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Abstract: Alhagi sparsifolia Shap. (Fabaceae) is a spiny, perennial herb. The species grows in the salinized,
arid regions in North China. This study investigated the response characteristics of the root growth and the dis-
tribution of one-year-old A. sparsifolia seedlings to different groundwater depths in controlled plots. The eco-
logical adaptability of the root systems of A. sparsifolia seedlings was examined using the artificial digging
method. Results showed that: (1) A. sparsifolia seedlings adapted to an increase in groundwater depth mainly
through increasing the penetration depth and growth rate of vertical roots. The vertical roots grew rapidly when
soil moisture content reached 3%—9%, but slowly when soil moisture content was 13%—-20%. The vertical roots
stopped growing when soil moisture content reached 30% (the critical soil moisture point). (2) The morphological
plasticity of roots is an important strategy used by A. sparsifolia seedlings to obtain water and adapt to dry soil
conditions. When the groundwater table was shallow, horizontal roots quickly expanded and tillering increased in
order to compete for light resources, whereas when the groundwater table was deeper, vertical roots developed
quickly to exploit space in the deeper soil layers. (3) The decrease in groundwater depth was probably respon-
sible for the root distribution in the shallow soil layers. Root biomass and surface area both decreased with soil
depth. One strategy of A. sparsifolia seedlings in dealing with the increase in groundwater depth is to increase
root biomass in the deep soil layers. The relationship between the root growth/distribution of A. sparsifolia and
the depth of groundwater table can be used as guidance for harvesting A. sparsifolia biomass and managing
water resources for forage grasses. It is also of ecological significance as it reveals how desert plants adapt to
arid environments.
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The relationship between plant and soil moisture is an an ecological system where soil moisture is limited,
important topic of research in plant ecology in arid the availability of water and nutrients to plants largely
regions. The root system is the most important organ depends on the environmental conditions, as well as
in plants for the absorption of water and nutrients. In the size, morphology and competitiveness of the root
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systems (Zhang et al., 2012). The Taklimakan Desert
is one of the most arid areas in the world, where the
average annual precipitation is less than 50 mm. The
survival of natural plants in such an extremely arid
environment is a result of evolutionary adaptation to
the extreme environment (Schenk, 2005; Gong et al.,
2012). In the arid ecosystem of the Taklimakan Desert,
moisture is the major limiting factor and, in the study
area, it is rare for moisture to be available to plants in
soil layers that are above the edge of groundwater
capillarity (Li et al., 2010; Ma et al., 2011). Several
dominant perennial species at the fringe of the oasis
need to be in contact with groundwater if they are to
survive, whereas the roots of seedlings must reach the
limits of water capillary action if their root systems
are not to be threatened by soil drought. The increase
in groundwater depth significantly affects the growth
and distribution of Populus deltoids (Rood et al., 2000)
and the water potential changes in Salix gooddingii
and P. fremontii (Horton et al., 2003). These indicate
that the depth of the groundwater table has a
long-term effect on the ecological balance and vegeta-
tion diversity (Nilsson et al., 1997).

Alhagi spp. are perennial, leguminous and lignified
herbs growing in deserts and semi-deserts. Ball and
Robbins (1933) described several A/hagi spp. in Rus-
sia and mainly focused on the morphology of thorns
and leaves. During the same period, Graham (1941)
recognized that A/hagi spp. played an important role
in preventing soil erosion, suggesting that they should
be protected and utilized as much as possible. A study
on the morning water potential and daily changes in
water potential of Alhagi sp. during two consecutive
vegetation growth cycles showed that flood did not
affect the water conditions of Alhagi sp., but neither
did water deficiency occur in Alhagi sp. A. sparsifolia
has been shown to have a relatively high osmotic po-
tential compared with several other desert plants (e.g.
Tamarix chinensis, P. diversifolia and Calligonum
mongolicum) in the same study area and showed no
water stress during the growing period (Li et al., 2002).
In addition, A. sparsifolia has a relatively high tran-
spiration rate, which becomes more obvious during
the daily changes in stomatal conductance. Clearly, A.
sparsifolia can access a sufficient water supply for
survival. In the study area, the rainfall is negligible,

