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A B S T R A C T   

Transpiration dynamics of karst ecosystems are not conditioned only by the shallow-soil water status, mainly 
because of the presence of deep-water source pools formed within the underlying bedrock if trees can develop 
their deep roots to the pools. However, the strength of these relationships and how as well as why they can vary 
from an area to another and from season to season are poorly understood, due primarily to high heterogeneity of 
karst ecosystems. Therefore, the present study was conducted during 2018–2019 rainy and dry seasons in a 
subtropical (limestone) karst area on southwest China to explore the functional responses to reduced water 
availability of evergreen Ligustrum lucidum (Chinese glossy privet) growing on the shallow soils. Seasonal vari-
ations in the transpiration, water-use patterns, and water sources were investigated for Ligustrum lucidum through 
high-resolution monitoring of the micrometeorology, sap flow, and soil moisture data, in combination with the 
carbon stable isotope composition of the tree leaves, as well as oxygen and hydrogen stable isotope composition 
of the tree stem, soil, and deep water. Our findings showed that high transpiration rates of Ligustrum lucidum were 
mainly associated with the soil moisture during rainy seasons (87% in total) but the low rates were associated 
primarily with the deep-water sources during dry seasons (13% in total). During the rainy season, when plenty of 
water was available to the plant, Ligustrum lucidum tended to obtain water inexpensively through the soil layers 
(on average, 59%) and consumed it profligately through reduction of its water use efficiency (WUEi) (mean WUEi 

rainy-season = 82.6 μmol/mol). In contrast, during the dry season, when limited water was available to the plant 
resulting from the significant reduction in rainfall, Ligustrum lucidum had to obtain the water expensively (albeit 
at a small amount) through deep-water source pools (on average, 62%), and consumed it conservatively through 
increasing its WUEi (mean WUEi rainy-season = 108.6 μmol/mol). Our findings can provide the insights into 
temporal transpiration dynamics as well as the strategies and mechanisms adopted by the plants to counteract 
the seasonal drought stress associated with the shallow soils in karst ecosystems.   

1. Introduction 

Karst landforms are a major natural landscape, covering an area of 
over 22 million km2 worldwide (Ford and Williams, 2007). A unique 
karst (limestone) landscape can be found in Southwest China, with an 
area of approximately 500,000 km2 (Yuan, 1994). This area is highly 
heterogeneous, with non-continuous shallow soil (average depth of less 
than 50 cm) from the underlying limestone (Rong et al., 2011; Liu et al., 
2019). Additionally, shallow soils are often underlain by fractured 
bedrock, resulting in a high percolation capacity and low water-hol-
ding capacity in the soil layers (Rong et al., 2011; Jiang et al., 2014; Yan 

et al., 2019). Although this humid subtropical monsoon region receives 
an average annual rainfall of over 1000 mm, it experiences an annual 
four- or five-month drought often between November and March (Nie 
et al., 2012). These conditions may individually lead to drought (water) 
stress that can limit the survival, growth and distribution of karst 
vegetation species, particularly during prolonged drought periods 
(White et al., 1985; Jackson, et al., 1999; McCole and Stern, 2007; 
Querejeta et al., 2007; Hasselquist et al., 2010; Rong et al., 2011; 
Heilman et al., 2014; Nie et al., 2011, 2014; Cao et al., 2020). 

Transpiration is a critical physiological mechanism involved in water 
conservation strategies, which allows for plant growth and survival 
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(Nobel, 2005; Muñoz-Villers et al., 2018). Thus, investigating the tran-
spiration process under the conditions of water deficiency will provide 
necessary information on the responses of the plant to variations in the 
atmospheric and soil moisture conditions (Greco and Baldocchi, 1996; 
Oren and Pataki, 2001). The way through which the plants increase, 
maintain, or decrease transpiration all-year-round is different in karst 
areas than the non-karst areas, and usually depends on two key factors: 
rooting depth and water availability in the lower root zone of the trees. 
In the non-karst areas, where the soil layers can be thick, roots can easily 
grow in the soil because of the sufficient water strongly influencing the 
plant transpiration (Alarcón et al., 2000; Oren and Pataki, 2001). 
However, in karst areas, despite the thin soil layer with limited water 
storage, many endemic trees have been found to be relatively insensitive 
to the upper-soil drought conditions due to the ability to have access to 
the water from deeper sources (Jackson et al., 2000; Querejeta et al., 
2007; Schwinning, 2010; Huang et al., 2011; Estrada-Medina et al., 
2013; Carrière et al., 2020). For example, Pockman et al. (2008) found 
that during the prolonged drought, plants can take up to 60% of total 
daily transpiration through their deep roots from the bedrock fissure 
under the karst of the Edwards Plateau, Texas, US. Additionally, Huang 
et al. (2009) demonstrated that in a karst landscape vegetated by 
Cyclobalanopsis glauca transpiration was high, which the highest 
contribution of water source was from epikarst during the dry season. In 
addition to the mechanism of deep root development mentioned above, 
there are several other mechanisms and strategies that can influence the 
plant transpiration including the increase in intrinsic water use effi-
ciency (WUEi) (Moreno-Gutiérrez et al., 2012; Olano et al., 2014; Cao 
et al., 2020), formation of the leaves with thicker cuticles or waxy layers 
and well-developed epidermal hairs (Barbeta & Peñuelas, 2016), 
decreasing the stomatal conductance and photosynthetic rates (Moreno- 
Gutiérrez et al., 2012; Martínez-Vilalta et al., 2014; Rumman et al., 
2017), or even reducing the growth rate (Olano et al., 2014). However, 
the nature of transpiration dynamics, transpired water sources, and 
water-use strategies for trees in the karst ecosystems may vary from an 
area to another as well as from season to season primarily due to high 
heterogeneity of karst ecosystems. 

To date, several techniques have been employed to explore the 
mechanisms and strategies adopted by plants. A large number of studies 
have used plant WUE—the ratio of carbon assimilated to water tran-
spired by plant—inferred from δ13C signatures (i.e., the ratio of 13C 
to 12C) of plant leaves and other materials to analyze plant performance 
under different water stress conditions (Querejeta et al., 2006; Cernusak 
et al., 2013; Nie et al., 2014; Esmaeilpour et al., 2016; Rumman et al., 
2017; Cao et al., 2020; Ding et al., 2020). At the leaf scale, WUEi—the 
ratio of net assimilation to stomatal conductance—was included to 
identify photosynthetic properties independent of (or at a common) 
evaporative demand (Osmond et al., 1980). A simplified linear model 
(Farquhar et al., 1982) was often used to estimate the leaf-scale WUEi, to 
the value of which it is negatively correlated with photosynthetic 13C 
discrimination (Δ) and positively with Ci/Ca (i.e., the ratio of intercel-
lular to ambient CO2 partial pressures). Besides, this linear model could 
be explicitly linked the performance of plant WUE with water avail-
ability in C3 plants (Craven et al. 2013), whereby their high WUE are 
reflected in less negative δ13C and low Ci/Ca and vice versa (Farquhar & 
Richards, 1984; Dawson et al., 2002; Seibt et al., 2008). Therefore, WUEi 
derived from stable carbon isotope ratios (δ13C) of plant tissues is 
frequently used as indicator of long-term trends in the internal regula-
tion of carbon uptake and water loss of plants (Chaves et al., 2004; Seibt 
et al., 2008; Leonardi et al., 2012; Hu et al., 2019). On the other hand, 
analyses of stable oxygen (δ18O) and hydrogen (δ2H) isotope ratios 
determine potential water sources used by plants (White et al., 1985; 
Ehleringer and Dawson, 1992; Ogle et al., 2014; Barbeta et al., 2015; 
Evaristo et al., 2016, 2017; Liu et al., 2019). It has been assumed that no 
isotopic fractionation occurs when water enters the roots and therefore, 
helps estimating the mixing ratio of xylem water from different water 
sources (White et al., 1985; Ehleringer & Dawson, 1992; Dawson et al., 

