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H I G H L I G H T S

• Seasonal variations of water uptake pat-
tern were determined by dual stable
isotopes (δD and δ18O) and MixSIAR
model.

• Soil water in the 0–120 cm depth con-
tributed 75–80% to the total water up-
take in the growing season.

• Vitex negundo displayed larger degree of
ecological plasticity to switch water be-
tween shallow and deep soil layers.

• Functionally dimorphic root systems
were related to flexible water uptake
pattern.
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Water is a limiting factor and significant driving force for ecosystemprocesses in arid and semi-arid areas. Knowl-
edge of plant water uptake pattern is indispensable for understanding soil–plant interactions and species coex-
istence. The ‘Grain for Green’ project that started in 1999 in the Loess Plateau of China has led to large scale
vegetation change. However, little is known about the water uptake patterns of the main plant species that in-
habit in this region. In this study, the seasonal variations in water uptake patterns of three representative plant
species, Stipa bungeana, Artemisia gmelinii and Vitex negundo, that are widely distributed in the semi-arid area
of the Loess Plateau, were identified by using dual stable isotopes of δ2H and δ18O in plant and soil water coupled
with a Bayesian mixing model MixSIAR. The soil water at the 0–120 cm depth contributed 79.54 ± 6.05% and
79.94 ± 8.81% of the total water uptake of S. bungeana and A. gmelinii, respectively, in the growing season. The
0–40 cm soil contributed the most water in July (74.20 ± 15.20%), and the largest proportion of water (33.10
± 15.20%)was derived from 120–300 cm soils in August for A. gmelinii. However, V. negundo obtainedwater pre-
dominantly from surface soil horizons (0–40 cm) and then switched to deep soil layers (120–300 cm) as the sea-
son progressed. This suggested that V. negundo has a greater degree of ecological plasticity as it could explore
water sources from deeper soils as the water stress increased. This capacity can mainly be attributed to its func-
tionally dimorphic root system. V. negundo may have a competitive advantage when encountering short-term
drought. The ecological plasticity of plantwater use needs to be considered in plant species selection and ecolog-
ical management and restoration of the arid and semi-arid ecosystems in the Loess Plateau.

© 2017 Elsevier B.V. All rights reserved.

Keywords:
Water uptake pattern
MixSIAR
Dual stable isotopes
Loess Plateau
Root distribution

Science of the Total Environment 609 (2017) 27–37

⁎ Corresponding author.
E-mail address: nanlv@rcees.ac.cn (N. Lu).

http://dx.doi.org/10.1016/j.scitotenv.2017.07.133
0048-9697/© 2017 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2017.07.133&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2017.07.133
mailto:nanlv@rcees.ac.cn
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2017.07.133
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


1. Introduction

Water plays crucial roles in plant productivity and species diversity
in both natural and anthropogenic ecosystems (Porporato et al.,
2004), and determines the distribution and ecological functions of veg-
etation. Plants are able to obtain water from various sources over time,
depending on species, growth forms and environment conditions
(Dawson et al., 2002; Eggemeyer et al., 2009; Grossiord et al., 2017;
Yang et al., 2015; Evaristo and McDonnell, 2017). The spatial and tem-
poral variations in water sources absorbed by plants are referred to
water uptake pattern. Plant water uptake plays an important role in un-
derstanding and modeling hydrological processes at the soil–
vegetation–atmosphere interface (Chen et al., 2017; Sprenger et al.,
2016; Vargas et al., 2017), and it provides critical insights into adaptive
responses of plants to the changing environments (Dawson et al., 2002;
Evaristo et al., 2016; Grossiord et al., 2017).

In arid and semi-arid ecosystems, soil moisture generated by precip-
itation is a limiting factor controlling vegetation structures and ecosys-
tem processes (Gao et al., 2011; Moreno-de Las Heras et al., 2011). A
healthy plant–soil ecosystem requires that water utilization by plants
does not exceed the supply of soil water otherwise leads towater deficit
(Chen et al., 2015). The capacity to adjust water use strategy alongwith
the highly variable rainfall pattern and consequently soil water content
is very critical for a plant to survive in these ecosystems (Wu et al., 2016;
Grossiord et al., 2017). Plant derived the majority water from deep
sources (e.g., deep soil water, groundwater) during the dry season
while most water they used was derived from shallow sources supplied
by upper soil layers during the wet season (Dawson and Pate, 1996;
Asbjornsen et al., 2008). Multiple species living in the same habitat
may have distinct water use patterns, making it possible for the species
to coexist (Eggemeyer et al., 2009; Wu et al., 2016). This phenomenon
may be attributed to hydrological niche segregation (Silvertown et al.,
2015). Several studies showed that grass and herbs tended to continu-
ously rely on water in the shallow soil layer across the growing season
(Asbjornsen et al., 2008; Prechsl et al., 2015; Priyadarshini et al.,
2016). In comparison, some studies showed that trees and shrubs
tended to have the capacity to derive water sources from deeper soil
layers (McCole and Stern, 2007; Wu et al., 2016). One of the reasons
to explain the different water uptake patterns among varied plant func-
tional types may relate to root morphology of plants. Some studies sug-
gested that species with dimorphic roots have the capacity to switch
water absorption zones between shallower and deeper soil layers
(Dawson and Pate, 1996; Nie et al., 2010; Yang et al., 2015). The trans-
position capacity to absorb water sources from shallow to deep soil
layers reflects plant ecological plasticity (Valladares et al., 2007). The
greater ecological plasticity usually indicates a greater adaptation level
to the environment. Therefore, a better understanding of plant water
uptake patterns will improve our understanding of soil–plant interac-
tions and guide ecosystem management practices in arid and semi-
arid areas such as selection of plant species for ecological restoration
(Jian et al., 2015; Lü et al., 2017; Sprenger et al., 2016).