with no flooding events on the sample plot and no
available capillary water in the soil, so the survival
and growth of A. sparsifolia must largely depend on
groundwater resources (Thomas et al., 2000). Re-
search on stable carbon/oxygen isotopes in the leaf
organics of A. sparsifolia and associated salt-tolerance
characteristics in plants has confirmed that groundwa-
ter is the available water source for 4. sparsifolia and
that A. sparsifolia can endure a certain degree of sa-
linity (Arndt et al., 2004a). Previous research has
shown that A. sparsifolia can obtain a continuous and
sufficient water supply, showing no signs of water
stress during the growing period and producing good
growth. On the southern fringe of the Taklimakan De-
sert, A. sparsifolia can not only fix nitrogen (N) from
the atmosphere, but also obtain substantial N supplies
from groundwater, thereby obtaining a sufficient nu-
trient supply for growth and survival (Arndt et al.,
2004b). Some researchers have demonstrated that the
growth status of A. sparsifolia is related to the depth
of the groundwater table (Agzhigitova et al., 1995;
Khafagi, 1995). Based on observations and experi-
ments for several years, we found that the root sys-
tems of A. sparsifolia adults could reach to 7-16 m in
deep soil layers to exploit the groundwater in natural
environment and that the root systems of one-year-old
A. sparsifolia could reach to 2.8 m in deep soil layers
to utilize the soil water under controlled conditions
(unpublished data). The plant’s main response to en-
vironmental changes, particularly changes in soil
moisture content, is through the root system. Under
dry conditions, the root systems show a certain degree
of plasticity in their growth (Reader et al., 1993), and
changes in root growth, density, surface area and dis-
tribution patterns are more sensitive to change than
soil nutrients and other physiological parameters of
root systems (Jastrow and Miller, 1993; George et al.,
1997). However, groundwater is one of the main water
sources for natural vegetation in arid areas, and
changes in the depth of the groundwater table have a
profound effect on the growth and morphological dis-
tribution of plant roots.

This study was conducted under poor soil condi-
tions in an extremely arid area. The responses of
deep-rooted A. sparsifolia seedlings to a water supply
controlled by groundwater depth were investigated.
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The hypotheses were: (1) The exploitation depth of 4.
sparsifolia seedling roots would gradually increase
with an increase in groundwater depth and the growth
rate of their vertical roots would be positively corre-
lated with groundwater depth. (2) Previous studies
have shown that the responses of 4. sparsifolia seed-
ling root systems to a good soil environment are
mainly manifested as an increase in the development
of horizontal roots with over-ground suckering to
compete for light resources, whereas the responses to
arid soil environments are mainly manifested as an
increase in the development of vertical roots in order
to exploit resources in deeper soil layers. (3) A de-
crease in groundwater depth may cause the root sys-
tems to be distributed in shallow soil layers and root
biomass and surface area to decrease with increasing
soil depth.

1 Materials and methods

1.1 Study area

This study was conducted at the Cele National Sta-
tion of Observation and Research for De-
sert-Grassland Ecosystem, Xinjiang Institute of
Ecology and Geography, Chinese Academy of Sci-
ences. The Cele Station is located on the leading
edge of the Cele Oasis (36°51'30"N, 80°44'28"E),
and has a typical inland desert climate and is in a
warm temperate zone. The annual average tempera-
ture is 11.9°C and the monthly average temperature
is —11.7°C in January and 25.2°C in July. The ex-
treme maximum temperature is 41.9°C and the ex-
treme minimum temperature is —23.9°C. The pre-
cipitation is relatively low and the rain mainly occurs
between May and July. The average annual precipita-
tion in the oasis plain is 35.1 mm, with an average
annual evaporation potential of up to 2,595.3 mm.
The groundwater depth is approximately 16 m within
the oasis area and 7 m at the leading edge of the oasis,
and shows an obvious seasonal change trend. The
natural vegetation in the area is mainly 4. sparsifolia.
The soil, groundwater and local climate at the ex-
perimental plot were close to natural conditions. The
average soil moisture and nutrient contents between
the soil depths of 0 and 350 cm under natural condi-
tions were as follows: soil moisture content (MC) of