2002; McDonnell, 2014; Evaristo et al., 2017; Carrière et al., 2020). 
Various mixing models based on dual isotope ratio approach have been 
developed for the apportioning of water sources used by plant, including 
linear mixing models (e.g., IsoSource, Phillips & Gregg, 2003) and 
Bayesian mixing model (e.g., MixSIAR, Stock & Semmens, 2013; Mix-
SIR, Moore & Semmens, 2008; and SIAR, Parnell et al., 2010; and 
IsotopeR, Hopkins & Ferguson, 2012). These multisource mixing models 
have been efficacious for the apportioning of plant water sources in 
complex natural ecosystems such as karst ecosystems where there are 
often more than two water sources for plant use (McCole & Stern, 2007; 
Rong et al., 2011; Nie et al., 2012; Liu et al., 2019). However, a number 
of factors are at play to decide which stable isotope mixing model 
(SIMM) to apply including mixtures and sources (assemblages of single 
or multiple populations), sample sizes, researcher’s intended level of 
inference (e.g., individual- or population-level), and users’ familiarity 
with a particular framework to develop more efficient approaches for 
statistical analysis. For example, IsotopeR’s user interface (in R) pro-
vides researchers with a user-friendly tool for SIMM analysis, and can 
incorporate all substantial SIMM features (i.e., components of the model 
expressed in mathematical terms) using a fully Bayesian approach to 
more accurately infer relative contributions for sources (Hopkins & 
Ferguson, 2012). This model also allows a user to make statistical 
inference on each individual in the population, even when there may 
be only one observation for each individual. Additionally, the model 
structure allows for incorporating replicated observations of the same 
individual in the analysis process, resulting in less influence from the 
population-level and more accurate individual-level estimates. There-
fore, the model has a hierarchical structure as its point estimates is 
contingent on the group or population’s distribution (Hopkins & Fer-
guson, 2012). Notably, like other SIMMs, this model adopts the same 
basic methodology for identifying plant water source apportionment. 
For example, a duel isotope (e.g., δ18O and δ2H), multiple-endmember 
linear mixing model can be formulated for estimating the relative 
contribution (f) of multiple water sources (1, 2, 3…n) to a mixture of 
stem water (m) based on the following mass balance equations 
(Schwarcz, 1991): 

δ18
m O = f1δ18

1 O+ f2δ18
2 O+ f3δ18

3 O+…fnδ18
n O (1)  

δ2
mH = f1δ2

1H+ f2δ2
2H+ f3δ2

3H +…fnδ2
nH (2)  

f1 + f2 + f3 +…+ + fn = 1 (3)  

where, fi is the relative source contributions to a mixture (m), and δm,i
18 O 

and δm,i
2 H are the isotope signatures for mixtures and sources, 

respectively. 
Quantifying stand-scale transpiration via monitoring the sap flow of 

a single tree in a field has been another technique of interest in plant 
water-use research for the past two decades (Wilson et al., 2001; 
Kumagai et al., 2007; Du et al., 2011; Chang et al., 2014; Miyazawa 
et al., 2014; Liu et al., 2018; Han et al., 2019). The sap flow measure-
ments, which is not restricted by the spatio-temporal variability (Link 
et al., 2014), allows us to determine the total quantity of water tran-
spired by tree species on a daily basis, as well as to characterize the 
ecological and physiological mechanisms that tree species use to cope 
with limited availability of soil water (Pataki et al., 2000; Du et al., 
2011; Huang et al., 2011; Berry et al., 2017). Although the combined use 
of these techniques is strongly emphasized in exploring the mechanisms 
and strategies that tree species use to adapt and survive in environments 
with various water stresses, it has not always been possible due to rising 
costs of sampling and analysis. 

The present study was conducted during 2018–2019 rainy and dry 
seasons in a subtropical (limestone) karst area on southwest China to 
explore transpiration responses and water-use strategies of a dominant 
woody plant species (evergreen Ligustrum lucidum)—growing in a 
habitat with the typical shallow soils—using sap flow transpiration data, 
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leaf δ13C, and xylem (i.e., plant stem) and source water δ2H and δ18O. 
This study aimed to achieve the following: (1) quantifying the amount of 
water transpired by the plant during different seasons; (2) revealing the 
nature of potential water sources providing the water needed for plant 
transpiration during different seasons; (3) determining the contributions 
and seasonal patterns of different potential water sources used by the 
plant; and (4) determining the plant WUEi and its seasonal patterns. 

2. Materials and methods 

2.1. Study site 

The Longfeng karst trough valley (106◦25′22′′-106◦28′06′′ E, 
29◦45′35′′-29◦49′02′′ N), belonging to the northern part of the Zhon-
gliang Mountain located in the Guanyinxia anticline, Chongqing, 
Southwest China (Fig. 1a, 1b), was chosen as the site of this study. The 
altitude of the Longfeng karst trough valley ranges from 480 to 640 m, 
and it covers an area of 11.7 km2 with three ridges and two valleys. The 
limestone and dolomite components of the Lower Triassic Feixianguan 
Formation (T1f) and Middle Triassic Leikoupo Formation (T2l) formed 
the karst trough valleys, and the erosion-resistant sandstone and shale 
components of T1f and the Upper Triassic Xujiahe Formation (T3xj) 
formed the ridges (Fig. 1b). A dense network of open fractures has been 
developed in the limestone bedrock of the karst trough valleys, 
providing the basic conditions for the development of karst forms, such 
as fissures, sinkholes, karst pits, and underground rivers. Rainwater and 
surface water are quickly discharged into karst aquifers through fissures, 
sinkholes, or karst pits, and eventually into underground rivers, which 
can limit the storage of available water for plants in shallow zones. 

The Longfeng Valley is affected by a humid subtropical monsoon 
climate, with an annual mean air temperature of 18.2 ◦C and precipi-
tation of 1104 mm. Approximately, 75–85% of the annual precipitation 

occurs during the rainy season from April to October. The soil in the 
study site is thin with a depth of 10–50 cm. The soil types are mainly clay 
and silt which have covered most highly fractured bedrock outcrops. 
The forest land is the main land use, and its vegetation is mostly ever-
green woody plant species, Ligustrum lucidum (also known as Chinese 
glossy privet), Cinnamomum camphora, Robinia pseudoacacia, and Celtis 
sinensis. Most trees are over 20 years of age. Detailed information 
regarding the study area was presented in Liu et al. (2019). 

