundwater proportion, WUE;, and E; for the species between the
habitats and seasons. In each linear regression analysis performed using
the enter method, physiological parameters and groundwater proportions
were the dependent and independent variables, respectively.

3. Results
3.1. Seasonal distribution of rainfall and soil water

The total rainfall was 1334 mm throughout the study period of April
2017-March 2018. The highest monthly rainfall was 249 mm in September
2017, while the lowest was 10 mm in December 2017 (Fig. 3a). Approxi-
mately 85 % of the total rainfall occurred during the rainy season (April—
October), 19 % of which occurred within the month prior to the first sam-
pling period (late September; Fig. 3a). In contrast, approximately 15 % of
the total rainfall occurred during the dry season (October—February), 1 %
of which occurred within the month before the second sampling period
(early March).
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Soil layers in the SDH contained more SWC than those in the RDH all
year round. The average values of SWC during the hydrological year
2017-2018 were 27 % and 23.9 % for soil layers in the SDH and RDH, re-
spectively (Fig. 3b). Furthermore, lower soil layers had a higher SWC than
upper soil layers in both habitats during the study period (28.7 % vs. 25.4 %
in the SDH and 25.0 % vs. 22.8 % in the RDH; Fig. 3b). This implies that
lower soil layers, compared to upper soil layers, in both habitats could sup-
ply more water in the environment to plants all year round. Peaks of SWC
for both soil layers in both habitats occurred in May, June, and September,
which coincided with the peaks of rainfall during these periods in the re-
gion. Additionally, the most significant decreases in the SWC of the soil
layers in both habitats occurred during July and August, coinciding with
significant rainfall gaps (summer droughts) during these 2 months. As
shown in Fig. 3b, in September (late rainy season) and February (late dry
season), the SWC of both soil layers in both habitats was higher and
lower than their annual average, respectively. Thus, more water supply
from both soil pools was available to plants in September than in February,
mainly because of the significant rain inputs in September.

3.2. Temporal and spatial variations in isotopic (520 and §°H) signals of water
sources

Isotopic signals of rainwater uptake were within the overall range of
rainfall and interflow that occurred in September 2017 (i.e., rainfall and in-
terflow that occurred approximately 1 month before the first sampling pe-
riod, which shown as new (recent) rainwater in Figs. Sla and S2a). These
signals fell on or near the local meteoric water line (LMWL; 8°H = 8.33 x
8'%0 + 19.4 %o), which is defined by Zhou and Li (2017) from the 6-year
880 and 8%H records of rainfall in the same region. Isotopic signals associ-
ated with recent rainwater were also observed and confirmed by direct iso-
topic measurements made through 26 vertical profiles excavated across the
shallow bedrock during June 2022 (mid-rainy season). These measurements
showed that the signals of recent rain inputs during June 2022 were mainly
held in the upper epikarst, and obviously differed from soil water and
groundwater signals (see details in Supplementary material Fig. S3 and
Note S2).

Soil water samples for both soil layers (between depths of 0-20 and
20-40 cm) deviated to the right of the LMWL during both seasons
(Figs. S1 and S2), probably because of evaporative enrichment (Barnes
and Turner, 1998). However, there were significant differences in the isoto-
pic signals of soil water between both soil layers (P < 0.05). During both
seasons and across both habitats, the lower soil layers showed more nega-
tive isotopic values than the upper soil layers, likely resulting from higher
water retention and lower evaporative water losses (Barnes and Turner,
1998). Moreover, significant seasonal differences were observed in the
soil water isotopic signals of both soil layers (P < 0.01). Both soil layers
showed more negative isotopic values during the rainy season than during
the dry season (Figs. S1 and S2). During the rainy season, the §'%0 and §°H
values for most soil water samples from both soil layers across both habitats
fell within the overall ranges of rainwater in August and July 2017
(i.e., rainfall that occurred two to three months before the first sampling pe-
riod, which shown as old rainwater in Figs. S1a and S2a), while were far
from those of groundwater samples. During the dry season, the 8'80 and
82H values of all soil water samples were within the overall ranges of rain-
water in October and November 2017 (i.e., rainfall that occurred four to
five months before the second sampling period), while differed from
those of groundwater samples (Figs. S1b and S2b).

