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Abstract Duplex soils, consisting of a sandy surface soil
(A-horizon) and silty-clay subsoil (B-horizon), occur in a
boundary area between oasis and desert in northwestern
China and create a challenging habitat for restoration of
plant growth. We conducted an experiment in a 10-year-
old H. ammodendron plantation forest to determine the
influence of physical properties of duplex soil on water
infiltration and plant root growth. We used a trenching
method to assess root biomass, and classified roots into
two diameter classes: fine (<2 mm) and coarse
(>2 mm). Following a 26.7 mm rain event, water infil-
trated to the B- horizon; further deep percolation was
hindered by low hydraulic conductivity, so that B hori-
zon remained at high available soil moisture for an ex-
tended period of time. Root biomass increased rapidly
in, or very close to the B horizon, especially for coarse
roots. The subsoil formed a barrier to root penetration,
but may also reflect the accumulation of water resources
at the boundary between the A- and B-horizon. Shoot
growth and root distribution, shrub height and canopy
area, and total root biomass were negatively correlation
with depth to the B horizon, and that was reflected by
quadratic functions. We conclude that the texture and
structure of duplex soils influenced the soil environment
for water infiltration and storage, indicating that the
B-horizon underlying sand in duplex soils is advanta-
geous for the growth, and development of planted sand-
stabilizing vegetation. These results have important
implications for sustainable development of sand-fixing
plantations in desert ecosystems.
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Introduction

Desertification is a land-degradation process caused by
intensification of human activities and climate change in
fragile ecosystems of arid and semi-arid areas, and
constitutes a major threat to the sustainability of agri-
culture and economic development (Zhu and Liu 1988;
Lal 2000; Wang 2000). Preventive measures have been
developed and successfully implemented in China, and
include the use of wheat-straw, and planting of indige-
nous dune-adapted shrubs to curb desertification and
alleviate its influence on crops, pasture, and human life
(Zhang et al. 2004; Li et al. 2009; Liu et al. 2013).
Further, once a population of indigenous shrubs is
established, it can accrue more resources, either actively
through root uptake of soil water and nutrients, or
passively by accumulating wind-blown dust and litter
(Garner and Steinberger 1989; Gutiérrez et al. 1993;
Burke et al. 1995); this accrual creates a feedback
mechanism that facilitates invasion and colonization by
other plant species (Li et al. 2009). However, the survival
of planted dune-adapted shrubs is affected by the
properties of species and microhabitats (Reynolds et al.
1999; Wijesinghe and Hutchings 1999; Ren et al. 2002).
Many studies have demonstrated that Haloxylon
ammodendron is the preferred sand-stabilizing species
because of its resistance to drought, cold, salt-alkali, and
poor soil quality (Tobe et al. 2000; Ma et al. 2007), and
its ability to alter the root system to maintain function
and growth with limited soil resources (Bell and Sultan
1999; Xu et al. 2007; Xu and Li 2008).

The relationship between water availability of desert
shrubs and their individual morphology, especially foli-
age growth and root-system distribution, is critical for
the survival of these plants (Xu et al. 2007). Individual
shrubs can adjust their morphology to maximize re-
source acquisition and escape or endure biotic and abi-
otic stresses (Weijschede et al. 2006; Messier et al. 2009).
For plants experiencing water-limited conditions, the
ability to alter root systems is important for enduring
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water stress and acclimating to changing habitat condi-
tions (Bell and Sultan 1999; Schenk and Jackson 2002;
Xu and Li. 2008). Water availability and, consequently,
root distribution, depend strongly on soil physical
properties throughout the soil profile—texture, porosity,
and hydraulic conductivity (Fravolini et al. 2005;
Macinnis-Ng et al. 2010).

Sudmeyer et al. (2004) suggested that root density gen-
erally decreased with increasing depth. However, this de-
crease was relatively gradual in deep sands, and abrupt in
clay subsoils, because dense subsoil clays form a barrier to
root growth. The decrease in root density may also reflect
the accumulation of water and nutrients at the boundary
between sand and clay (Laclau et al. 2001; Sudmeyer et al.
2004). Sandy soils are generally associated with higher
porosity and hydraulic conductivity than fine-textured
soils, and may offer less resistance to root penetration, thus
facilitating root elongation (Saxton and Rawls 2006).
Additionally, strong differences in texture between surface
and subsurface soil horizons have significant effects on soil
hydrology and on conditions for plant growth (Chittle-
borough 1992). Studies of the mechanisms of water
movement in layered soil profiles suggest that the depth of
each layer relative to the total profile depth can have an
overriding effect on water entry, storage, and movement
(Tennant et al. 1992). Examples of predicted behavior gi-
ven by Hillel and Talpaz (1977) for 17 uniform and layered
profiles show high storage efficiencies in duplex soils, in
which the subsoil (B horizon) is at least one-and-a-half
texture-groups finer than the surface soil (A horizon)
(Chittleborough 1992; Tennant et al. 1992). The sandy-
surfaced A horizons have higher infiltration rates and lower
evaporation losses than the B horizons.