Fig. 1(a) Geographic location of the study area; (b) Hydrological 
geology, and sampling points in the study area; (c) Ligustrum lucidum; (d) 
Sap flow measurement. 

2.2. Measurement of microclimatic parameters 

Various climatic parameters including precipitation (P), air tem-
perature (T), relative humidity (RH), and solar radiation (Rs) were 
recorded at a frequency of once every 15 min throughout each sampling 
season (July, November 2018, February, and April 2019) by an auto-
matic microclimatic station (Campbell Scientific, Inc., Logan, UT, USA). 
This station was installed in an open place within the study site with a 
distance of 250–2500 m away from the sampling plots (Fig. 1b) and an 
elevation of 5–25 m higher than the canopy. The accuracies of climate 
parameters were ±0.1 mm, 0.1 ◦C, 1%, and 0.1 MJm− 2 for P, T, RH, and 
Rs, respectively. Meanwhile, the vapor pressure deficit (VPD, kPa) was 
calculated using T and RH per hour according to the following formula 
(Yang et al., 2015): 

VPD = 0.611 × Exp(
17.502 × T
T + 24.97

) × (1 − RH) (4)  

2.3. Measurement of sap flow 

Sap flux density was determined based on the thermal diffusion 

Fig. 1. (a) Geographic location of the study area; (b) Hydrological geology, and sampling points in the study area; (c) Ligustrum lucidum; (d) Sap flow measurement.  
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principle (Cohen et al., 1981; Burgess et al., 2001). For this, two repli-
cate woody species of Ligustrum lucidum selected in the investigation plot 
1 (Fig. 1b, c) were instrumented with thermal dissipation probes (Eco-
matik, Germany)—installed on the north-facing side of plant stem 
(avoiding direct sunlight) at a height of 1.3 m with the distance of 10 cm 
between them (Fig. 1d). Measurements were performed every 30 s, and 
recorded as 15 averages, for 20 days from 5th to 25th day during each 
sampling season (July, November 2018, February, and April 2019). The 
measured DBH and sapwood area (mean ± 1 SD) were 13.1 ± 1.8 cm and 
86.3 ± 19.4 cm2, respectively. The instantaneous temperature difference 
between the probes was converted into a voltage value recorded by a 
data logger (DL2e, Delta-T Devices, UK). Sap flux density (SFD) of Lig-
ustrum lucidum in the investigation plot was calculated according to the 
following formula (Granier, 1987): 

SFD = 119 × [(ΔTmax − ΔT)/ΔT ]
1.231 (5)  

where SFD was sap flux density (gH2Om− 2 s− 1), ΔT was the temperature 
difference between the two probes (◦C), and ΔTmax was the maximum 
value of ΔT recorded at the no-transpiration period when SFD was near 
zero (◦C). To determine whole-tree transpiration, the obtained SFD data 
were normalized to minimize differences among replicated trees as 
described by Du et al. (2011). 

Whole-tree daily transpiration (Et, kgH2Oday− 1) can be calculated by 
the equation: 

Et =
∑

t

[

As ×

(
SFDti + SFDti+1

2

)

× 15 × 60
]/

1000 (6)  

where As (m2) is sapwood area, ti is a time in a day, and the interval 
between ti and ti+1 is 15 min; ×15 × 60 is time constant for s− 1 converts 
to day− 1, /1000 is the constant for g converts to kg. 

2.4. Plant tissue, soil, air, and water sample collection 

Six 0.01 ha (10 × 10 m) plots that would cover almost the entire 
(spatial heterogeneity) study site were randomly established for plant 
and soil sampling (Fig. 1b). In each plot, a healthy mature woody species 
of Ligustrum lucidum (similar in diameter to the other selected trees) was 
selected for sampling in all seasons (July, November 2018, February, 
and April 2019). In each season, seven to ten leaves of each tree were 
collected using a pole pruner with no orientation when collecting them. 
Measurements were made using mature, intact, sunlit, upper canopy 
leaves. Then, all samples were dried in an oven at 70 ◦C for 3 days, 
frozen in liquid N2 and ground to a powder (pass through a 100-mesh 
screen) for the δ13C determination. Additionally, within each season, a 
100-cm gas sample was collected using an air bag (300 mL) at the 
elevation (5–25 m) higher than that of all the sampling plots at the same 
meteorological station position—representing the air of the upper can-
opy—to measure the air CO2 concentration for δ13Ca determination (see 
Eqs. (7) and (8)). Moreover, three to five suberized branches of each tree 
were obtained from the canopy—branches were chipped in the field and 
immediately placed in a capped vial and wrapped in parafilm to mini-
mize the effect of evaporative enrichment by water loss through unsu-
berized stems until extraction (Ehleringer & Dawson, 1992)—to analyze 
the δ2H and δ18O. 

At each plot, three spots were randomly chosen for soil sampling. Soil 
samples were collected with a soil auger from depths of 0–20 and 20–40 
cm (n = 2 per soil layer) at each sampling season. All collected samples 
were immediately stored in the glass capped bottles, wrapped with 
parafilm to prevent the evaporation, and were kept frozen in a refrig-
erator until the δ2H and δ18O analysis. On the other hand, previous 
studies have shown (Liu et al., 2019; Cao et al., 2020) that the general 
trends in soil moisture (at depths of 0–20 and 0–40 cm) in multiple spots 
of the study site during different seasons were almost similar and there 
was no significant difference between sampling spots (P > 0.05). 

Therefore, we selected only one out of six sampling plots for a high- 
precision monitoring of soil moisture content (SMC, %). For this, two 
sensors (AV-EC5) were placed at the depth of 0–20 (SMC0-20) and 20–40 
cm soil (SMC20-40) with the accuracy of ± 0.1%, and their SMC were 
continuously monitored by the RR-1016 data collector (Beijing Yugen 
Technology Co., Ltd., China) with a frequency of once every 15 min 
throughout each sampling season. 

At each sampling season, a total of six deep-water (i.e., epikarst 
water and groundwater) samples were regularly gathered from the 
outlets of one epikarst spring (n = 2) and two underground rivers (n = 4) 
in the study site (Fig. 1b) for the δ18O and δ2H determination. All water 
samples collected were sealed and stored in the same manner as the 
plant (branches) and soil samples. All plant, soil, air, and water mea-
surements were replicated with an interval of approximately 10–15 days 
within each season. 