Groundwater (epikarst and phreatic water) samples fell on or close to
the LMWL and within the overall ranges of rainwater in June and July
2017 (three to four months before sampling) during the rainy season
(Figs. S1la and S2a), while they fell far below the LMWL and within the
ranges of rainwater in October and November 2017 (four to five months be-
fore sampling) during the dry season (Figs. S1b and S2b). Overall, these re-
sults suggest that water in soil layers and groundwater pools primarily
originates from (different) old rains rather than recent rains that may be
stored in the upper epikarst.
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3.3. Relationship between §"0 and §°H signals of stem and source water

All four species assessed in both habitats showed significant seasonal
variations in stem water isotopic signals (P < 0.05; Figs. 4, 5, S1, and S2),
which were likely related to the seasonal variations in water availability
of their potential sources. During the rainy season, isotopic signals for all
the species, especially BP and CR species in both habitats, were close to
the soil water and rainwater signals and were far from groundwater signals.
This likely indicates that the species tend to rely more on water supplied
from surface pools than deep pools during the period with high rain inputs
(see next section). In contrast, during the dry season, isotopic signals for all
the species, especially those in the RDH, were significantly close to ground-
water signals than soil water signals. This indicates that the species tend to
rely more on water supplied from deep pools than surface pools during the
period with low rain inputs. Rainwater during the dry season (February
2018) was not sufficient to be measured and, thus, was not used as a poten-
tial water source for plant uptake.

3.4. Temporal and spatial patterns of plant water use

The relative shares of different water sources to the species' stem water
varied significantly seasonally and between habitats (P < 0.05; Figs. 6, S5a—
S12a). During the rainy season, all the species across the SDH relied signif-
icantly on soil water, while those across the RDH relied significantly on rain-
water. Across the SDH, BP and CR species used higher shares of soil water
during the rainy season (63 *+ 15 % and 64 + 18 %, respectively)
compared to VC and FC species (56 + 11 % and 52 * 10 %, respectively).
Interestingly, across the RDH, BP and CR species also used higher shares of
rainwater during the rainy season (64 = 24 % and 56 * 19 %, respectively)
compared to VC and FC species (49 = 14 % and 46 *+ 8 %, respectively). In
contrast, during the dry season, all the species in both habitats, especially
those in the RDH, relied largely on groundwater. Interestingly, VC and FC
species in both habitats used greater shares of groundwater during the dry
season (62 + 8 % and 68 + 9 % in the SDH, and 82 + 9 % and 89 +
5 % in the RDH, respectively) compared to BP and CR species in the corre-
sponding habitats (46 = 7 % and 51 + 8 % in the SDH, and 69 + 13 % and
75 = 15 % in the RDH, respectively).

3.5. Temporal and spatial patterns of 5>C and WUE;

The mean leaf §'3C and WUE; values of all the species varied significantly
seasonally and between habitats (P < 0.05; Figs. 7a,b, S5b — S12b). During
both seasons, all the species in the SDH showed lower §'*C and WUE; values
than the similar species in the RDH. Across both habitats, all the species
showed significantly less §'3C and WUE; values during the rainy season
than during the dry season. During the rainy season, BP and CR species in
both habitats had lower 8'°C and WUE; values (-32.54 and -32.19 %o in
the SDH, and —31.58 and —31.39 %o in the RDH, respectively for §'3C;
62.54 and 66.31 mmol/mol in the SDH, and 72.73 and 74.82 mmol/mol
in the RDH, respectively for WUE;) compared to VC and FC species in the
corresponding habitats (-31.33 and -31.59 %o in the SDH, and -30.88 and
-31.21 %o in the RDH, respectively for §'3C; 75.43 and 72.68 mmol/mol in
the SDH, and 80.23 and 76.74 mmol/mol in the RDH, respectively for
WUE). In contrast, during the dry season, VC and FC species in both habitats
had lower §'3C and WUE; values (-29.71 and -29.91 %o in the SDH, and
-29.14 and -29.47 %o in the RDH, respectively for 8'3C; 99.69 and
97.22 mmol/mol in the SDH, and 106.96 and 102.82 mmol/mol in the
RDH, respectively for WUE;) compared to BP and CR species in the corre-
sponding habitats (-28.72 and -28.95 %o in the SDH, and -28.45 and -28.64
%o in the RDH, respectively for 8'>C; 112.33 and 109.56 mmol/mol in the
SDH, and 115.71 and 113.33 mmol/mol in the RDH, respectively for WUE;).

