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Quantitative identification of water utilization characteristics of xerophytic
shrubs is an important prerequisite for the selection and optimization of a
regional artificial sand-fixing vegetation system. In this study, a hydrogen (8D)
stable isotope technique was used to study the changes in water use
characteristics of four typical xerophytic shrubs, Caragana korshinskii, Salix
psammophila, Artemisia ordosica, and Sabina vulgaris in the Hobq Desert
under light (4.8 mm after 1 and 5 days) and heavy (22.4 mm after 1 and 8 days)
rainfall events. Under light rainfall, C. korshinskii and S. psammophila primarily
used the 80-140 cm layer of soil water (37-70%) and groundwater (13-29%),
and the water use characteristics did not change significantly after the light
rainfall event. However, the utilization ratio of A. ordosica to soil water in the 0—
40 cm layer increased from less than 10% on the first day after rain to more than
97% on the fifth day after rain, whereas the utilization ratio of S. vulgaris to soil
water in the 0-40 cm layer also increased from 43% to nearly 60%. Under heavy
rainfall, C. korshinskii and S. psammophila still used the 60-140 cm layer (56—
99%) and groundwater (~15%), while the main water utilization depth of A.
ordosica and S. vulgaris expanded to 0-100 cm. Based on the above results,
C. korshinskii and S. psammophila primarily use the soil moisture of the 80-140
cm layer and groundwater, while A. ordosica and S. vulgaris use the soil moisture
of the 0-100 cm layer. Therefore, the co-existence of A. ordosica and S. vulgaris
will increase the competition between artificial sand-fixing plants, while the
combination of the two plants with C. korshinskii and S. psammophila will avoid
competition between artificial sand-fixing plants to some extent. This study
provides important guidance for regional vegetation construction and
sustainable management of an artificial vegetation system.
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1 Introduction

China is one of the countries that is most seriously affected by
sandstorms (A Bulletin of Status Quo of Desertification and
Sandification in China, 2015). Planting artificial vegetation has
long been one of the most effective measures used to reduce the
damage caused by windstorms and to improve the living
environment in sandy areas (Li et al., 2013). The artificial
vegetation construction has shown remarkable progress over the
last 60 years and has effectively prevented further desertification
and promoted local habitat restoration and has even achieved
desertification reversal in the areas with relatively more available
water (Wang et al., 2008). However, several problems have been
observed in practice, including declines in groundwater and the
death of sand-fixing vegetation in some regions due to neglect of the
vegetation carrying capacity. These factors directly affect the
survival of sand-fixing vegetation, even threatening the ecological
security and sustainable development of northern China (Cao,
2008). This lack of understanding concerning the water
requirements of sand-fixing plants is an important cause of such
problems (Turnbull et al., 2012; Li et al., 2013). Therefore, an in-
depth understanding of water use characteristics of sand-fixing
shrubs is an important prerequisite for building a sustainable sand-
fixing vegetation system.

Stable isotopes are powerful tools for detecting water movement
along the soil-plant-atmosphere continuum (Dawson et al., 2002).
Isotopes have been widely used in arid and semi-arid environments
to assess plant water uptake patterns, water competition, and
partitioning among plants (Huang and Zhang, 2015). For
example, it was reported that the Populus fremontii and Salix
gooddingii near perennial and ephemeral streams in western
Arizona used groundwater throughout the entire growing season,
regardless of the groundwater depth (Busch et al., 1992). In the Mu
Us sandy land of Northern China, water utilization characteristics
of different types of plants showed that Sabina vulgaris and Salix
matsudana consumed relatively deep soil water as well as
groundwater, whereas Artemisia ordosica used only shallow soil
water (Ohte et al., 2003). Zhao et al. (2008) evaluated water sources
of riparian forest plants in the extremely arid region along the lower
reaches of the Hei River basin in China by a multi-source mass
balance method; they found that Populus euphratica and Tamarix
ramosissim obtained over 93% and 90%, respectively, of their water
from groundwater, while Sophora alopecuroides obtained more than
97% of its water from the soil layer at a depth of about 80 cm. All of
these findings indicate that different plants have different water
absorption patterns in terms of water utilization.

When groundwater cannot be directly used by plants,
precipitation is an important environmental factor that
determines the structure and function of dryland ecosystems
(Huxman et al,, 2004). The amount and intensity of precipitation
will affect the recovery rate of soil water and the utilization efficiency
of desert plants on precipitation and then in turn affect the survival,
composition, and structure of species (Sala and Lauenroth, 1982;
Dodd et al., 1998; Li et al., 2010). It has been reported that light
precipitation events can effectively restore surface soil water, thus
benefiting shallow root plants, whereas greater precipitation is
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beneficial to the restoration of deep soil water and to the plants
with deep roots (Sala & Lauenroth, 1982; Li et al., 2010). Even
within the same plant community, different plant species show
different water use strategies to avoid competition through seasonal
changes in water use (Ehleringer & Dawson, 1992). During seasonal
water shortages or when there is no precipitation for a long time,
deep-rooted plants will endure or avoid drought by absorbing deep
soil water or groundwater (Zencich et al., 2002; Chimner and
Cooper, 2004). This indicates that there is a competitive
relationship between plants using the same depth of water.