2.5. Isotopic analyses 

Water was extracted from the Ligustrum lucidum (branches) stem and 
soil samples using a cryogenic vacuum distillation system (Ehleringer 
et al., 2000; Orlowski et al., 2013) (LI-2100, LICA, Beijing, China, 
extraction efficiency > 99%), transferred into 2-mL sealed brown bot-
tles, and stored at 4 ◦C before conducting the δ2H and δ18O analyses. The 
δ2H and δ18O values were measured using a liquid water isotope 
analyzer (LWIA; GLA431-TLWIA (912–0050); Los Gatos Research, USA) 
at the National Monitoring Base for Purple Soil Fertility and Fertilizer 
Efficiency, Chongqing, China. To avoid errors of isotope ratios induced 
by organic compounds (Millar et al., 2018; West et al., 2010), the 
Spectral Contamination Identifier (LWIA-SCI) post-processing software 
(Los Gatos Research, Inc.) was employed to examine whether there was 
spectral interference in the isotope data from the extracted plant stem 
water, and corrected using the standard curves created by the Los Gatos 
Research engineers (Schultz et al., 2011). The δ2H-H2O and δ18O-H2O 
values were expressed as the per mil (‰) deviation from the Vienna 
Standard Mean Ocean Water (VSMOW, accuracy for δ2H and δ18O: 
±0.5‰ and ±0.2‰, respectively). 

The δ13C values of the leaves and air were determined through an 
elemental analyzer coupled to an isotope-ratio mass spectrometer (EA- 
IRMS, USA) at the State Key Laboratory of Environmental Geochemistry, 
Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, 
China. The δ13C values were expressed as the delta-notation per mil (‰) 
deviation from the standard Vienna Pee Dee Belemnite (V-PDB, accu-
racy: ±0.2‰). 

2.6. Data analysis 

The δ2H and δ18O values of xylem water can provide information on 
the water sources of plants (Jackson et al., 1999). Both epikarst spring 
and the underground river were considered as a deep-water source, 
because their water samples exhibited similar isotopic compositions and 
could be distinguished from other water sources, i.e., soil water from 
upper lower soil layers. We applied IsotopeR as a comprehensive 
Bayesian mixing model to calculate relative contribution of each water 
source to the stem water of the woody plant (the basic terms and for-
mulas and prior distributions of the model with comparative analysis are 
presented by Hopkins & Ferguson, 2012). We first carried out several 
sensitivity analyses using the isotopic signatures (i.e., δ18O and δ2H) of 
mixture and source population to test the relative impact of (1) sample 
size, (2) isotopic signature standard deviations (SD) in the mixture and 
source populations, (3) the isotopic signature difference between the 
sources, (4) analytical SD (i.e., SD among replicated samples), and (5) 
the value of inferences for different sources so as to find situations where 
the uncertainty of source proportion estimates could be minimized (see 
e.g., Phillips & Gregg, 2001). Accordingly, we found that the population 
had a major effect on individual source estimates, so that increasing the 
sample size—especially when replicated measurements of the same 
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individual were included—significantly reduced the proportion vari-
ability (SD) and improved the inferences. Therefore, we extended our 
model with a shared individual variance across populations. It should be 
added that each individual had a unique mean and variance for each 
isotopic signature, which were assumed to follow independent normal 
distributions (Semmens et al., 2009). Besides, it was necessary to 
calculate an isotopic correlation coefficient for the mixtures and the 
sources to accurately estimate proportional source contributions, 
because the δ18O and δ2H signatures in individual plant and soil water 
compartments are often highly correlated (Phillips & Gregg, 2001). 
Therefore, we calculated these values using Bayesian methods to correct 
the variance estimates for all the sources and then incorporated those as 
terms in the covariance matrix. In addition to including these correc-
tions, we accounted for the error associated with measurement and 
incorporated it to each observation in our model. However, we did not 
include a residual error term (to account for the uncertainty otherwise 
unaccounted for in the mixture and source populations) in our estima-
tion process as the correlation in the mixture population was accounted 
for by the correlation in the sources (see e.g., Hopkins & Ferguson, 
2012). Following Semmens et al. (2009), a Gibbs sampler (a Markov 
chain Monte Carlo algorithm) was applied to perform the model, with 
random effects to allow for individual variation within populations, 
using 3 parallel chains in JAGS. In the end, we reported our estimates as 
average (±1SD) for the individual sources at the population level 
(Fig. 4a). 

Photosynthetic 13C discrimination (Δ13C) was calculated from the 
13C/12C ratio in leaves according to Farquhar and Richards (1984): 

Δ13C =
δ13Ca − δ13Cp

1 + δ13Cp/1000
(7)  

where δ13Ca and δ13Cp were the δ13C values of CO2 in ambient air 
(assumed to be − 8‰; Seibt et al., 2008) and plant leaves, respectively. 

Intrinsic water use efficiency (WUEi) was estimated using the species 
mean Δ13C according to a leaf-scale model of C3 photosynthetic isotope 
discrimination (Farquhar et al., 1989): 

WUEi =
Ca(b − Δ13C)

1.6(b − a)
(8) 

Ca was the CO2 concentration in the ambient air, a was the 13CO2 
fractionation as a result of diffusion through stomata pores (4.4‰; 
O’Leary, 1981), and b was the fractionation during carboxylation by the 
CO2-fixing enzyme Rubisco (27‰; Farquhar & Richards, 1984). 
Notably, this simplified linear model can also implicitly account for 
internal CO2 transfer (Seibt et al., 2008), which often leads to the 
overestimation of Δ13C (and thus underprediction of WUEi), and this 
deviation is augmented with assimilation rate especially in plant growth 
period when there is a high rate of assimilation and photosynthesis 
(Farquhar et al., 1989). Therefore, we did take into account possible 
uncertainty associated with it, although our main focus was not to es-
timate the actual value of WUEi. 

Fitting of the model according to multiple linear regression and other 
statistical analyses were conducted using IBM SPSS Statistics 25 (IBM 
Co., NY, USA). It should be added that all variables in the regression 
analysis were standardized using a Enter method and standardized co-
efficients were interpreted. 

3. Results 

3.1. Seasonal variations in precipitation and air temperature 

The total precipitation throughout the study period (July 2018–April 
2019) was 823.6 mm, about 84% (692.1 mm) of which occurred be-
tween July and October 2018, and April 2019 (i.e., the rainy season) 
with the highest monthly precipitation amount occurring in July (199 
mm). Most precipitation events during this period were relatively 

intense and frequent, which would result in lower stress for plant water 
uptake. Approximately, 16% of precipitation (131.5 mm) occurred be-
tween November 2018 and March 2019 (dry season), with the lowest 
monthly precipitation amount occurring in February 2019 (3.9 mm; 
Fig. 2a). Most precipitation events during this five-month period were 
less intense with lower frequency, which may increase the water stress 
on plants, driving them to obtain water from different sources (Cao 
et al., 2020). 

The monthly average estimated mean, minimum, and maximum 
temperatures throughout the study period were 19.5, 7.1, and 36.6 ◦C, 
respectively. The highest and lowest monthly average daily tempera-
tures recorded were 32.3 and 11.1 ◦C in July 2018 and February 2019, 
respectively (Fig. 2a). 

3.2. Seasonal variations in soil moisture content 

As shown in Fig. 2b, there were significant differences in the soil 
moisture content (SMC) of the upper and lower soil layers (P < 0.05), 
with average values of 23.4 and 28.5%, throughout the study period 
(July 2018–April 2019), respectively, indicating that in the lower soil 
layer there was always—during the different seasons—more moisture 
content for plant uptake. In addition, there were significant temporal 
changes in the SMC of both soil layers that were consistent with the 
seasonal variations in precipitation. The average SMC of the upper and 
lower soil layers were 32.3 and 26.1% during the rainy season, and 24.7 
and 20.7% during the dry season, respectively. This indicates a signifi-
cant reduction in the SMC of the soil layers due to the remarkable 
reduction in rainfall, which could cause severe stress in plants when 
taking up water from the soil layers. 