3.30%, available nitrogen (AN) of 10.79 mg/kg,
available phosphorous (AP) of 2.06 mg/kg, available
potassium (AK) of 80.97 mg/kg, total nitrogen (TN)
of 0.02 g/kg, total phosphorous (TP) of 0.50 g/kg,
total potassium (TK) of 2.14 g/kg, and organic matter
(OM) of 0.26 g/kg (Fig. 1).

Our field experiment went on for 1 year. The ex-
perimental plot (72 m”) consisted of eight independent
subplots (9-m” total cultivation area; 3 mx3 m) where
the depth of the groundwater table could be controlled.
The specific construction structure of the controlled
groundwater table plots is as follows: the experimental
plot was found in cement pools (3 m long, 3 m wide
and 3 m deep), which were constructed to simulate the
groundwater table at 250 cm. At the 250-cm soil depth,
a water-resisting soil layer consisting of pebbles and
wire netting prevented further upward movement of
the water and made a water space. The water space
was supported by pillars. An intake pipe was designed
to allow water to flow into the water space. To create
the other three treatments (groundwater tables of 100,
150 and 200 cm), the height of the water space was
raised to the height of the required water table for that
plot. All other features of the tank (plot) making up
each plot were the same. Each tank was planted with
16 A. sparsifolia seedlings (Fig. 2). The eight cultiva-
tion subplots were identical in structure, with the
groundwater table maintained at one of the four dif-
ferent depths: 100, 150, 200 and 250 cm.

The experimental subplots were constructed be-
tween 20 March and 15 April, 2007 and were then
sown with 4. sparsifolia seeds. Prior to planting, the
groundwater was continuously supplied, allowing the
recovery of the soil to a naturally compact state. Then,
an initial flood irrigation (15 cm deep) was performed
in the cultivation area to ensure that the naturally dry
layer in the top 30 cm of the soil was wet enough for
seed germination. 4. sparsifolia seeds were subjected
to carbonization and a seedcoat removal treatment
(sulfuric acid for 5 min) and then washed with water.
Thinning was carried out on 3 May, with plants being
thinned to intervals of 50 cm. Three days after the
seeds were sown; watering cans were used to water
the seedlings three times a day (morning, noon and
evening) to ensure seedling survival. During this pe-
riod, protective measures were taken, such as shading
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Fig. 1 Vertical distribution of soil nutrients and moisture contents from 0 to 350 cm in the sample plot. TN, total nitrogen; TK, total
phosphorus; OM, organic matter; AN, available nitrogen; AP, available phosphorus; AK, available potassium; MC, moisture content.
Values are mean+SE, n=3.
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and preventing damage from birds and animals. Fur-
ther thinning of the seedlings was conducted 45 days
after sowing, leaving one or two seedlings per hole.

1.2 Sampling and analytical methods

1.2.1 Determination of soil moisture content

The soil moisture content was determined by the gra-
vimetric method using a boring auger and aluminum
specimen boxes.

1.2.2 Root growth investigation

A survey of root growth was carried out in July, Au-
gust, September and October, respectively. For each
treatment, eight replicate samples of A. sparsifolia
roots were collected at the four controlled groundwa-
ter depths (n=32). Of these, one out of the eight repli-
cate samples was used to construct the root morphol-
ogy diagram. In total, 16 root configuration diagrams
were drawn.