In addition, in arid and semiarid regions, plants with different
life forms use water sources from dissimilar soil layers, depending in
part on the depth and degree of overlap of their roots (Schlesinger
and Ehleringer, 2001; Schenk and Jackson, 2002). The pulse of
shallow soil water and the diversification with respect to water use
play important roles in determining the local patterns of species
coexistence in arid ecosystems (Schenk and Jackson, 2002). The
response of water use characteristics of different life form plants to
rainfall changes in the Ordos Plateau indicated that the perennial
grass Stipa bungeana and the herb C. komarovii take advantage of
shallow water sources derived from light (<10 mm) rain events; the
shrub A. ordosia utilized deeper soil water recharged by large
(>65 mm) rain events, while Cynanchum komarovii relied
primarily on rain events of intermediate (10-20 mm) size. The
rainwater utilization patterns of the three species would allow the
coexistence of S. bungeana and A. ordosia or the coexistence of A.
ordosica and C. komarovii in various successional seral stages
following a disturbance (Cheng et al., 2006). These results show
that different types of plants can coexist with other shrubs due to
their different water utilization characteristics. Therefore, an in-
depth understanding of the water use characteristics of sand-fixing
plants in the growing season and their corresponding laws
concerning precipitation change is a prerequisite for the
combination and collocation of different types of artificial sand-
fixing vegetation (Asbjornsen et al., 2007).

The Hobq Desert is located in the northern part of the Ordos
Plateau; it is an important energy base in China as well as an important
part of the northern ecological security barrier (Wang and Yang, 2018).
With the implementation of ecological environment construction
projects such as the Three North Shelterbelt and the Beijing Tianjin
sandstorm source control, the vegetation coverage in the sand area has
been significantly improved (Wang and Yang, 2018). Thus,
degradation of artificial sand-fixing vegetation is very common, and
this has produced widespread concern about sustainable stability of
sand fixation vegetation systems (Cao, 2008). Although previous
studies have addressed various components of tree water sources
(Ohte et al, 2003; Cheng et al, 2006) in the Ordos plateau,
quantitative data on the water use characteristics of typical sand-
fixing plants are still insufficient, and the water use mechanisms of
species are not yet fully understood, particularly the relevance of
regional precipitation conditions. In fact, quantitative identification
of the water use characteristics of sand-fixing plants is an important
ecohydrological basis for the selection and optimization of sand
fixation vegetation systems as well as being necessary to improve the
quality and stability of degraded ecosystems. Under the background of
strengthening the construction of the ecological security barrier in
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northern China, it is particularly necessary to identify the water use
characteristics of sand-fixing plants and their coexistence mechanisms.
To further clarify the above issues, in this study, we aimed to (1)
evaluate the effects of different rainfall events on soil moisture; (2)
identify potential water use sources of sand-fixing plants; (3) quantify
water utilization ratios of such plants under wet (1 day after rainfall)
and dry (5 or 8 days after rainfall) conditions. We hypothesized that the
water use characteristics of sand-fixing plants would change with the
number of days after rainfall.

2 Materials and methods

2.1 Study area

The study area was located in the eastern part of the Hobq Desert,
belonging to Dalate Banner, Ordos City, Inner Mongolia
Autonomous Region (Figure 1). The geographical location is 109°
00'-110° 45" E, 40° 00’-40° 30’ N, and the altitude is about 1100 m.
The region has a typical temperate continental climate. It is dry with
little rain, cold in winter and hot in summer, with a large temperature
difference between day and night. The annual average temperature is
6°C, and the lowest temperature is —32.3°C. The highest temperature
is 38.3°C. The annual average precipitation is about 310 mm; the
annual evaporation is 2600 mm, and the frost-free period is 156 days.
Wind erosion and desertification in the study area are very severe.
The soil comprises various aeolian sandy soils, and the vegetation
type is dominated by Artemisia ordosica. As the constructive species
in the region, A. ordosica grows on fixed and semi-fixed sandy land.
The herbaceous plants include Chenopodium acuminatum and

10.3389/fpls.2023.1103789

Agriophyllum squarrosum. The main nonnative plants include
Caragana korshinskii, Salix psammophila, and Sabina vulgaris
(Tang et al., 2018).

2.2 Methods

2.2.1 Sample collection

In the study site, areas with small topographic differences and
well-developed sand-fixing vegetation were selected to set up a fixed
sample area. Sand fixing shrubs Salix psammophila, Caragana
korshinskii, Artemisia ordosica, and Sabina vulgaris with average
height and breast height diameter according to stand investigation
were selected for isotope analysis. There were three individual
xerophytic shrubs for each replication. To analyze the water
utilization characteristics of different types of shrubs after rainfall
events, this study selected the events of light rainfall (4.8 mm) on
June 24 and heavy rainfall (22.4 mm) on August 18 and soil samples
and plant samples on the first day after rainfall (June 25 and August
19) and 5-8 days after rainfall (June 30 for light rainfall and August
27 for heavy rainfall) for the comparison of plant water use
characteristics after rainfall events. Groundwater samples were
collected 1 day after rainfall (on June 25 and August 19). The
maximum horizontal distance between the observation well used to
collect groundwater and the plant sample plot was within 0.5 km.

Different types of sand-fixing plants were selected, and 2-3 sections
of 3-4 cm branches were cut out from the middle part of shrubs and
exposed to the sun; the bark and phloem of the branches were
removed, and the remaining part was the wooden part. Plant
samples were collected in the late morning hours (10 am.-12 p.m.)
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Schematic diagram of the geographical location of the study area (A, B) and the different types of sand-fixing shrubs (C).
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of each collection day and immediately placed into 12-mL sample
bottles, sealed with Parafilm. Concurrent with plant tissue sampling,
soil samples from each site were collected with a bucket auger at seven
depths (0-20, 20-40, 40-60, 60-80, 80-100, 100-120, and 120-140
cm) from a borehole located beneath each of the three randomly
selected mature sand-fixing shrubs. Soil samples were divided into two
parts. Soil samples from the same type of shrub in the same layer were
mixed for isotopic analysis, and the other part was used for gravimetric
analysis of water content (n = 3). All the samples were stored on ice,
and then transported to the laboratory for storage in a 4°C refrigerator.