Fig. 2 Daily variations in (a) precipitation (P; mm), air temperature 
(T; ◦C); (b) soil moisture content (%) at depths of 0–20 cm (SMC0-20) and 
20–40 cm (SMC20-40); (c) vapor pressure deficit (VPD) and net radiation 
(Rs; MJm− 2); and (d) tree transpiration (Et; kgH2Oday− 1). Data of Et was 
average of two replicate tree species of Ligustrum lucidum. 

3.3. Seasonal variations of transpiration (Et) 

The Et results indicated that there were significant seasonal varia-
tions in the plant water uptake (P < 0.05; Fig. 2d). The average daily Et 
of Ligustrum lucidum in July and November 2018, and February and April 
2019 were 15.5 (varying from 5.2 to 22.9 kg H2O day− 1), 1.6 (varying 
from 0.7 to 3.2 kg H2O day− 1), 1.8 (varying from 0.9 to 3.8 kg H2O 
day− 1), and 6.8 kgH2Oday− 1 (varying from 1.9 to 10 kg H2O day− 1), 
respectively. Accordingly, the average proportions of plant water uptake 
occurring in July and November 2018, and February and April 2019 
were 60, 6, 7, and 27%, respectively. These results indicated that the 
amount of plant water uptake during the rainy (growing) season 
(especially in July 2018) was significantly higher than that during the 
dry season. Based on the standard multiple linear regression models 
presented below, both the rainy and dry seasons, the variations in Et 
were affected by six environmental factors including air temperature 
(T), VPD, Rs, precipitation (P), upper soil moisture (SMC0-20), lower soil 
moisture (SMC20-40): 

Et = 0.78T − 0.13P+ 0.09Rs + 0.80VPD+ 0.06SMC0− 20

+ 0.38SMC20− 40 (Rainy season;R2 = 0.82,P < 0.001)
(9)  

Et = − 0.14T + 0.09P+ 0.37Rs + 0.82VPD+ 0.04SMC0− 20

− 0.05SMC20− 40 (Dry season;R2 = 0.83,P < 0.001)
(10) 

According to our results, during the rainy season, the contribution of 
each explanatory variable to the Et was highly statistically significant 
(Eq. (9); t-test, P < 0.05, Table 1), so that Et was affected more by VPD, T, 
and SMC20-40, respectively (Eq. (9); P < 0.001). In contrast, none of them 
significantly affected Et during the dry season (Eq. (10); P > 0.1), 
excluding Rs and VPD (Eq. (10); P = 0.022 and P < 0.001, respectively). 

Z. Wu et al.                                                                                                                                                                                                                                      



Journal of Hydrology 597 (2021) 126199

6

Remarkably, the sensitivity of Et to soil moisture in both soil layers, as 
the potential source water of plant, was significant only during the rainy 
(Eq. (9); P < 0.05). 

3.4. Seasonal variations of stable isotopes (δ2H and δ18O) and water 
sources 

The δ2H and δ18O values of the xylem water samples were signifi-
cantly more positive during the dry season (November 2018 and 
February 2019) than those during the rainy season (July 2018 and April 
2019; Fig. 3a, b; Table 2). The δ2H values of the xylem water samples in 
July and November 2018, and February and April 2019 were − 69.8, 
− 47.4, − 45.2, and − 52.8‰, respectively (Table 2), with an average 
value of − 53.8‰, and their δ18O values were − 9.8, − 7.5, − 8.2, and 
− 8.4‰, respectively, with an average value of − 8.5‰. The isotopic 
values (δ2H and δ18O) of the soil water varied seasonally and with soil 

depth at the study area, and the δ2H and δ18O values of the soil water 
samples from both soil layers were more positive during the dry season 
(November 2018 and February 2019) than those during the rainy season 
(July 2018 and April 2019) (Fig. 3a, 3b; Table 2). 

However, the δ2H and δ18O values of soil water samples for the upper 
soil layer were more positive than those of the lower soil layer. The δ2H 
values of the soil water samples of the upper soil layer in July and 
November 2018, and February and April 2019 were − 77.4, − 46.9, 
− 40.4, and − 53.3‰ respectively (Table 2), with an average value equal 
of − 54.5‰, and their δ18O values were − 9.3, − 7.4, − 7.3, and − 9.0‰ 
respectively (Table 2), with an average value equal of − 8.2‰. In 
contrast, the δ2H values for the soil water samples from the lower soil 
layer in July and November 2018, and February and April 2019 were - 
80.1, − 52.2, − 48.6, and − 64.5‰, respectively, with an average value of 
− 61.4‰, and the δ18O values were − 10.7, − 8.1, − 8.5, and − 10.4‰ 
respectively, with an average value equal of − 9.4‰. The δ2H and δ18O 
values of deep-water (epikarst water and groundwater) samples during 
the rainy season were close to those during the dry season and varied 
less than those of the soil water samples. The δ2H values of the deep- 
water samples in July and November 2018, and February and April 
2019, were -53.0, − 45.3, − 44.8, and − 43.6‰, respectively (Table 2), 
with an average value equal of − 46.7‰, and their δ18O values were 
− 8.8, − 7.3, − 8.3, and − 6.9‰, respectively (Table 2), with an average 
value equal of − 7.8‰. These small variations in the δ2H and δ18O values 
of the deep water during the study period agreed with the results re-
ported in other studies (Perrin et al., 2003; McCole and Stern, 2007; Nie 
et al., 2012). 

Fig. 3 Temporal variations in the values of (a) δ2H and (b) δ18O in 
plant xylem, upper soil, lower soil, and deep-water samples, and (c) 
plant leaf δ13C during different seasons (2018–2019). All data were 
presented as average ± 1SD of replicates. 

The IsotopeR mixing model was used to determine the proportions of 
various water sources used by Ligustrum lucidum. According to the 
IsotopeR outputs, there were significant seasonal variations in the 

Fig. 2. Daily variations in (a) precipitation (P; mm), air temperature (T; ◦C); (b) soil moisture content (%) at depths of 0–20 cm (SMC0-20) and 20–40 cm (SMC20-40); 
(c) vapor pressure deficit (VPD) and net radiation (Rs; MJm− 2); and (d) tree transpiration (Et; kgH2Oday− 1). Data of Et was average of two replicate tree species of 
Ligustrum lucidum. 

Table 1 
Statistically significant comparison (using t-test) between daily transpiration 
(Et) of Ligustrum lucidum and influential environmental factors during the rainy 
and dry seasons of 2018–2019.   