3.6. Temporal and spatial patterns of E,

The mean daily E, values of all species also varied significantly season-
ally and between habitats (P < 0.05; Figs. 7c, S5¢-S12c). During both
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Fig. 6. Average relative shares (%) of potential water sources to the water within the stems of four woody species growing across the (a) soil-dominated habitat (SDH) and
(b) rock-dominated habitat (RDH) during the rainy and dry seasons (September 2017 and February 2018). A dual isotope approach (8'%0 and §2H) was used to estimate the
shares of water sources. See Table 1 for species abbreviations. See also Supplementary Figs. S5a-S12a for observable differences between individuals of species across habitats
during each season. GW, RW, LSW, and USW are groundwater, rainwater, lower soil water, upper soil water, respectively.

seasons, all four species in the SDH showed higher E; compared to the sim-
ilar species in the RDH. Across both habitats, all species showed higher E,
during the rainy season than during the dry season. During the rainy sea-
son, BP and CR species in both habitats had higher E; (13.11 and 12.42
kgH,0O/day in the SDH, and 11.24 and 10.70 kgH,0/day in the RDH, re-
spectively) compared to VC and FC species in the corresponding habitats
(10.24 and 10.84 kgH,0O/day in the SDH, and 9.35 and 10.02 kgH,O/day
in the RDH, respectively). In contrast, during the dry season, VC and FC spe-
cies in both habitats had higher E, (4.11 and 4.51 kgH,O/day in the SDH,
and 3.05 and 3.54 kgH,0O/day in the RDH, respectively) compared to BP
and CR species in the corresponding habitats (2.24 and 2.65 kgH,0/day
in the SDH, and 1.93 and 2.17 kgH,0O/day in the RDH, respectively).

3.7. Variability of WUE; and E, associated with groundwater use

Linear regression analyses showed that WUE; and E; were positively and
negatively associated with groundwater use for all species across both hab-
itats during the rainy season and vice versa during the dry season (P < 0.01;
Figs. 8, 9). According to Pearson's correlation coefficients between ground-
water proportion, WUE;, and E, (Tables S4 and S5), and considering the
maximum rooting depths (Table 1 and Section 4.2), two different patterns
were observed between species across both habitats in both seasons. BP
and CR species, which were grouped into the shallower-rooted species
(SR species), compared to VC and FC species, which were grouped into
the deeper-rooted species (DR species), showed lower WUE; and higher E,
associated with lower groundwater use in both habitats during the rainy
season and vice versa during the dry season. Conversely, VC and FC species,
compared to BP and CR species, showed higher WUE; and lower E; associ-
ated with higher groundwater use in both habitats during the rainy season
and vice versa during the dry season.

4. Discussion
4.1. Water uptake patterns influenced by seasonal variations in water availability

These findings reveal that the water uptake patterns of all four species
vary significantly between seasons. During the rainy growing season, soil
water and rainwater are the dominant water sources supplied for species
in the SDH and RDH, respectively. During the dry season, groundwater is
the dominant water source supplied for species, albeit with different shares,
in both habitats. This indicates that the main water sources to support the
growth of species come from surface pools, while the main water sources
to maintain their function come from deep pools (Ryel et al., 2008, 2010).
Similar instances of such seasonal shifts between growth and maintenance
pools have been reported for native woody species in the same region (Liu
et al., 2019; Wu et al., 2021) and in other karst regions (Rose et al., 2003;
McCole and Stern, 2007; Nie et al., 2012). These studies have also high-
lighted that such a shift between the pools is due to an insufficient supply
of soil water associated with a significant reduction of rain inputs during
the dry season, which is consistent with the observations reported here.

Findings from this study also show that the water uptake patterns differ
between habitats. Considering the similar climatic, topographical (slope
and altitude), and geological conditions between the sampling sites, the dif-
ferences could be mainly associated with the different pedological condi-
tions between habitats. As previously mentioned (Section 2.2), the PAWS
of soil in the RDH is considerably lower than that in the SDH due to the
very poor soil cover, which largely limits the availability of soil water for
species in the RDH.

This study also highlights that water uptake patterns differ between and
within species. During both seasons and across both habitats, VC and FC
species extracted higher shares of water from groundwater pools and
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Fig. 7. Stand-level variations in the mean values of (a) leaf 8'3C (%), (b) intrinsic water-use efficiency (WUE;, mmol/mol), and (c) transpiration (E;, kgH,0/day) for four
woody species growing across the soil- and rock-dominated habitats (SDH and RDH) during the rainy and dry seasons. See Table 1 for species abbreviations. See also
Supplementary Figs. S5b,c to S12b,c for observable WUE; and E, differences between individuals of each species across habitats during each season.

lower from surface water pools compared to BP and CR species. This sug-
gests a clear ecohydrological niche differentiation between species (Ding
et al., 2021), which could be largely explained by their different rooting
depths and physiological characteristics, as discussed in the next sections.