2.2.2 Sample analysis

Plant and soil samples were frozen and then thawed overnight
using a cryogenic vacuum distillation method before water was
extracted (Ehleringer and Osmond, 1989). The 8D and 80 contents
of the stem, soil, and ground water were measured using a Flash
2000 HT elemental analyzer (Thermo Scientific, Bremen, Germany)
coupled to a Finnigan MAT253 isotope ratio mass spectrometer.
The 'O content was determined by the H,O-CO, equilibration
method (Socki et al., 1999), and D content was determined by the
gaseous H,-H,O equilibration technique (Coplen et al, 1991).
Overall analytical precision of the spectrometer was +< 0.2%o for
8'80 and +< 1%o for 8D. The *0 and D contents of a water sample
(& sample) were expressed in delta notation (8) relative to the
Vienna Standard Mean Ocean Water (V-SMOW) standard:

R .
8X = (SIS 1) % 1000
Rsmow
where R represents the ratio of heavy to light isotopes (**0/'°O
or D/H). Hydrogen isotope data were used in this study.

2.2.3 Data analysis

Plant water use from different soil depths was calculated using
the Iso-Source mixing model (Phillips and Gregg, 2003). This
model provides the distribution of proportions of feasible sources
in the presence of a large number of potential sources and is based
solely on isotopic mass balance constraints. All possible
combinations of each source contribution (0-100%) were
examined in 2% increments. Combinations that corresponded to
the observed stable isotopic signatures of the mixture within a
tolerance of 0.1 were considered feasible solutions; the frequency
and range of potential source contributions were determined from
these feasible solutions in accordance with the method described in
detail by Phillips et al. (2005). We considered seven distinct water
sources (20, 40, 60, 80, 100, 120, and 140 cm) and used 6D data for
model calculations. Graphical plotting was conducted with Origin
2018 software (OriginLab Corporation, Northampton, MA, USA).

3 Results
3.1 Changes in soil water content

The changes in soil water content in different types of sand-
fixing vegetation under light rainfall (4.8 mm) were very small.
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The soil water content of the 0-60 cm layer in different types of
sand-fixing vegetation on the first day after rainfall was higher than
that on the fifth day after rainfall, but their differences were limited
within 2% (Figures 2A-D). After heavy rainfall (22.4 mm), the soil
moisture content of the 0-60 c¢m layer in different types of sand-
fixing vegetation on the first day after rainfall was higher than that
on the eighth day after rainfall, with a difference of up to 6%, but the
difference between 60-140 cm layers was still small (Figures 2E-H).

3.2 Variation in hydrogen isotope of xylem
water and soil water and identification of
water source

The changes in xylem water hydrogen isotopes in different
species of sand-fixing plants after precipitation are shown in
Table 1. On the first day after light rainfall, the order of hydrogen
isotope values in the xylem of different types of sand-fixing plants
was S. psammophila > A. ordosica = S. vulgaris > C. korshinskii. On
the fifth day after rainfall, the order of hydrogen isotope values in
the xylem of different types of sand-fixing plants was A. ordosica >
C. korshinskii > S. vulgaris > S. psammophila. The hydrogen isotope
contents in plant samples after rainfall were lower on the first day
than on the fifth day after rainfall. For the heavy rainfall event, the
order of hydrogen isotope values in the xylem of different species of
sand-fixing plants on the first day after rainfall was A. ordosica > C.
korshinskii > S. psammophila > S. vulgaris, while the order of
hydrogen isotope values in the xylem of different types of sand-
fixing plants on the eighth day after rainfall was S. psammophila >
C. korshinskii > A. ordosica > S. vulgaris. The hydrogen isotope
content in all plants decreased or was equivalent, except for that in
S. psammophila, which increased.

Under the condition of 4.8 mm precipitation, the changes in soil
water isotope values on the first and fifth days after rainfall are
shown in Figure 3. On the first day after rainfall, the soil water
hydrogen isotope value of the C. korshinskii site in the 0-60 cm soil
layer was greater than that on the fifth day, while in the soil layer
below 80 cm, the soil water hydrogen isotope value on the fifth day
after rainfall was greater than that on the first day after rainfall. The
hydrogen isotope values of soil water on the first day after rainfall in
the S. psammophila site were higher than those on the fifth day after
rainfall and decreased with the increase of soil depth. In contrast to
A. ordosica, in the 60 cm soil layer, the hydrogen isotope values of
soil water in the S. vulgaris site on the first day after rainfall were
higher than those on the fifth day after rainfall, whereas the
hydrogen isotope values of soil water below the 60 cm soil layer
tended to be stable (Figures 3A-D). Under the condition of
22.6 mm precipitation, the hydrogen isotope values of soil water
in the C. korshinskii site on the first day after rainfall were higher
than those on the eighth day after rainfall, and the hydrogen isotope
values of soil water in the shallow layer (0-40 cm) were higher than
those in the middle layer (40-80 cm) and deep layer (80-140 cm).
On the first day after rainfall, the soil water hydrogen isotope value
of the S. psammophila site increased after an initial decrease and
then decreased with the increase of layer depth, and on the eighth
day after rainfall, the level gradually decreased. The soil water

frontiersin.org


https://doi.org/10.3389/fpls.2023.1103789
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yongsheng et al.