During the root survey, eight plants, which showed
good growth, were randomly selected as the standard
samples for each treatment. The ground diameters,
plant heights and crown widths were determined for
the standard samples and a layered mining survey was
performed on the root systems of the selected plants.
The plant root was taken as the center and the soil
mining was undertaken at a 20-cm interval. During the
mining process, all the roots at each layer were col-
lected, using root tracking and sieving methods, and
then sorted according to root diameters (<1 mm, 1-3
mm, and >3 mm). The roots were rinsed with water
and the diameter was measured at three different posi-
tions using a vernier gauge. The length of thick roots
was measured using a steel measuring tape and the
length of the fine roots was determined via a
mass-to-length conversion. (i.e. the mass of a fine root
was converted to a length of a specific diameter ac-
cording to the mass of a 10-cm root fragment of the
same diameter). The roots were sorted and classified,
packed in marked envelopes and transported to the
laboratory, together with the above-ground parts. The
samples were oven-dried at 80°C to a constant weight.
The dried plant samples of above-ground parts and
roots were weighed separately. The results were used
to calculate the dry weight of the above- and below-
ground biomasses and the layered root surface areas.

1.2.3 Description of root morphology

The root system was dug out using an artificial
trench-mining method. During the mining process,
efforts were made to not disturb the spatial positions
of root systems. The cut-open view of the root mor-
phology was drawn onto coordinate papers (1:20), in
situ, using fixation, coordinate labeling, and digital
photography.

1.3 Data processing

1.3.1 Calculation of soil moisture content

Soil moisture content was calculated using the fol-

lowing equation:

6, =2 100, (1)
w,

Where 6,, is the soil moisture content (%), W, is the

wet soil mass (g), and W, is the dry soil mass (g).

1.3.2 Calculation of vertical root growth rate

The growth rates of vertical roots were calculated us-

ing the following equation:

_ RDTMGDRDLM . ?)

Where Rypc is the growth rate of vertical roots (cm/d),

RDqy, is the depth of the vertical roots (cm) in a spe-

cific month, RDy,, is the depth of the vertical roots

(cm) in the previous month, and GD refers to the days

of growth.

RvrG

1.3.3 Calculation of root surface area

The root surface areas were calculated using the fol-
lowing equation:

y ZﬂxLxDz 3
== 3)
Given that each root is approximately cylindrical, 4
refers to the root surface area (cm?), L refers to the
root length (cm), and D refers to diameter (cm).

The statistical analysis was performed using
EXCEL 2010 and SPSS 18.0. The root distribution
diagrams were drawn using Photoshop CS4 and Illus-
trator 10.0.

2 Results and analysis

2.1 Vertical root growth of A. sparsifolia at dif-
ferent groundwater depths

To some extent, the plant height to rooting depth ratio
can reflect the relationship between plant growth and
the external environment. The plant height to rooting
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depth ratio of A. sparsifolia decreased with the in-
crease in simulated groundwater depths during the
growing season. This may be an adaptation strategy
that adjusts its allocation proportion to root growth
when drought stress is encountered. Except the roots
corresponding to a groundwater depth of 150 cm was
less than that of at a groundwater depth of 200 cm in
September (Fig. 3).

The root length of A. sparsifolia seedlings also
gradually increased with the increase in groundwater
depth (Fig. 4). During the growing season, the abso-
lute root length of vertical roots at the different simu-
lated groundwater depths were as follows: 250 cm >
200 cm > 150 cm > 100 cm. This indicated that the
increase in groundwater depth promoted the growth of
vertical roots.
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Fig. 3 The plant height to rooting depth ratio of A. sparsifolia
juveniles subjected to different groundwater table depth treat-
ments. The different columns indicate the different groundwater
table depths. Each value is meanSE, n=8.
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Fig. 4 Root lengths of A. sparsifolia juveniles subjected to dif-
ferent groundwater table depth treatments. The root lengths of
juveniles were measured between July and October. Each value
is the mean+SE of eight measurements.