Rainy season Dry season 

Environmental factors t sig t sig 

T  5.434  <0.001 − 1.667  0.105 
P  − 2.067  0.002 0.904  0.372 
Rs  1.994  0.007 2.413  0.022 
VPD  6.625  <0.001 7.763  <0.001 
SMC0-20  1.201  0.044 0.170  0.484 
SMC20-40  3.480  <0.001 − 0.265  0.460 

T: air temperature (◦C), P: precipitation (mm), Rs: net radiation (MJm− 2), VPD: 
vapor pressure deficit (kPa), SMC0-20; 20-40: soil moisture content (%) at depths of 
0–20 and 20–40 cm. 
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proportions of the various water sources for plant uptake (Fig. 4b). In 
July 2018 (mid-rainy season), Ligustrum lucidum mostly utilized water 
from the lower soil layer (average (±1SD) proportions of 46 ± 9%), 
followed by the deep-water pools (i.e., epikarsts and underground river) 
and upper soil layer (average proportion of 36 ± 3% and 18 ± 7%, 
respectively). In November 2018 and February 2019 (early to mid-dry 
season), the plant primarily extracted water from the deep-water pools 
(average proportions of 64 ± 19% and 60 ± 14%, respectively), followed 
by the lower (average proportions of 26 ± 5% and 29 ± 11%, respec-
tively) and upper (average proportions of 10 ± 7% and 11 ± 6%, 
respectively) soil layers. In April 2019 (early rainy season), the plant 
mostly utilized water from the the deep-water pools (average proportion 
of 45 ± 13%), followed by that from the lower and upper soil layers 
(average proportions of 34 ± 9% and 21 ± 12%, respectively). 

3.5. Seasonal variations of leaf δ13C values and WUEi 

The mean leaf δ13C and WUEi values of Ligustrum lucidum varied 
significantly between the rainy and dry seasons (Figs. 3c, 4c; Table 3). 
The mean δ13C values of Ligustrum lucidum leaves in July and November 
2018, and February and April 2019 were − 31.10, − 29.27, − 30.27, and 
− 31.04‰, respectively, with an average value of − 30.42‰ (Fig. 3c; 
Table 3). However, the mean WUEi values of Ligustrum lucidum in July 
and November 2018, and February and April 2019 were 73.91, 114.59, 
102.58, and 91.22 μmol/mol, respectively, with an average value of 
95.58 μmol/mol (Fig. 3c; Table 3). The smallest δ13C and largest WUEi 
occurred in July 2018 (mid-rainy season), with average values of 
− 31.10‰ and 73.91 μmol/mol, respectively, and the largest discrimi-
nation and the smallest WUEi occurred in November 2018 (early dry 
season), with average values of − 29.27‰ and 114.59 μmol/mol, 

Fig. 3. Temporal variations in the values of (a) δ2H and (b) δ18O in plant xylem, upper soil, lower soil, and deep-water samples, and (c) plant leaf δ13C during 
different seasons (2018–2019). All data were presented as average ± 1SD of replicates. 

Fig. 4. (a) Conceptual diagram of water source pools available for an endemic woody plant species (Ligustrum lucidum) in a limestone karst area; (b) Proportions (%) 
of the contributions of potential water sources (upper and lower soil water, and deep water) used by Ligustrum lucidum; and (c) intrinsic water use efficiency (WUEi) 
values of the woody plant during different seasons (2018–2019). All results were presented as average ± 1SD of replicates. 
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respectively. 

4. Discussion 

4.1. Ecological significance of seasonal transpiration and its relationship 
with key environmental factors 

Our results showed that the plant water use rate significantly varied 
from one season to another. Accordingly, the plant taken up a remark-
able amount of water (approximately 87% of its total annual transpi-
ration) during the rainy (growing) season (particularly during the 
middle of the rainy season, July 2018) while it did much less during the 
dry season. The high rate of transpiration was very important during the 
growing season, as previous studies had also emphasized, as it could 
mainly contribute to photosynthesis and plant growth (Oren and Pataki, 
2001; Yepez et al., 2003; Scott et al., 2006; Cavanaugh et al., 2011). 
Besides, some studies have also shown that a small amount of transpi-
ration during each dry season has been required to maintain the plant 
health and functioning until the next growing season (Biederman et al., 
2018; Szutu & Papuga, 2019). 

According to the results, several potential reasons might have 
explained the high rate of water use during the rainy season, the most 
popular of which was an increase in VPD (frequently exceeding 1 kPa; 
Fig. 2c), resulting in more stomatal conductance and further escape of 
water molecules from plant leaves to form transpiration (Fetcher et al., 
1994; Zheng & Wang, 2014). The increase in T (Fig. 2a) was another 
significant factor, as it would primarily enhance photosynthetic pro-
duction and the plant growth (Hari et al., 1986; Nöjda et al., 2017). We 
also found that the transpiration of the plant was sensitive to soil 
moisture in both soil layers (especially lower soil layer), as the soil 
moisture was the predominant source of the plant water uptake during 
the rainy season which would regularly replenish by significant rainfall 
with relatively high frequency, keeping soil drought stress to a mini-
mum. However, as we will explain in the next section, soil moisture 
alone was not enough to supply all the water needed to be transpired by 
the plant during the rainy season, and the rest (on average 41%) would 
come from deep-water source pools. Overall, these findings were in line 

with some previous studies, which have shown that higher VPD and T at 
moist sites during growing season (when ample water is available to the 
plant water uptake) increase transpiration dynamics (Xu & Li, 2006; 
Clausnitzer et al., 2011; Zheng & Wang, 2014; Yan et al., 2018). In 
contrast, low transpiration during the dry season was the result of VPD 
rarely exceeding 1 kPa with Rs (Fig. 2c), implying a strong stomatal 
control facing water stress (Schulze et al., 1994; Yan et al., 2018). 
Additionally, it could be associated with a significant reduction in soil 
moisture due to a significant reduction in rainfall during the dry season, 
as our results indicated that transpiration was not sensitive to any 
moisture in the two soil layers during this period time—primarily 
because the plant extracted a significant fraction of little water required 
for its dry season transpiration from deep-water source pools (explained 
in the next section). Secondly (and most importantly), due to a strong 
stomatal control linked to limited available soil moisture, as water stress 
has been found to increase the sensitivity of canopy stomatal control or 
plant hydraulic resistance to light and vapor pressure deficit during the 
drought periods (Zheng & Wang, 2014; Wang et al., 2020), decreasing 
the water use from deep-water source pools even if there was ample 
water in those pools to absorb. Similar finding-
s have also been reported from previous studies that there is a signifi-
cant relationship between drought sensitivity and the relative reduction 
in the amount of water used by drought-sensitive tree species during dry 
periods, which has been associated with the deficit of soil moisture due 
to low and insufficient amount of rainfall (Sperry et al., 2002; Du et al., 
2011; Chang et al., 2014; Nan et al., 2019). Accordingly, the endemic 
woody plant species of Ligustrum lucidum can be categorized as drought- 
sensitive, because its transpiration rate was significantly influenced by 
the seasonal variations in rainfall and soil moisture (Du et al., 2011; Yan 
et al., 2018). 