Soil water content (%)

10.3389/fpls.2023.1103789

A0 2 4 6 8 10 B 0 2 4 6 8 10 € O 2 4 10 D 0 2 4 6 8 10
20/ 20 20/ 204
401 —=— | day after rainfall 40 401 40+
—e— 5 days after rainfall
60/ 60/ 60/ 601
804 80 804 80
100 1004 100 100+
1204 1204 1204 1204
_
£ 140 140 140 1401
SN—
=
% Eo 2 4 6 g 10 Fo 2 4 6 g 10 G o 2 4 10 Ho 2 4 6 8 10
= 204 20 20/ 20/
w2
401 40 401 40
601 60 601 604
80/ 80 80/ 801
—a— | day after rainfall
100+ —e— 8 days after rainfall 100 100 100+
120 1204 120 1204
1404 1404 140 140+

FIGURE 2

Response of soil water content in different types of sand-fixing vegetation to 4.8 mm (A-D) and 22.4 mm (E—H) rainfall. In the figures, A and E, B

and F, C and G, and D and H represent the sand-fixing shrubs C. korshinskii, S. psammophila, A. ordosica, and S. vulgaris, respectively.

hydrogen isotope values of A. ordosica and S. vulgaris site was very
close, but the soil water hydrogen isotope values of the A. ordosica
site showed a gradual decreasing trend with the increase of soil
depth, while the soil water hydrogen isotope values of the S. vulgaris
site showed a more gradual decreasing trend within the 0-80 cm
soil layer and then tended to be stable (Figure 3E-H).

Water utilization sources of different types of sand-fixing plants
changed after rainfall events (Figure 3). Under the condition of light
rainfall (4.8 mm), C. korshinskii primarily used the 80-100 cm layer
of soil water and groundwater on the first day after rainfall, and it
used the 60-140 cm layer of soil water on the fifth day after rainfall,
indicating that the water use characteristics of C. korshinskii did not
change significantly after a light rainfall, and the plant still primarily
used deep soil water (Figure 3A). S. psammophila primarily used the
100-120 cm soil water and groundwater on the first day after

rainfall and the 100-120 cm soil water on the fifth day after rainfall
(Figure 3B). A. ordosica primarily used the 100-120 cm soil water
on the first day after rainfall and the 80 cm and 120-140 c¢m soil
water on the fifth day after rainfall (Figure 3C). S. vulgaris primarily
used soil water in the 20-40 cm layer on the first day after rainfall,
and it still used soil water in the 20-40 cm layer on the fifth day after
rainfall (Figure 3D).

Under heavy rainfall (22.4 mm), C. korshinskii primarily used
soil water and groundwater in the 60 cm and 80-120 cm layers on
the first day after rainfall, while it used soil water and groundwater
in the 100 cm and 140 cm layers on the eighth day after rainfall,
indicating that the water use characteristics of C. korshinskii
changed significantly under heavy rainfall (Figure 3E). S.
psammophila primarily used soil water and groundwater in the
100-120 cm layer on the first day after rainfall and that in the 40-

TABLE 1 Changes in 3D values in the xylem of different sand-fixing plants after light (4.8 mm) and heavy (22.4 mm) rainfall events (%o).

Rainfall Plants
(mm) Treatment o : ) o ) ; ;
Caragana korshinskii Salix psammophila Artemisia ordosica Sabina vulgaris

1 day after rainfall -53.75 -50.55 -58.21 ~51.56

48
5 days after rainfall —-58.48 -62.25 -67.35 -74.53
1 day after rainfall -46.32 -59.04 -34.60 -74.07

224
8 days after rainfall -52.30 -50.59 -53.88 -72.17
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FIGURE 3

Changes in soil water hydrogen isotopes after small (p = 4.8 mm, A-D) and large (p = 22.4 mm, E—H) precipitation events. In the figures, a and e, b
and f, c and g, and d and h represent the sand-fixing shrubs C. korshinskii, S. psammophila, A. ordosica, and S. vulgaris, respectively.

120 cm layer on the eighth day after rainfall (Figure 3F). A. ordosica
used soil water and groundwater in the 40-80 cm layer on the first
day after rainfall and that in the 80-140 c¢m layer on the eighth day
after rainfall. This shows that under heavy rainfall, the water use
characteristics of A. ordosica changed from its use of middle (40-80
cm) soil water to its use of deep (80-140 cm) soil water (Figure 3G).
S. vulgaris primarily used soil water in the 20-40 cm and 100-140
cm soil layers on the first and eighth days after rainfall, respectively,
indicating that the water use characteristics of S. vulgaris had
changed. S. vulgaris can use both deep and shallow soil water. No
groundwater was used on the first day after rainfall, but
groundwater was used on the eighth day after rainfall (Figure 3H).

3.3 Variation of water utilization
percentages of different types of shrubs
after rainfall

The variation in water use proportions of different types of
sand-fixing plants after precipitation is shown in Figure 4. Under
the condition of light rainfall (4.8 mm), the water utilization source
of C. korshinskii was relatively uniform on the first day after rainfall,
with the proportion of water utilization in each soil layer ranging
from 11% to 17%. On the fifth day after rainfall, C. korshinskii
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mainly used groundwater, with the utilization ratio as high as 29%,
followed by its use of soil water in the 60-80 cm layer, with a
utilization ratio of 21% (Figure 4A). S. vulgaris primarily used soil
water in the 100-140 cm layer on the first day after rainfall, with a
utilization ratio of 60%, while on the fifth day after rainfall, it used
soil water and groundwater in the 100-140 cm layer, with a
cumulative contribution of 62% (Figure 4B). The proportion of A.
ordosica using soil water in the 60-80 cm layer on the first day after
rainfall was 21%, while the proportion of A. ordosica using soil
water in the 0-20 cm on the fifth day after rainfall had risen to 97%
(Figure 4A). S. vulgaris used soil water in the 0-20 cm layer on the
first day after rainfall, with a utilization rate of 33%, while on the
fifth day after rainfall, it still primarily used soil water in the 0-20
cm layer, up to 53% Figure 4A).