During the 155-d growing period, the average
growth rates of the vertical roots of A. sparsifolia

seedlings at the four groundwater table depths (100,
150, 200 and 250 cm) were 0.37, 0.60, 0.82 and 1.07
cm/d, respectively (Fig. 5). This showed that the ver-
tical root growth rate of A. sparsifolia seedlings was
positively correlated with the groundwater depth.
However, there were variations in the vertical root
growth rate. The maximum root growth rate at the
groundwater depths of 100, 150 and 200 cm occurred
in the first two months after planting (early May—late
July), whereas the maximum growth rate at the
groundwater depth of 250 cm and with the drought
treatment appeared near the end of the growing season
(late September). The monthly average growth speed
of vertical roots reached 1.44 cm/d at a groundwater
depth of 250 cm. The root growth rate fell for all
treatments at the end of the growing season (late
October).
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Fig. 5 The rooting growth rates of A. sparsifolia juveniles at
different groundwater table depths. The rate of vertical root
growth from May to July=(the root length on 6 July)/64; the rate of
vertical root growth from July to August=(the root length on 19
August-the root length on 6 July)/45; the rate of vertical root
growth from August to September=(the root length on 17 Sep-
tember—the root length on 19 August)/30; the rate of vertical root
growth from September to October=(the root length on 12 Octo-
ber—the root length on 17 September)/36. Mean+SE, n=8.

2.2 Root morphological characteristics of 4. spar-
sifolia at different groundwater depths

The root morphological characters at each groundwa-
ter depth showed that the root systems of A. sparsifo-
lia seedlings could be divided into two groups (Fig. 6).
The roots showed various morphological characters at
different groundwater depths, which suggested that 4.
sparsifolia seedling roots could adapt to changes in
groundwater depth.
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Fig. 6 The root architecture of A. sparsifolia juveniles under different groundwater table treatments. GWT is groundwater table.

Further comparison of the root morphological
characteristics associated with different groundwater
depths showed that: (1) The horizontal root systems
were well developed when the groundwater depth was
100, 150, and 200 cm and had a substantially longer
length than the vertical roots. All treatments produced
tillering and suckering, with the exception of the roots
when the groundwater depth was 200 cm. (2) The
roots of A. sparsifolia seedlings were vertical when
the groundwater depth was 250 cm. (3) Horizontal
roots only appeared when the groundwater table was
200 cm or above.

The results also showed that: (1) The roots of A.
sparsifolia seedlings at groundwater depths of 100 and
150 cm showed tillering three months after planting
(late August), whereas roots at groundwater depths of
200 and 250 cm showed no tillering during the four
surveys. (2) Root tillering almost entirely occurred in
the top 20—40 cm soil layer. (3) The growth of A.
sparsifolia seedlings was greatest when the ground-
water depth was 150 cm and there was a significant
increase in suckering, whereas, at the depth of 100 cm,
there was substantial evaporation and soil salinization,

which resulted in pronounced leaf withering.

It should be noted that the roots were not disturbed
as far as possible during excavation. If the root system
was not entirely in the same plane, then some hori-
zontal roots and the vertical roots were taken into ac-
count when constructing the root architecture. Finally,
the results should show a special two-dimensional
surface of the root system.