4.2. The nature of seasonal water sources transpired by Ligustrum 
lucidum 

The results showed that Ligustrum lucidum utilized a combination of 
all of the potential water sources during all seasons; thus, during the 
rainy season (July 2018 and April 2019), when the water stress was low 

Table 2 
δ2H and δ18O values of soil (different soil layers), deep (epikarst spring and underground river), and plant xylem water samples during different seasons (2018–2019).  

Water sources July 2018 November 2018 February 2019 April 2019 

δ2H (‰) δ18O (‰) δ2H (‰) δ18O (‰) δ2H (‰) δ18O (‰) δ2H (‰) δ18O (‰) 

Xylem water (n = 6) min − 74.96 − 11.87 − 50.44 − 8.44 − 49.83 − 8.95 − 62.83 − 9.82  
max − 61.80 − 7.95 − 43.12 − 6.20 − 39.39 − 7.14 − 46.79 − 7.14  
mean − 69.84 − 9.83 − 47.35 − 7.54 − 45.15 − 8.18 − 52.81 − 8.43 

Upper soil water (n = 6) min − 82.85 − 11.24 − 50.89 − 7.95 − 45.74 − 8.20 − 65.19 − 11.29  
max − 70.79 − 7.95 − 42.08 − 6.66 –33.78 − 6.32 − 44.84 − 6.26  
mean − 77.40 − 9.30 − 46.88 − 7.41 − 40.42 − 7.26 − 53.33 − 8.95 

Lower soil water (n = 6) min − 84.77 − 12.23 − 53.96 − 9.58 − 58.10 − 9.18 − 71.15 − 11.64  
max − 76.72 − 9.05 − 50.15 − 7.08 − 39.59 − 7.24 − 53.92 − 7.95  
mean − 80.05 − 10.71 − 52.18 − 8.08 − 48.63 − 8.49 − 64.52 − 10.39 

Deep water          
(n = 3) min − 55.80 − 9.09 − 45.82 − 7.36 − 46.63 − 8.58 − 46.71 − 7.47  

max − 51.26 − 8.45 − 44.63 − 7.26 − 43.27 − 8.13 − 41.77 − 6.37  
mean − 53.03 − 8.83 − 45.28 − 7.32 − 44.84 − 8.31 − 43.59 − 6.87 

All data were averages of replicates. 

Table 3 
Leaf δ13C and WUEi values of Ligustrum lucidum during different seasons (2018–2019).   

July 2018 November 2018 February 2019 April 2019  

δ13C (‰) WUEi (μmol/mol) δ13C (‰) WUEi (μmol/mol) δ13C (‰) WUEi (μmol/mol) δ13C (‰) WUEi (μmol/mol) 

min –32.20  54.98 − 30.21  111.37 − 31.33  93.74 –32.11  83.75 
max − 29.97  88.26 − 28.33  117.81 − 29.30  111.73 − 30.19  96.33 
mean − 31.10  73.91 − 29.27  114.59 − 30.27  102.58 − 31.04  91.22 

All results were averages of replicates. 
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(and soil moisture content was high) due to the sufficient rainfall cap-
ture by the soil layers, this tree species predominantly utilized the soil 
water, and used less deep water (epikarst water and groundwater) than 
it did during the dry season (November 2018 and February 2019). In 
contrast, during the dry season, the fraction of deep water in the xylem 
water of Ligustrum lucidum increased significantly with increasing water 
stress and decreasing soil moisture content due to the low rainfall and 
water holding capacity in the shallow soils of this heterogeneous karst 
area. This indicates a clear seasonal shift in the water-use strategy of 
Ligustrum lucidum. Moreover, it could also be a clear indicator of 
specialized (dimorphic) root systems for the plant allowing to extract 
water from shallow water sources (growth pools) during the rainy sea-
son and from deep-water sources (maintenance pools) during the dry 
season (Ryel et al., 2008, 2010). Some studies in karst areas with shallow 
soils have documented that the roots of plants are predominantly 
restricted to the upper 2 m of the soil/bedrock profile (Querejeta et al., 
2007; Hasselquist et al., 2010). Therefore, it could be difficult for the 
plant to develop most of its shallow roots deep into the lower layers of 
the bedrock. However, several studies have reported that the roots of 
many plants in limestone karst areas with shallow soils can grow deep 
into the lower layers of the bedrock (White et al., 1985; Jackson et al., 
1999; Querejeta et al., 2006, 2007; Schwinning, 2008; Nie et al., 2011; 
Estrada-Medina et al., 2013; Heilman et al., 2014; Liu et al., 2019; 
Carrière et al., 2020). Recently, Liu et al. (2019) reported similar sea-
sonal water-use strategies for two other native tree species in the same 
area, implying flexibility in gaining access to shallow and deep-water 
source pools during different seasons in this heterogeneous karst area 
to compensate for limited soil water storage, particularly during the dry 
season. The water-use strategies due to changing environmental condi-
tions are referred to as “plasticity dimorphic root systems” (Liu et al., 
2014). Furthermore, the analysis of the IsotopeR results indicated that, 
despite the permanent and reliable access to deep-water source pools in 
the rainy season, providing more water storage for plant uptake than 
what was available in dry season, Ligustrum lucidum tended to use more 
of shallow water pools. As we will explain in the next section, this could 
likely be due to the fact that taking up water from deep-water source 
pools by deep root systems requires more metabolic energy compared to 
the water that is captured by shallow root systems (Ksenzhek & Volkov, 
1998). Some recent studies have also demonstrated that plants use deep- 
water source pools only to maintain their growth and survival under 
drought stress conditions, even when the pools can provide large 
amounts water for plant uptake (Ryel et al., 2008, 2010). Bleby et al. 
(2010) documented that deep roots (depth of 20 m) were approximately 
five times more active than the shallow roots (depth of 0–0.5 m) during 
drought periods when the shallow water supply was insufficient for 
plant use; however, after receiving rainfall and balancing shallow water 
storage, the deep roots were immediately deactivated. Therefore, Lig-
ustrum lucidum used shallow water source pools as an energy-efficient 
options for supporting growth, and used deep-water source pools as 
energy-demanding but safe options only for maintaining their survival. 
Water source pools as well as their proportion contributions of used by 
Ligustrum lucidum were presented to compare in a conceptual model 
(Fig. 4a, b). 

Fig. 4(a) Conceptual diagram of water source pools available for an 
endemic woody plant species (Ligustrum lucidum) in a limestone karst 
area; (b) Proportions (%) of the contributions of potential water sources 
(upper and lower soil water, and deep water) used by Ligustrum lucidum; 
and (c) intrinsic water use efficiency (WUEi) values of the woody plant 
during different seasons (2018–2019). All results were presented as 
average ± 1SD of replicates. 