Under the condition of heavy rainfall (22.4 mm), the proportion
of sand-fixing plant C. korshinskii using soil water in the 80-100 cm
layer on the first day after rainfall was 34%, and the proportion of
sand-fixing plant C. korshinskii using soil water in the 120-140 cm
layer on the eighth day after rainfall was 93% (Figure 4A). The
cumulative contribution of sand-fixing plant S. psammophila to the
use of soil water in the 40-80 cm layer on the first day after rainfall
was 42%, while the proportions of soil water in each layer on the
eighth day after rainfall were equivalent, ranging from 12% to 17%
(Figure 4A). The proportion of sand-fixing plant A. ordosica using
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soil water in the 60-80 cm layer on the first day after rainfall was
88%, while the proportion of sand-fixing plant A. ordosica using soil
water in the 100-120 cm layer on the eighth day after rainfall was
51% (Figure 4A). The proportion of sand-fixing plant S. vulgaris
using groundwater on the first day after rainfall was 33%, while the
proportion of sand-fixing plant S. vulgaris using water in each soil
layer on the eighth day after rainfall was 12-17% (Figure 4A).

4 Discussion

4.1 Effects of precipitation on the soil
moisture and hydrogen isotope
composition in a sand-fixing vegetation
restoration area

In arid and semi-arid sandy areas, water is a key factor affecting
the structure, function, and stability of arid ecosystems and a central
link connecting vegetation processes and hydrological processes
(Sharma, 1991; Legates et al., 2011). Precipitation is the main source
of soil water in arid and sandy areas when groundwater cannot be
directly utilized. Therefore, the pattern and quantity of precipitation
are crucial factors that determine plant colonization and growth
(Dodd et al., 1998; Cheng et al., 2006). Soil water content is affected
by rainfall infiltration supplementation, evaporation, and
transpiration, and as such, it is in a constantly changing state (Li
et al,, 2010; Legates et al., 2011). It was reported that the hydrogen
and oxygen isotope values in surface soil water are directly affected
by precipitation due to the influence of precipitation infiltration &
(Lei et al,, 2022). In this study, we found that in the light rainfall
event, except for the C. korshinskii site sample plot, the changes of
OD isotope at different sites were small, and the variation was
concentrated in the surface layer. In the heavy rainfall event, soil
water 8D concentration of different vegetation sites became greater
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and showed a deepening trend (Figure 3). In this study, probably
due to the combined effect of precipitation mixing and evaporation
on shallow soil water, the amplitude of 8D value changed
significantly, and the magnitude of the change decreased with the
increase of soil depth. The heavy rainfall had a clear replenishment
effect on deep soil water, and the evaporation effect among shrubs
was large (Wang et al., 2017). In addition, the architectures of
different types of sand fixation plants are quite different, resulting in
OD values showing clear differences.

4.2 Response of water use strategies of
sand-fixing plants to rainfall changes

In arid sandy areas, light rainfall has a limited effect on soil
moisture, and only rainfall greater than 10 mm can replenish deep
soil moisture (Huxman et al., 2004; Turnbull et al., 2012; Li et al.,
2013). Therefore, when the rainfall input is small, the change in
surface soil water content is small, and the roots in the surface soil
may be inactive under drought conditions (Flanagan et al., 1992).
Plants can only rely on deep roots to absorb water from the soil
(Ehleringer and Dawson, 1992; Ogle and Reynolds, 2004). When
more precipitation is input, the amount of surface soil water
recharged by precipitation will increase, and plants will increase
the use of shallow water (Duan et al., 2008; Huang and Zhang,
2015). In June, when the rainfall is scarce and the soil moisture
content is low, the surface soil moisture cannot be effectively
supplemented by rainfall. In addition, in the early stages of the
plant growth season, the plant has a high water demand and
experiences strong evaporation, resulting in a significant increase
in ground evapotranspiration and in the surface (0-40 cm) soil
moisture content being lower than the deep soil moisture content
(Figure 2). At this time, the deep root sand-fixing plants C.
korshinskii and S. psammophila mainly use soil water in the 80-
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140 cm layer and directly use groundwater. The direct utilization
ratio of the two sand-fixing plants of the deep soil water was greater
than 60% (Figure 4), indicating that in the dry season, when the soil
water content decreases, the sand-fixing plants C. korshinskii and S.
psammophila can cope with the arid environment by increasing the
utilization ratio of the deep soil water. Compared with C. korshinskii
and S. psammophila, the roots of A. ordosica and S. vulgaris are
concentrated in the range of 0-40 cm in the surface layer (Zhang
et al,, 2006; Wang et al., 2016). When the soil moisture content is
low, their water use characteristics are still dominated by the use of
the 0-20 cm layer soil moisture (Figures 2, 4), and the utilization
ratio of surface soil moisture was up to 97% in A. ordosica site,
indicating that sand fixing plant A. ordosica has strong drought
resistance and the ability to adapt to an arid environment.
Influenced by the shade effect of plant aboveground architecture,
the soil water content of sample S. vulgaris was generally higher
than that of other sample plots, especially the surface soil water
content (Figure 2). Sand-fixing plant S. vulgaris primarily used the
0-20 cm layer soil water but still has a considerable proportion
(nearly 30%) of water from the deeper layer (80-140 cm) of soil
water and groundwater, indicating that sand-fixing plant S. vulgaris
can use both the shallow layer (0-40 cm) and deep layer (80-140
cm) soil water as well as its flexible water use characteristics and
strong drought adaptability. In August, when the soil moisture
conditions are better, the soil moisture content in the surface layer
(0-40 cm) and middle layer (40-80 cm) is effectively supplemented
by rainfall, resulting in a higher soil moisture content in the surface
layer and middle layer than in the deep layer (Figure 2). At this
time, sand-fixing plants A. ordosica and S. vulgaris will increase the
utilization ratio of middle soil water. Compared with A. ordosica
and S. vulgaris, although the shallow soil water of sand-fixing plants
S. psammophila and C. korshinskii sample plots was effectively
supplied by rainfall, C. korshinskii and S. psammophila still used the
deep soil water to adjust their own water use strategies.