2.3 Root distribution patterns of A. sparsifolia
seedlings at different groundwater depths

In this study, the root distribution pattern refers to the
distribution of root biomass and the surface area of 4.
sparsifolia seedlings in the soil profile (Fig. 7). A
decrease in groundwater depth led to a concentration
of root biomass and surface area in the upper soil
layers. The root biomass and surface area of the
seedlings when the groundwater depth was at 250 cm
were evenly distributed in the top 120 cm of the soil,
and then the root surface area suddenly increased at
100-140 cm. The roots of A4. sparsifolia seedlings
associated with the groundwater depth of 200 cm
were mainly distributed in the top 100 cm of the soil.
Root biomass was greatest at the soil depth between
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20 and 40 cm, whereas the root surface arca was
greatest at the depth between 80 and 100 cm. The
roots of A. sparsifolia seedlings associated with the
groundwater depth of 150 cm were mainly distributed
in the top 60 cm of the soil, with the greatest root
biomass being at the depth of 0-20 cm, and the great-
est root surface area was found at the depth of 40—-60
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cm. Both root length and root surface area at the
groundwater depth of 150 cm were substantially high-
er than found in the other three groundwater depth
treatments. The root biomass and root surface area of
A. sparsifolia seedlings associated with the ground-
water depth of 100 cm were concentrated in the top 20
cm of the soil.
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Fig. 7 Root biomass (a) and root surface area (b) of A. sparsifolia seedlings for different groundwater table treatments in October.

Values are meantSE, n=8.
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3 Discussion

3.1 The relationship between vertical root growth
and groundwater depth

Soil moisture is the key factor controlling the vertical
distribution of plant roots and, therefore, plant adsorp-
tion capability. Zhou and Shangguan (2007) studied
the fine root density and biomass of Pinus tabulae-
formis Carr. on the Loess Plateau and suggested that
soil moisture had a greater effect on root distribution

than soil inorganic nitrogen in arid and semi-arid areas.

Schenk and Jackson (2002) considered that with in-
creasing drought stress, the relative root length of her-
baceous plants increased to a certain degree and the
absolute root length declined relative to the growth of
aboveground parts. This study found that an increase
in groundwater depth led to an increase in the vertical
root length (including both relative and absolute root

lengths) and the growth rate of 4. sparsifolia seedlings.

This, to some extent, confirmed the results of previous
studies that vertical root growth increased under the
drought conditions (Sharp and Davies, 1985; Pallardy
and Rhoads, 1993). Schulze et al. (1996) also sug-
gested that when drought occurred during the growing
period of desert plants, the plants could actively grow
downwards to seek water. Furthermore, under arid
conditions, it took only approximately 150 days for 4.
sparsifolia seedlings to geminate and grow roots to a
depth of 260 cm. This study showed that the vertical
root growth rate of A. sparsifolia reached 3.14 cm/d in
September, further demonstrating that the vertical
roots grew faster in the growing season when tem-
peratures were optimal (Drennan and Nobel, 1996).
The increase in vertical root growth can significantly
increase moisture absorption (de Kroon and Visser,
2003). In addition, the increase during the summer has
been shown to effectively absorb moisture from deep
soil (Canadell and Zedler, 1995). This helps 4. spar-
sifolia seedlings to survive and grow in arid periods
by utilizing groundwater resources (Lloret et al.,
1999).

It is very important to study the response character-
istics of root growth of A. sparsifolia seedlings to dif-
ferent groundwater depths, because it will provide a
valuable theoretical basis for proper water resource

management in the process of the restoration of A.
sparsifolia in extreme arid areas. From the root
growth observed in the study, the vertical root systems
of A. sparsifolia seedlings could go down to deeper
soil layers under higher groundwater depths (200 and
250 cm) than under relatively shallow groundwater
depths (100 and 150 cm) in the early growing season.
Generally speaking, it promotes the vertical growth of
the root systems of the species seedlings when the soil
moisture is limited in the early growing period, which
is of significance for the proper utilization of water
resources during the restoration of desert plants.

At the beginning of the study, there was a concern
that the roots of 4. sparsifolia seedlings would pene-
trate the groundwater table at shallow depths. How-
ever, the results showed that the root systems did not
always grow downwards. After three months of
growth, the A. sparsifolia seedlings had almost
stopped the downward growth of vertical roots in the
treatments with groundwater depths of 100 and 150
cm, and substantial horizontal root growth and above-
ground tillering were observed. Further research might
be into why the roots did not always grow downwards
or even penetrate the groundwater table.

In order to further understand the quantitative rela-
tionship between soil moisture content and vertical
root growth, the relationship between the root growth
of A. sparsifolia seedlings and the soil moisture con-
tents under different groundwater depths was analyzed
(Fig. 8).