In most ecosystems, roots tend to be most abundant in
topsoil layers, decreasing exponentially with increasing soil
depth (Schenk 2008). Xu and Li (2008) investigated root
distribution of Haloxylon ammodendron in uniform coarse-
textured and loamy-textured soil profiles and showed that
plants in sandy soil developed much deeper root systems
and larger root surface areas than in loamy-textured soil,
which indicated that plants have an advantage of growth in
coarse-textured soil. However, plant shoot size and root
distribution in a duplex (texture contrast) soil have not
been investigated, especially in a sand-fixing forest. The
objectives of this study were to: (1) quantify root biomass in
a duplex soil with a variable depth of the surface sand layer;
(2) determine the optimal combination of soil A and B
horizons which ensures plant survival and individual
development in desert-oasis landscapes.

Materials and methods
Study site and experimental design
The study was conducted in 2014 (June to September) in

an H. ammodendron forest planted in a desert—oasis
ecotone at the southern edge of the Badain Jaran Desert

in northwestern China. The area is located near the
Linze Inland River Basin Research Stations of the
Chinese Academy of Sciences (CAS) (39°21'N,
100°07’E). The area has a continental arid temperate
climate, with hot, dry summers, and cold winters. Mean
annual temperature is 7.6 °C. Mean annual precipitation
is 116.8 mm (1965-2000), and over 80 % of the precip-
itation occurs between May and September. Mean an-
nual open water evaporation is 2390 mm.

The study site is located at the elevation of 1,374 m
a.s.l. Prior to planting of sand-fixing vegetation, the site
was characterized by moving sand dunes alternating
with lightly undulating interdunal lowlands. Soils are
sandy, very loose in structure, and highly susceptible to
wind erosion. The surface sand deposits are 30-500 cm
deep; the subsoil contains a clay pan (Shen et al. 2014).
Thus, soils consist of a duplex profile with substantially
differing physical properties between the surface and the
subsoil. Rainfall data are collected by the Automatic
Weather Observing System (HOBO, USA) at the Linze
Inland River Basin Research Stations of the Chinese
Academy of Sciences.

Haloxylon ammodendron was manually planted in
2004 using single-stems in rows at about 2.0 m X 2.5 m
spacing. Twelve 10 m x 10 m sampling plots were
established in this plantation forest. We measured the
thickness of surface sand (A horizon) with a soil auger,
and found that it ranged from 30 to 200 cm (Table 1).
We used a caliper to measure plant height, canopy ra-
dius, and basal diameter in each plot. We determined the
maximum rooting depth with the trenching method
(details in next paragraph). We also counted the number
of individuals in three quadrats (10 m x 10 m).

Soil physical characteristics

In each sampling plot, six transects perpendicular to the
tree row (one side only, side selected randomly) were
marked. Then, two adjacent trenches were constructed
between two trees (Fig. 1). The trenches were about 1 m
wide (parallel to the tree row at a distance of 10 cm) X
1 m long X 2 m deep. Three replicate soil samples
(1000 cm?) were collected at 10 cm intervals to 2 m
depth along one wall of each trench using metal corers
(10 cm in diameter); soil samples were then transported
to the laboratory in air-tight plastic bags. One set of
samples from each plot was oven dried at 105 °C for
48 h to determine bulk density, expressed as dry mass
divided by the soil volume (g cm ™) (Macinnis-Ng et al.
2010). Another set of samples was used to measure soil
particle sizes by wet-sieving and hydrometer methods
(Arthur et al. 2012). Saturated soil hydraulic conduc-
tivity was measured using a constant head method
(Reynolds and Elrick 2002) in intact cores from the
twelve plots. Soil water potentials were measured with
WP4-T Dewpoint PotentiaMeter (Decagon Devices,
Pullman, WA) (Lu et al. 2008). Then subsamples of each
soil were adjusted to relative water content (RWC) that
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Table 1 Canopy structure and tree morphology of trees in the 12 sampling plots

Plot no. Tree height Canopy area Basal diameter Tree spacing Root depth Depth of sandy
(cm) (cm?) (cm) (cm) (cm) surface layer (cm)
1 141.6 8655.3 2.16 200 265.4 200
2 134.5 10132.3 2.65 210 258.6 200
3 116.2 6050.6 222 200 253.5 180
4 189.5 11788.2 3.48 200 232.3 170
5 157.7 10841.6 2.67 200 208.7 140
6 171.1 10818.2 3.04 200 195.7 120
7 149.8 17629.5 2.79 200 187.2 120
8 249.3 18734.3 4.44 220 175.9 80
9 202.9 12375.4 3.60 190 183.1 80
10 230.3 17566.7 4.38 200 164.3 70
11 191.2 15762.2 3.33 220 169.2 60
12 254.7 17006.1 4.10 235 158.4 30

Haloxylon ammodendron

0000000000

Trench (1 m)—>

Transect (0.1 m)

Haloxylon ammodendron

Fig. 1 Soil and root sampling positions in a planted Haloxylon
ammodendron forest. Black dots show positions of Haloxylon
ammodendron trees

coincided with water potentials ranging from —0.06 to
—1.46 MPa. We subsequently multiplied RWC by bulk
density to get volumetric water content (VWC) values.
Soil water retention curves were determined with RETC
version 6.0 and van Genuchten’s equation (van Gen-
uchten 1980; Macinnis-Ng et al. 2010):

-
[1+ (an)"]"

where S, is the effective degree of saturation, h is suction
(cm) and o, n and m are empirical constants affecting the
shape of the retention curve.