4.3 Significance of differences in water use
characteristics of sand-fixing plants to
regional vegetation restoration

On the whole, in June, when precipitation is scarce, sand-fixing
plants C. korshinskii and S. psammophila primarily used soil water
below 80 cm and ground water, while A. ordosica and S. vulgaris
used soil water from the 0-40 cm layer. In August, when
precipitation is relatively abundant, sand-fixing plants A. ordosica
and S. vulgaris still used the soil water in the 0-40 cm layer, while
sand-fixing plants C. korshinskii and S. psammophila used the soil
water in the 80-140 cm layer. Under the light rainfall event, the
water use characteristics of sand-fixing plants C. korshinskii and S.
psammophila did not change significantly, indicating that the light
rainfall event had little impact on the water use strategies of the
plants, whereas the water use characteristics of sand-fixing plants A.
ordosica and S. vulgaris were sensitive to light rainfall events. Under
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the condition of heavy rainfall, C. korshinskii and S. psammophila
still used the deep soil water, while the water use depths of sand-
fixing plants A. ordosica and S. vulgaris were expanded. To improve
the utilization efficiency under limited water conditions in sandy
areas, the mixed planting of sand-fixing plants C. korshinskii and S.
psammophila, or A. ordosica and S. vulgaris, will increase the
competition for water, thus causing the instability of sand-fixing
vegetation systems. The mixed planting of sand-fixing plants A.
ordosica and S. vulgaris with C. korshinskii and S. psammophila
would alleviate the competition for water between sand-fixing
plants to a certain extent, so that the soil water in each layer
could be effectively used, thereby improving the stability of the
windbreak and sand-fixing vegetation system. Our research results
also found that except for limited utilization of groundwater by
sand fixation plant A. ordosica, different species of sand fixing plants
have different degrees of utilization of groundwater, and the
maximum utilization of groundwater by sand fixing plant S.
vulgaris can reach 33%, indicating that the large-scale planting of
sand-fixing plants C. korshinskii, S. psammophila, and S. vulgaris
may cause a decline in the groundwater level.

5 Conclusion

In this study, hydrogen isotopic composition of water pools
(ground water, soil water, and xylem water) was determined and
compared; possible water uptake sources of four typical xerophytic
shrubs, C. korshinskii, S. psammophila, A. ordosica, and S. vulgaris
in the Hobq Desert, China, were investigated. In general, under light
rainfall, sand-fixing plants C. korshinskii and S. psammophila
primarily used soil water in the 80-140 cm layer (37-70%) as
well as groundwater (13-29%), and the water use characteristics
were not changed significantly under the light rainfall event
(4.8 mm), whereas the sand-fixing plants A. ordosica and S.
vulgaris primarily used soil water in the 0-40 cm layer, and the
utilization ratio significantly increased (up to 97%) at 5 days after
rainfall. Under the condition of heavy rainfall, sand-fixing plants C.
korshinskii and S. psammophila still mainly used soil water in the
60-140 cm layer (56-99%) as well as groundwater (~15%), while
the main water utilization depth of sand-fixing plants A. ordosica
and S. vulgaris expanded to 0-100 cm. Based on the above results,
sand-fixing plants C. korshinskii and S. psammophila primarily used
the soil moisture of the 80-120 cm layer and ground water, while A.
ordosica and S. vulgaris used the soil moisture of the 0-100 cm layer
and increased the utilization ratio of shallow soil water (0-40 cm)
under the condition of light rainfall. Therefore, the co-existence of
sand-fixing plants A. ordosica and S. vulgaris will increase the
competition for water between artificial sand-fixing plants, while
the combination of the two xerophytic shrubs C. korshinskii and S.
psammophila will avoid the competition between artificial sand-
fixing plants to some extent. During the deployment of artificial
sand-fixing plants, the utilization of groundwater by C. korshinskii,
S. psammophila, and S. vulgaris should be fully considered.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1103789
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yongsheng et al.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Author contributions

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

Funding

This study was jointly supported by the Science and
Technology Program of the Inner Mongolia Autonomous
Region (2019GG008, 2022YFDZ0036, MK0143A012022), the
National Natural Science Foundation of China (42061017,
42072291), the Natural Science Foundation of Inner Mongolia

References

Asbjornsen, H., Mora, G., and Helmers, M. (2007). Variation in water uptake
dynamics among contrasting agricultural and native plant communities in the
Midwestern U.S. Agric. Ecosyst. Environ. 121, 343-356. doi: 10.1016/j.agee.2006.11.009

Busch, D. E., Ingraham, N. L., and Smith, S. D. (1992). Water uptake in woody
riparian phreatophytes of the southwestem United States: A stable isotope study. Ecol.
Appl. 2, 450-459.

Cao, S. X. (2008). Why large-scale afforestation efforts in China have failed to solve
the desertification problem. Environ. Sci. Technol., 1826-1831. doi: 10.1021/es0870597

Cheng, X, An, S, Li, B,, Chen, J,, Lin, G,, Liu, Y., et al. (2006). Summer rain pulse size
and rainwater uptake by three dominant desert plants in a desertified grassland ecosystem
in northwestern China. Plant Ecol. 184, 1-12. doi: 10.1007/s11258-005-9047-6

Chimner, R. A., and Cooper, D. J. (2004). Using stable oxygen isotopes to quantify
the water source used for transpiration by native shrubs in the San Luis valley, Colorado
U.S.A. Plant Soil 260, 225-236. doi: 10.1023/B:PLS0.0000030190.70085.e9

Coplen, T. B., Wildman, J. D., and Chen, J. (1991). Improvements in the gaseous
hydrogen-water equilibration technique for hydrogen isotope ratio analysis. Anal.
Chem. 63, 910-912. doi: 10.1021/ac00009a014