The results showed that the average root length of 4.
sparsifolia seedlings was 166 cm at the groundwater
depth of 250 cm, corresponding to a soil moisture
content of 32.8%; at the groundwater depth of 200 cm,
the average root length was 124 cm, corresponding to
a soil moisture content of 29.9%; and at the ground-
water depth of 100 cm, the average root length was 51
cm, corresponding to a soil moisture content of 30.8%.
These results indicated that the soil moisture content
of 30% was the critical value for the vertical root
growth of A. sparsifolia seedlings (the saturated soil
moisture content of the tested soils was 33.3%). From
the results mentioned above, the vertical root systems
could continue to go down deeper in the soil layers
unless the saturated soil moisture content reached the
critical value of 30%. This could be related to changes
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Fig. 8 Moisture content in the vertical soil profiles for different
groundwater table treatments. The soil moisture content was
measured at the end of the growing season and the four curves
represent the different groundwater table depths (250, 200, 150
and 100 cm). Values are meantSE, n=3.

in root respiration, as the saturation of the soil would
limit root respiration due to a lack of oxygen. If the
moisture was completely absorbed by the plants, the
roots may enter a dormant stage and only continue to
grow downward when further water became available
(Schulze et al., 1996).

3.2 Relationship between root morphology and
groundwater depth

Soil moisture had a positive effect on the root mor-
phology of A. sparsifolia seedlings. Good soil mois-
ture conditions resulted in well-developed horizontal
roots, obvious suckering and vertical roots that had a
shallower length. However, dry conditions resulted in
substantial downward root growth and the spatial
range of the root distribution gradually expanded with
the increase in soil moisture. This revealed that the
high root morphological plasticity of A. sparsifolia
seedlings varied with moisture conditions. Roots are
the most important organ for plant growth. Plants re-
spond to the environment, especially moisture content,
mainly through the root system, which shows clear
plasticity during the adaptation of a plant to its envi-
ronment (Grime et al., 1991). The phenotypic plastic-
ity of a plant refers either to the expression of different
phenotypes by the same plant genotype due to its
adaption to different environments (Bradshaw, 1965)
or to the different phenotypic abilities of individual

organisms subjected to different environmental im-
pacts at various growth stages (Pigliucci, 2005). Phe-
notypic plasticity has been considered to be one of the
most important response characteristics of an organ-
ism to environmental conditions or stimuli, as well as
being the phenotypic foundation of biological adapta-
tion (Huey et al., 2000). Plasticity has been thought to
be a flexible strategy by which plants adapt to the lo-
cal environment. Growth plasticity is an important
feature of plants that enables them to adapt to hetero-
geneous environments in terms of moisture and nutri-
ents (Via et al., 1995). In natural environments, mois-
ture usually exists in soils in a heterogeneous form. In
order to continuously obtain resources and adapt to
local environments, plants may seek resources using
active foraging strategies (Kembel and Cahill Jr,
2005). In response to soil conditions at shallow
groundwater depths, 4. sparsifolia developed hori-
zontal roots and increased tillering in order to compete
for light resources; whereas in response to soil condi-
tions at deep groundwater depths, A. sparsifolia de-
veloped vertical roots and expanded its root biomass
in the deeper soil layers. This observation is important
when considering the ecological restoration of A.
sparsifolia. The results of this study suggested that a
reduction in moisture supply during the early growth
stages would promote the downward growth of verti-
cal roots, while an increase in moisture supply during
later growth stages would promote the clonal propa-
gation and tillering of 4. sparsifolia seedlings. This
would improve the survival and propagation of A.
sparsifolia in extremely arid environments and dem-
onstrated that root morphological plasticity is an im-
portant strategy used by A. sparsifolia seedlings to
obtain moisture and adapt to arid environments.