4.2. Rooting depth and water availability depth

A dimorphic root system could explain the above-mentioned seasonal
shift between the growth and maintenance pools: a system of branched shal-
low and deep roots that play an essential role in depleting shallow- and
deep-water reserves supplied in the environment, respectively (Dawson
and Pate, 1996; Freschet et al., 2022). The presence of such a specialized
root system is confirmed for all four species through the previous observa-
tions made in 46 pits excavated in the study area (Liu, 2018), the current ob-
servations made in roadcuts, and also inquiries from 13 local professional
experienced drillers (Table 1). It was also reported in other field-based stud-
ies for many native karst species worldwide (White et al., 1985; Jackson
et al., 1999; Querejeta et al., 2006; Nie et al., 2012, 2017; Nardini et al.,
2016, 2020; Carriére et al., 2020). Furthermore, the mentioned seasonal
shift also signals which part of the plant's roots might have been active

10

between seasons. According to the IsotopeR results, it was assumed that
the most active part of the roots during the rainy season is the shallow
roots. Conversely, the more active part of the roots during the dry season
is the deep roots. This hypothesis is in line with a field-based study done
by Bleby et al. (2010). These researchers showed that throughout the
drought, the water transport capacity of deep roots at depths of 20 m to
meet the transpiration demand was five times higher than that of shallow
roots at depths of 0-0.5 m, which then decreased significantly with the
onset of rain to reach near zero.

Consistent with the findings of Ding et al. (2021), the most influential
driver for the ecohydrological niche differentiation between species is the
different rooting depths. Based on the field observations from the maxi-
mum rooting depth for each species, VC and FC species have substantially
more developed roots in depth compared to BP and CR species, as the max-
imum rooting depths measured were between 9 and 36 m for VC and FC
species and between 2 and 8 m for BP and CR species (Table 1). Therefore,
combined with previous findings, this indicates that deeper-rooted species
(DR species) tend to have deeper water uptake than shallower-rooted spe-
cies (SR species). This is most likely because DR species, unlike SR species
that only have access to shallow groundwater or epikarst water reserve,
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Fig. 8. Relationship between groundwater proportion (%) and (a, c) intrinsic water-use efficiency (WUE;, mmol/mol), and (b, d) transpiration (E,, kgH,O/day) for four
woody species growing across the soil-dominated habitat (SDH) during the (a, b) rainy (September 2017) and (c, d) dry seasons (February 2018). Berchemia polyphylla
(BP) and Citrus reticulate (CR) were grouped into the shallower-rooted species (SR species), and Viburnum chinshanense (VC) and Fraxinus chinensis (FC) were grouped into

the deeper-rooted species (DR species). Values are presented as the average + SE.

also have access to deep groundwater or vadose and phreatic water reserve.
This is in line with the findings of Jackson et al. (1999). They documented
permanent access to groundwater reserves supplied in the karstified bed-
rock up to a maximum depth of 65 m for some native woody species.

4.3. Ecophysiological trade-offs governing transpiration in response to seasonal
variations in water availability

The findings indicate that all the species across both habitats had lower
8'3C and WUE; and higher E, during the rainy season compared to the dry
season, respectively. This could facilitate and prevent the further loss of
H,0 molecules and the entry of CO, molecules through the leaf stomata
during the rainy and dry seasons, respectively (Klein, 2014; Martinez-

Vilalta and Garcia-Forner, 2017). The former feedback allows species to in-
crease water and carbon demands because it is essential to maintain or in-
crease the rate of photosynthesis and growth during the rainy growing
period (Hubbard et al., 2001; Ainsworth and Rogers, 2007), and the latter
feedback minimizes species demands because it is vital to reduce the
drought stress, maintain functions, and survival during the dry period
(Chaves et al., 2002; Tombesi et al., 2015). This investigation also revealed
that during both seasons, all species in the RDH had higher 8'>C and WUE;
and lower E, compared to the respective species in the SDH, respectively.
This highlights that species in the RDH suffer from higher drought stress
than those in the SDH year-round and, therefore, tend to minimize this
stress and hydraulic risk through strict stomatal regulation (Klein et al.,
2013; Garcia-Forner et al., 2016). These mechanisms typically occur at
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Fig. 9. Relationship between groundwater proportion (%) and (a, c) intrinsic water-use efficiency (WUE;, mmol/mol), and (b, d) transpiration (E,, kgH>O/day) for four
woody species growing across the rock-dominated habitat (RDH) during the (a, b) rainy (September 2017) and (c, d) dry seasons (February 2018). Berchemia polyphylla
(BP) and Citrus reticulate (CR) were grouped into the shallower-rooted species (SR species), and Viburnum chinshanense (VC) and Fraxinus chinensis (FC) were grouped into