Dawson, T. E., Mambelli, S., Plamboeck, A. H., Templer, P. H., and Tu, K. P. (2002). Stable
isotopes in plant ecology. Annu. Rev. Ecol. Syst. 33, 507-559. doi: 10.1146/
annurev.ecolsys.33.020602.095451

Dodd, M. B., Lauenroth, W. K., and Welker, J. M. (1998). Differential water resource
use by herbaceous and woody plant life forms in a shortgrass steppe community.
Oecologia 117, 504-512. doi: 10.1007/s004420050686

Duan, D. Y., Ouyang, H.,, Song, M. H., and Hu, Q.-W. (2008). Water sources of
dominant species in three alpine ecosystems on the Tibetan plateau, China. J. Integr.
Plant Biol. 50, 257-264. doi: 10.1111/.1744-7909.2007.00633.x

Ehleringer, J. R., and Dawson, T. E. (1992). Water uptake by plants: perspectives
from stable isotope composition. Plant Cell Envi-ronment 15, 1073-1082. doi: 10.1111/
j.1365-3040.1992.tb01657.x

Ehleringer, J. R,, and Osmond, C. B. (1989). “Stable isotopes,” in Plant physiological
ecology: field methods and instrumentation. Eds. R. W. Pearcy, J. Ehleringer, H. A.
Mooney and P. W. Rundel (London, UK: Chapman and Hall).

Flanagan, L. B., Ehleringer, J. R., and Marshall, J. D. (1992). Differential uptake of
summer precipitation among cooccurring trees and shrubs in a pinyon-juniper
woodland. Plant Cell Environ. 15, 831-836. doi: 10.1111/j.1365-3040.1992.tb02150.x

Huang, L., and Zhang, Z. S. (2015). Stable isotopic analysis on water utilization of
two xerophytic shrubs in a revegetated desert area: tengger desert, China. Water 7,
1030-1045. doi: 10.3390/w7031030

Huxman, T. E., Snyder, K. A, Tissue, D., Leffler, A.J., Ogle, K., Pockman, W. T., et al.

(2004). Precipitation pulses and carbon fluxes in semiarid and arid ecosystems.
Oecologia 141, 254-226. doi: 10.1007/s00442-004-1682-4

Frontiers in Plant Science

10.3389/fpls.2023.1103789

Autonomous Region (2022MS04002), and the High-level Talent
Research Start-up Funding Project of the Inner Mongolia Normal
University (2020YJRC006).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Legates, D. R., Mahmood, R, Levia, D. F.,, DeLiberty, T. L., Quiring, S. M., Houser,
C, et al. (2011). Soil moisture: a central and unifying theme in physical geography.
Prog. Phys. Geogr. 35, 65-86. doi: 10.1177/0309133310386514

Lei, Z. R, Jia, G.-D., Yu, X.-X,, and Liu, Z.-H. (2022). A review of stable hydrogen
and oxygen isotopic offset in plant water source research. Chin. J. Plant Ecol. 47, 25-40.
doi: 10.17521/cjpe.2021.0479

Li, X. R, Tian, F,, Jia, R. L., Zhang, Z.-S., and Liu, L. (2010). Do biological soil crusts
determine vegetation changes in sandy deserts? implications for managing artificial
vegetation. Hydrol. Processes 24, 3621-3630. doi: 10.1002/hyp.7791

Li, X. R, Zhang, Z. S., Huang, L., and Wang, X.-P. (2013). Review of the
ecohydrological processes and feedback mechanisms controlling sand-binding
vegetation systems in sandy desert regions of China. Chin. Sci. Bull. 58, 1483-1496.
doi: 10.1007/s11434-012-5662-5

Ogle, K., and Reynolds, J. F. (2004). Plant responses to precipitation in desert
ecosystems: integrating functional types, pulses, thresholds, and delays. Oecologia 141,
282-294. doi: 10.1007/s00442-004-1507-5

Ohte, N., Koba, K., Yoshikawa, K., Sugimoto, A., Matsuo, N., Kabeya, N, et al.
(2003). Water utilization of natural and planted trees in the semiarid desert of inner
Mongolia, China. Ecol. Appl. 13, 337-357. doi: 10.1890/1051-0761(2003)013[0337:
WUONAP]2.0.CO;2

Phillips, D. L., and Gregg, J. W. (2003). Source partitioning using stable
isotopes: coping with too many sources. Oecologia 136, 261-269. doi: 10.1007/s00442-003-
1218-3

Phillips, D. L., Newsome, S. D., and Gregg, J. W. (2005). Combining sources in stable
isotope mixing models: alternative methods. Oecologia 144, 520-527. doi: 10.1007/
s00442-004-1816-8

Sala, O. E., and Lauenroth, W. K. (1982). Small rainfall events: an ecological role in
semiarid regions. Oecologia 53, 301-304. doi: 10.1007/BF00389004

Schenk, H. J., and Jackson, R. B. (2002). Rooting depths, lateral root spreads and
below-ground/above-ground allometries of plants in water-limited ecosystems. J. Ecol.
90, 480-494. doi: 10.1046/j.1365-2745.2002.00682.x

Schlesinger, W. H., and Ehleringer, J. R. (2001). Water use tradeoffs and optimal
adaptations to pulse-driven arid ecosystems. J. Ecol. 89, 464-480. doi: 10.1046/.1365-
2745.2001.00576.x

Sharma, K. D. (1991). Water resources: an overview of world deserts. Ann. Arid Zone
30, 283-300.