3.3 Relationship between root distribution and
groundwater depth

Research regarding plant root distribution can be
dated back to 1727 when Hales first investigated crops
(Jackson et al., 1996). In many non-forest ecosystems,
over 80% of the total plant biomass is found in the soil
(Caldwell and Richards, 1986). The wide distribution
of root systems, such as fine roots, in soils enables a
larger volume of soil to be exploited by plant roots or
allows the exploitation of the same volume of soil to
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be enhanced (Joslin et al, 2000). The root distribution
pattern of plants depends on the horizontal and verti-
cal distribution of water and root morphological plas-
ticity. The spatial distributions of belowground bio-
mass are mainly reflected by the different vertical dis-
tributions of belowground biomass, i.e. the root bio-
mass in a spatial gradient is uneven. The research into
belowground biomass in typical grassland in the mid-
dle of Missouri, USA showed that 48%—-60% of the
root biomass was distributed below the top 2 feet (ca.
60 cm) in the soil profile (Dahlman and Kucera, 1965).
In this study, the vertical distribution of root biomass
for A. sparsifolia when subjected to different ground-
water depths was as follows: it gradually decreased
with an increase in soil depth, which is consistent with
the universal law concerning the vertical distribution
of plant roots. In general, plant root biomass decreases
with increasing soil depth (Schenk, 2005). The results
from this study showed that the vertical distribution of
root biomass for A. sparsifolia seedlings was nega-
tively correlated with soil depth. Schulze et al. (1996)
also showed that root biomass decreased with soil
depth for all vegetation types. The root surface area
has a close relationship with soil moisture absorption
(Jackson et al., 1997). In tundra areas, the above-
ground biomass per unit volume largely depends on
root surface area rather than a good environment
(Shaver and Billings, 1975). To some extent, this
means that plants can offset the stress of an extreme
environment by increasing the root surface area.
However, this was not confirmed by this study. In-
stead, this study obtained the optimal range of water
absorption by the root surface area of A. sparsifolia
seedlings at different groundwater depths. The maxi-
mum root surface area associated with the four
groundwater depth treatments (250, 200, 150 and 100
cm) occurred in the 100-140, 80-100, 40-60 and
0-20 cm soil layers, respectively. The associated soil
moisture contents were between 13% and 20%, which
demonstrated the strong absorption ability of A. spar-
sifolia roots within this soil moisture range.

4 Conclusions

Vertical root growth of A. sparsifolia seedlings was
most significantly affected by soil moisture. A. spar-
sifolia seedlings mainly adapted to drought by in-

creasing the vertical root length and growth rate. The
vertical roots grew fastest and were most sensitive to
soil moisture within the range of 3%-9% soil moisture
contents, but showed slow downward growth when the
soil moisture contents were between 13% and 20%.
The vertical roots stopped growing when soil moisture
content exceeded 30%, at which point soil moisture
became the limiting factor on root growth.

A. sparsifolia seedlings mainly had horizontal and
vertical roots. Root morphological plasticity is an im-
portant strategy for improving the uptake of soil
moisture and adapting to arid environments. When the
groundwater depth was less than 200 cm, horizontal
roots predominated and the plants showed increased
tillering in order to compete for light resources. When
the groundwater depth was deeper than 250 cm, verti-
cal roots predominated in order to exploit the deep soil
layers for moisture.

A decrease in groundwater depth caused the plant
roots to be distributed in the shallow soil layers. The
root biomass and surface area of A. sparsifolia de-
creased with soil depth, and increasing root biomass in
the deeper soil layers has been shown to be a strategy
utilized by A. sparsifolia seedlings in order to deal
with arid soil conditions. When exploiting and utiliz-
ing pasture grasses, a groundwater depth of 150 cm
was found to be most favorable for belowground root
biomass accumulation and a depth of 200 cm was
found to be most favorable in promoting belowground
root biomass accumulation. The findings of this study
can be used to increase the biomass yield of A. spar-
sifolia and improve the management of water re-
sources for a number of different forage grasses.
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