the deeper-rooted species (DR species). Values are presented as the average + SE.
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the expense of reduced carbon assimilation and can lead to a reduction in
the rate of photosynthesis as well as the growth rate during the growing pe-
riod (Pefiuelas et al., 2008; Obojes et al., 2018). Behzad et al. (2022) re-
cently revealed that for two dominant drought-tolerant tree species in the
same region, growth rates were significantly negative in response to all
short- and long-term drought events between 1994 and 2011.

Other findings reveal that, for all the species across both habitats, WUE;
and E; were positively and negatively associated with groundwater use
during the rainy season and vice versa during the dry season (Figs. 8, 9).
Therefore, despite the high water demand during the rainy growing season,
species use less groundwater. Conversely, during the dry season and despite
the low water demand, species use groundwater more. The following rea-
sons could explain this behavioral inconsistency of species. Firstly, based
on field observations, the abundance of root tips >1 mm in diameter for
all four species in the surface zone, including the soil zone and soil-
bedrock interface, was significantly higher during the rainy season than
during the dry season. Therefore, this maximizes the species competitive
capacity to collect more water from the surface than from the depth. Sec-
ondly, as Nardini et al. (2020) demonstrated, even if deep roots are suffi-
ciently developed into groundwater pools, the bedrock matrix releases
water into the roots at very slow rates. Therefore, water uptake from the
surface is less time- and energy-consuming than from the depth. Thirdly,
since water uptake is a transpiration-driven process (Ksenzhek and
Volkov, 1998), less transpiration during the dry season could result in the
formation of a lower hydrodynamic gradient, which limits the uptake of
more water from potential pools, especially from groundwater pools
(Bleby et al., 2010; Wu et al., 2021).

It was also revealed that, during the rainy season and across both habi-
tats, DR species with higher groundwater use had higher §'°C and WUE;
and lower E; than SR species with lower groundwater use. This unexpected
relationship is explained by the different distribution of shallow roots be-
tween the species. Field observations showed that the abundance of root
tips >1 mm in diameter at the surface for DR species was significantly
lower than for SR species. This minimizes the species competitive capacity
to collect more water from surface pools as evidenced by the IsotopeR re-
sults. This could, in turn, force DR species to moderate their transpiration
compared to SR species, which limits the formation of a greater hydrody-
namic gradient to take up more water. Therefore, the higher capacity of
species to extract more groundwater during the rainy growing season
does not necessarily contribute to an increase in transpiration rate or a de-
crease in the drought stress level. Consistent with the hypothesis, during the
dry season, DR species, compared to SR species, in both habitats had lower
8'3C and WUFE; and higher E, associated with higher groundwater use. This
allows DR species to make a greater hydrodynamic gradient to extract more
groundwater and contribute to more efficient regulation of the transpira-
tion rates under increased drought stress. These findings align with those
of Carriére et al. (2020) and Ding et al. (2021). They similarly showed
that water uptake depth coordinates with drought stress levels during
drought periods for various species with deep roots in the KCZs.

5. Conclusions

The combination of various techniques in an extensive monitoring
study conducted between two habitat types (SDH and DRH) during the
rainy and dry seasons has provided insights into the water uptake and tran-
spiration relationships of forest woody plants in a KCZ in China. This study
highlights important temporal and spatial shifts in water uptake and tran-
spiration patterns between and within species, which are attributed to:
(1) heterogeneous distribution of water supply in the near-surface associ-
ated with changing rain inputs between seasons; (2) heterogeneous distri-
bution of soil water supply associated with variable thickness of the soil
between habitats; and (3) species-specific physiological behaviors and
also heterogeneous distribution of roots between and within species. This
study also reveals that water uptake and transpiration rates are compara-
tively high when and where plant drought stress is low, and conversely,
they are comparatively low when and where plant drought stress is high.
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Taken together, this study shows to what extent forest woody plants in
the KCZ with different physiological behaviors are flexible against the
drought stresses mentioned here. Because of this flexibility, these plants
manage water uptake strategies to support transpiration according to the
water availability in the environment and develop growth and survival
strategies in such a water-limited ecosystem.
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