Socki, R. A., Romanek, C. S., and Gibson, E. K. (1999). On-line technique for
measuring stable oxygen and hydrogen isotopes from microliter quantities of water.
Anal. Chem. 71, 2250-2253. doi: 10.1021/ac981140i

State Forestry Administration, P. R. China (2015). A bulletin of status quo of
desertification and sandification in China. Beijing.

frontiersin.org


https://doi.org/10.1016/j.agee.2006.11.009
https://doi.org/10.1021/es0870597
https://doi.org/10.1007/s11258-005-9047-6
https://doi.org/10.1023/B:PLSO.0000030190.70085.e9
https://doi.org/10.1021/ac00009a014
https://doi.org/10.1146/annurev.ecolsys.33.020602.095451
https://doi.org/10.1146/annurev.ecolsys.33.020602.095451
https://doi.org/10.1007/s004420050686
https://doi.org/10.1111/j.1744-7909.2007.00633.x
https://doi.org/10.1111/j.1365-3040.1992.tb01657.x
https://doi.org/10.1111/j.1365-3040.1992.tb01657.x
https://doi.org/10.1111/j.1365-3040.1992.tb02150.x
https://doi.org/10.3390/w7031030
https://doi.org/10.1007/s00442-004-1682-4
https://doi.org/10.1177/0309133310386514
https://doi.org/10.17521/cjpe.2021.0479
https://doi.org/10.1002/hyp.7791
https://doi.org/10.1007/s11434-012-5662-5
https://doi.org/10.1007/s00442-004-1507-5
https://doi.org/10.1890/1051-0761(2003)013[0337:WUONAP]2.0.CO;2
https://doi.org/10.1890/1051-0761(2003)013[0337:WUONAP]2.0.CO;2
https://doi.org/10.1007/s00442-003-1218-3
https://doi.org/10.1007/s00442-003-1218-3
https://doi.org/10.1007/s00442-004-1816-8
https://doi.org/10.1007/s00442-004-1816-8
https://doi.org/10.1007/BF00389004
https://doi.org/10.1046/j.1365-2745.2002.00682.x
https://doi.org/10.1046/j.1365-2745.2001.00576.x
https://doi.org/10.1046/j.1365-2745.2001.00576.x
https://doi.org/10.1021/ac981140i
https://doi.org/10.3389/fpls.2023.1103789
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yongsheng et al.

Tang, K. Y., Yan, Z. ], Yin, Q,, Gao, L., Wang, H., Wang, Y.-Q,, et al. (2018). Study
on plant diversity of different dunes in the eastern kubuqi desert. Chinses J. Grassland
40, 71-77. doi: 10.16742/j.2gcdxb.2018-06-10

Turnbull, L., Wilcox, B. P., Belnap, J., D'Odorico, P., Childers, D., Gwenzi, W., et al.
(2012). Understanding the role of ecohydrological feedbacks in ecosystem state change
in drylands. Ecohydrology 5, 174-183. doi: 10.1002/ec0.265

Wang, X. M., Chen, F. H,, Hasi, E., and Li, J. C. (2008). Desertification in China: an
assessment. Earth-Sci. Rev. 88, 188-206. doi: 10.1016/j.earscirev.2008.02.001

Wang, J., Fu, B,, and Lu, N. (2017). Seasonal variation in water uptake patterns of
three plant species based on stable isotopes in the semi-arid loess plateau. Sci. Total
Environ. 609, 27-37. doi: 10.1016/j.scitotenv.2017.07.133

Wang, Y. L, Liu, L. C, Gao, Y. H, Li, G, Zhao, J. C, Xie, M,, et al. (2016).
Analysis of water sources of plants in artificial sand-fixation vegetation area based on

Frontiers in Plant Science

10

10.3389/fpls.2023.1103789

large rainfall events. Chin. J. Appl. Ecol. 27, 1053-1060. doi: 10.13287/j.1001-
9332.201604.005

Wang, R., and Yang, G. J. (2018). Evaluation of ecological benefits of combating
desertification in east edge of hobq desert. Bull. Soil Water Conserv. 38, 174-179.
doi: 10.13961/j.cnki.stbctb.2018.05.028

Zencich, S.J., Froend, R. H., Turner, J. V., and Vit, G. (2002). Influence of groundwater
depth on the seasonal sources of water accessed by banksia tree species on a shallow, sandy
coastal aquifer. Oecologia 131, 8-19. doi: 10.1007/s00442-001-0855-7

Zhang, Z., Fan, H., Zhao, ]., Chen, Y., and Tan, H. (2006). Root distribution and dynamics
of revegetated communities in desert area. J. Desert Res. 26, 637-643.

Zhao, L., Xiao, H., Guodong, C., Liang, Z., Caizhi, L., and Qiu, Y.. (2008).
A preliminary study of water sources of riparian plants in the lower reaches of the
heihe basin. Acta Geosci. Sin. 29, 709-718.

frontiersin.org


https://doi.org/10.16742/j.zgcdxb.2018-06-10
https://doi.org/10.1002/eco.265
https://doi.org/10.1016/j.earscirev.2008.02.001
https://doi.org/10.1016/j.scitotenv.2017.07.133
https://doi.org/10.13287/j.1001-9332.201604.005
https://doi.org/10.13287/j.1001-9332.201604.005
https://doi.org/10.13961/j.cnki.stbctb.2018.05.028
https://doi.org/10.1007/s00442-001-0855-7
https://doi.org/10.3389/fpls.2023.1103789
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Stable isotopic analysis of water utilization characteristics of four xerophytic shrubs in the Hobq Desert, Northern China
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Methods
	2.2.1 Sample collection
	2.2.2 Sample analysis
	2.2.3 Data analysis


	3 Results
	3.1 Changes in soil water content
	3.2 Variation in hydrogen isotope of xylem water and soil water and identification of water source
	3.3 Variation of water utilization percentages of different types of shrubs after rainfall

	4 Discussion
	4.1 Effects of precipitation on the soil moisture and hydrogen isotope composition in a sand-fixing vegetation restoration area
	4.2 Response of water use strategies of sand-fixing plants to rainfall changes
	4.3 Significance of differences in water use characteristics of sand-fixing plants to regional vegetation restoration

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