Water sources utilized by plants can be determined by many
methods, such as root system excavation (Xu and Li, 2006), sap flow
techniques (Delzon and Loustau, 2005), electrical resistivity (Mares
et al., 2016), GIS tools (Howard andMerrifield, 2010), radioactive tracer
tritium (Zhang et al., 2017). Although these methods could determine
plant water sources in some extent, stable isotope technique provides
an effective, powerful and nondestructive approach for identifying and
partitioning the different potential water sources used by plants (Ma
and Song, 2016; Geris et al., 2017; Hardanto et al., 2017; Rothfuss and
Javaux, 2017). Previous studies have proven that no isotopic fraction-
ation of water occurs during water absorption by roots and transporta-
tion along the root–shoot conduit before transpiration starts in
terrestrial plants (Brunel et al., 1995; Dawson et al., 2002; Ehleringer
and Dawson, 1992), except for some coastal wetland species (Lin and
Sternber, 1993) and woody xerophytes (Ellsworth and Williams,

2007), for which isotope fractionation occurs for hydrogen but not for
oxygen during plant water uptake. Evaristo et al. (2017) reported that
plant water sources quantification methods should consider the possi-
ble effects of hydrogen isotope fractionation. Nevertheless, the stable
isotopes of δ2H and δ18O in water still can be used to determine water
uptake patterns (Ehleringer et al., 1991; Li et al., 2007;
Moreno-Gutiérrez et al., 2015; Swaffer et al., 2014; Yang and Fu,
2017).Although previous studies on water uptake patterns have been
conducted in various ecosystems (Eggemeyer et al., 2009; Liu et al.,
2010; Schwendenmann et al., 2015), there are still uncertainties regard-
ing plant water uptake patterns (Eggemeyer et al., 2009; Yang et al.,
2015). Only soil samples of 0–100 cm depths were collected and ex-
tracted as the main soil water sources in most studies (Meißner et al.,
2012; Prechsl et al., 2015; Yang et al., 2015). This may underestimate
the proportional contribution of soil water to plant water sources and
correspondingly overestimate that of other water sources (e.g., spring,
ground water, fog), particularly for shrubs and trees with deeper
roots. Therefore, including deep soil sampling is necessary to improve
the accuracy ofwater uptake quantification fromvaried sources and un-
derstanding of plant-water interactions (Querejeta et al., 2007; Wu
et al., 2014).

The ‘Grain for Green’ project that was implemented in the Chinese
Loess Plateau in 1999 is the largest vegetation restoration project in
the world (Chen et al., 2015). Trade-offs between vegetation recovery
and water depletion has attracted extensive attention (Chen et al.,
2015; Jian et al., 2015; Wang et al., 2010). Unsuitable species selection
for vegetation restoration leads to soil desiccation, vegetation degrada-
tion and difficulties in renewal and reforestation (Chen et al., 2008; Jian
et al., 2015; Wang et al., 2010). Although some studies explored soil
water migration (Yang and Fu, 2017) and plant water use strategy for
natural and planted shrub (Lü et al., 2017), the difference between spe-
cies and seasonal variations of water uptake pattern remain poorly un-
derstood in this region.

In this study, we examined the ecological plasticity of three plant
species, Stipa bungeana (herb), Artemisia gmelinii (subshrub) and Vitex
negundo (shrub) in terms of the water uptake patterns across the verti-
cal soil profile during the growing seasons by using the isotopic tech-
nique. We hypothesized that the three species have different
ecological plasticity in plant water uptake. The objectives of this study
were to: (i) investigate the isotopic compositions of soil water and
their vertical gradients along the soil profile, (ii) quantify the seasonal
variations in water uptake patterns and identify their differences
among the three species.

2. Materials and methods

2.1. Study area

This studywas conducted in the Yangjuangou catchment in the cen-
tral region of the Loss Plateau in Shanxi Province, China (36°42′45″ N,
109°31′45″ E). This catchment is a typical Loess hilly and gully region
with a total area of 2.02 km2. The elevation is between 1050 and
1298 m, and the slope gradients range from 10 to 30° (Liu et al.,
2012). This area is influenced by the semi-arid continental climate.
The annual average precipitation and air temperature from 1960 to
2016 were 537 mm and 10 °C, respectively (Fig. 1). Approximately
80% of the precipitation is concentrated between May and September,
with large inter-annual variability. The growing season for most plant
species starts in late April and ends by early October. Droughts frequent-
ly occur in spring and early summer because there is little precipitation
during this period (Liu et al., 2012; Wang et al., 2012). The soil in the
study area was loessial soil with the texture of silty loam, consisting of
25% clay (b0.002 mm), 55% silt (0.002–0.05 mm) and 20% sand
(N0.05 mm) (Li et al., 2003). The soil is vulnerable to erosion because
of weak resistance. The soil in the study area was derived from loss,
and the soil depth is usually 50–200 m depending on the topography
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