4.3. Relationship between transpiration with WUEi and elucidation of 
seasonal ecohydrological events 

According to the results, the Ligustrum lucidum leaf δ13C values 
ranged from − 28.33 to − 32.20‰ similar to those of other dominant tree 

species in the same area (− 28.1 to − 32.8‰; Cao et al., 2020), indicating 
that the photosynthetic pathway of this tree species belongs to C3 plants, 
whose leaf δ13C values (− 20 to − 35‰) differ from those of C4 plants (− 7 
to − 15‰; O’Leary 1981). As our results showed, WUEi (and δ13C) was 
low during the rainy season (Figs. 3c, 4c; Table 3), just when significant 
transpiration (87% of total annual transpiration) occurred. This implies 
a partial (plant’s leaves) stomatal opening during this time period, 
facilitating the release of water molecules (in the form of unsaturated 
vapor) and the entry of CO2 molecules through plant leaves (Ball et al., 
1987; Collatz et al., 1991). As a result, these interactions could intensify 
the plant’s thirst (Ainsworth & Rogers, 2007), hence prompting the 
plant to take up more water from the available water sources. Most re-
searchers believe that the main role in the amount of water that can be 
taken up—and its translocation from the roots to the leaves—is related 
to transpiration, which provides the formation of a hydrodynamic 
pressure gradient along the entire length of a plant (due to the formation 
of negative pressure in its upper parts i.e., leaves), hence allowing to pull 
sap through the plant xylem vessels without the need to spend any 
metabolic energy (Ksenzhek & Volkov, 1998). Thus, the greater the 
intensity of transpiration, the greater the amount of water pulled along 
the xylem vessels. However, the action of pulling water caused by the 
hydrodynamic pressure gradient is not sufficient to stimulate the plant’s 
transport systems because the plant effectively employs a special force 
called root pressure, capturing the water from the corresponding water 
source pools (soil water and deep water) through root systems and 
pumping it into the xylem vessels at the expense of a minimum meta-
bolic energy (Ksenzhek & Volkov, 1998). As described above, during the 
rainy season, Ligustrum lucidum tended to obtain more water from the 
soil layers just when these water pools could be sufficiently fed by 
abundant rainfall with high frequency. This suggests that water 
extraction from these shallow water source pools would likely be more 
time-saving and energy-efficient for the plant use compared to the deep- 
water source pools, as shorter transport (from the shallow water pools) 
probably needed to generate less root pressure for delivering the water 
to the xylem. In addition to these physiological events, the entry of CO2 
which is recognized as an essential component in the process of photo-
synthesis (Collatz et al., 1991) could potentially help increase the rate of 
photosynthesis and plant growth (Ainsworth & Rogers, 2007). Thus, 
during the rainy season, minimum water stress associated with soil 
moisture deficit could occur and impact the normal plant water-uptake 
process, allowing the plant to maximize its growth and photosynthesis 
rates without reducing stomatal conductance and the transpiration rate. 
This suggests that Ligustrum lucidum might simultaneously benefit from 
profligate water-use strategy during the rainy season (Nie et al., 2014; 
Cao et al., 2020). Accordingly, under this water-use strategy, the water 
that the plant could easily (cheaply) obtain from soil layers through its 
shallow roots could also be easily (profligately) lost through its leaves 
during the rainy season. In contrast, during the dry season, the plant 
would suffer from a shortage of soil water due to a significant reduction 
in rainfall. According to our results, it seems that the plant adopted a 
constructive strategy for managing this water stress during the dry 
season (Yan et al., 2018; Wang et al., 2020), as it had increased its WUEi 
by an average of 15% and reduced its total transpiration rate by 
approximately one-seventh of the rainy season transpiration (i.e., 
equivalent to 13% of its total annual transpiration). Thus, this sharp 
decrease in transpiration rate, reflecting the partial stomatal closure of 
the plant’s leaves, limits the formation of a hydrodynamic pressure 
gradient, hence preventing the plant from taking up too much water 
from the available water source pools (Huc & Guehl, 1989; Granier 
et al., 1992). Additionally, given that most of its water needed during 
this time period comes from deep-water source pools (on average 62%), 
capturing and pumping (the same small amount) water by deep root 
systems required more energy than the (fraction) of water that could be 
extracted from the soil water pools and delivered to its xylem vessels 
(Ksenzhek & Volkov, 1998). However, despite having the necessary tool 
(dimorphic root system) to extract deep water, even if there was enough 
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water in these pools, the plant would be unable to lift much more water 
(along its xylem vessels) during the dry season for the same reason 
mentioned earlier (i.e., the existence of a limited hydrodynamic pressure 
gradient due to very low transpiration; Granier et al., 1992). As a result, 
this mechanism would not allow the plant to alleviate all of the drought 
stress associated with the soil moisture deficit by taking up enough (or 
more) water from deep-water source pools. 

Overall, all of these ecohydrological events show that the plant 
tended to adopt a conservative water uptake strategy during the dry 
season. Consequently, the plant had to extract uneasily (expensively) 
most of the required water (albeit at a small amount) through deep- 
water source pools and consume it uneasily (conservatively) through 
increasing the WUEi (by reducing its (leaves) stomata) in order to 
maintain its survival during the dry season. 

5. Conclusions 

We investigated transpiration responses and water-use strategies of a 
dominant evergreen tree species (Ligustrum lucidum) growing in a karst 
habitat with the typical shallow soils, which relies on various water 
sources. The site chosen was a subtropical (limestone) karst area on 
southwest China. To achieve our goals, we took into account seasonal 
variations in the sap flow transpiration rates, leaf δ13C, and δ2H and 
δ18O of the soil moisture (upper and lower soil layers), deep water 
(epikarst water and groundwater), and tree stem water samples. Using 
the sap flow and soil moisture data, we found that Ligustrum lucidum 
maintained its rainy (growth) season transpiration at high rates under 
the control of key environmental factors such as VPD and T in response 
to favorable soil moisture conditions. However, it reduced its dry season 
transpiration at very low rates under the control of VPD and Rs due to 
sensitivity to unfavorable soil moisture conditions. According to the 
results obtained from the IsotopeR model (based on the δ2H and δ18O 
values), it was revealed that during different seasons, the plant used a 
combination of soil water and deep water, so that the contribution of the 
water obtained from the soil water was higher than the deep water 
during the rainy season and vice versa during the dry season. The signal 
of a seasonal shift in the pattern of the plant water uptake among 
different seasons was mainly attributed to the functionally dimorphic 
root system of Ligustrum lucidum, reflecting a greater degree of ecological 
plasticity of the plants in karst ecosystems. Meanwhile, it highlights that 
the transpiration dynamics of Ligustrum lucidum was largely a function of 
soil moisture and deep water during the rainy and dry seasons, respec-
tively. Using the seasonal patterns of WUEi values (based on the δ13C 
values), we found that the plant water use efficiency was low and high 
during the rainy and dry seasons, respectively, signaling a seasonal shift 
in the water-use strategy for the plant from a profligate water-use 
pattern in the rainy season to a conservative water-use pattern in the 
dry season. Thus, Ligustrum lucidum overall strategy for managing the 
water consumption was obtaining the water efficiently and consuming it 
profligately in order to maximize its growth and photosynthesis rate 
during the rainy (growing) season. In contrast, the plant had to extract 
the water using much energy and consume it conservatively in order to 
maintain its survival during the dry season. Thus, applying a combined 
approach to understand the strategies and mechanisms of water use by 
plants, especially in the heterogeneous karst areas can help us gain more 
insights partly rather than simply using the sap flow or isotopic tech-
niques alone. 
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