In each plot, we measured soil water content (see
below) on the 15th day of each month from June to
September. We also compared data from before a
rainfall event on the 15th of July with those measured
on the 23rd and the 27th of July (a 26.7-mm rainfall
occurred on the 22nd of July). Soil samples were col-
lected by hand auger from 0 to 200 cm depth. The
samples between 0-100 cm depth were obtained at
10-cm intervals, and those between 100 and 200 cm
depth were obtained at 20-cm intervals. Three repli-

Se =

cates for each depth interval were obtained from three
independent cores in each plot for a total of 9 samples
per depth interval per plot. Soil water content (mass
ratio) was obtained by a conventional oven-drying
method.

Root biomass distribution

We used the trenching method (Komiyama et al. 1987)
to investigate root biomass and distribution. Six tren-
ches were made in each sampling plot in early August, as
described above (two trenches per quadrat, three quad-
rats per plot). Soil samples were collected from each soil
layer at 10 cm intervals to 2 m depth in each trench.
These samples were transported to laboratory in plastic
bags. Roots were separated from the soil by washing
through a 0.5-mm sieve, and sorting into coarse
(>2 mm diameter) and fine (<2 mm diameter) frac-
tions. Roots with diameters of <2 mm were generally
defined as feeder roots for water and mineral uptake
(Gordon and Jackson 2000; Wang et al. 2015). Roots
were then stored in paper bags until oven-drying at
60 °C for 48 h to a constant weight.

Root biomass was expressed on a ground-area basis
(kg m~?) and as root density (root mass expressed on a
soil-volume basis, kg m ™) (Eamus et al. 2002).

Data analyses

All statistical analyses were conducted with SPSS soft-
ware (version 17.0, SPSS Inc. Chicago, IL, USA). After
performing one-way ANOVA, the LSD test for multiple
comparisons was used to detect differences among plots
in plant total root biomass with depth of A horizons.
Significance was determined at the 95 % confidence level
(a = 0.05). The Pearson Correlation Coefficient was
used to explore relationships between tree root biomass,
canopy area, tree height, rooting depth, and soil prop-
erties at 0-2.0 m depth. The relationships between depth
of sand (surface soil), maximum rooting depth, and tree
height were described with a quadratic function.
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Table 2 Measured soil texture and soil water characteristics of the
A and B horizons

Variable A-horizon B-horizon
(mean + SE) (mean + SE)
Sand component ( %) 89.52 + 0.54 11.12 £ 1.32
Silt component (%) 597 +£ 0.23 57.80 + 0.38
Clay component ( %) 4.51 +£ 0.54 31.08 + 1.86
Bulk density (g cm™?) 1.46 + 0.02 1.33 + 0.027
Saturated hydraulic 2.52 + 0.04 0.01 + 0.004
conductivity Ky (mm min~")
Saturated soil moisture 26.20 + 0.69 39.77 £ 1.16
content 0 (%)
Capillary porosity (%) 36.92 + 0.59 50.82 + 2.82
Total porosity (%) 38.14 + 0.48 53.12 = 2.09

Results
Soil physical characteristics

Soils at our study site had two different layers of con-
trasting texture; such soils are defined as duplex soils in
which basic soil properties differ substantially between
layers. Thus, texture of the surface soil was coarse sand,
while that of subsoil was heavy clay. The boundary be-
tween the surface soil and subsoil was distinctive, and
the change from surface to subsoil texture occurred over
a depth of 10 cm or less (Table 2). Surface soil, or the
A-horizon, was composed of sandy soil with about
89.52 % sand, 5.97 % silt, and 4.51 % clay. This layer
had a mean bulk density of 1.46 + 0.02 g cm >, satu-
rated  soil  hydraulic  conductivity (K;)  of
2.52 + 0.04 mm min !, saturated soil moisture content
(05) of 26.20 = 0.69 %, capillary porosity of 36.92 =+
0.59 %, and total porosity of 38.14 + 0.48 %. The
subsoil, or the B horizon, had a higher silt (at 57.80 %),
clay (at 31.08 %), and 0, (at 39.77 £ 1.16 %), but lower
bulk density (at 1.33 + 0.027 gem°) and K,
(0.01 £ 0.004 mm min~') than the A-horizon. The
differences in soil water retention curves between the A
and B horizons were attributed primarily to the differ-
ences in pore-size distribution (Fig. 2). These curves are
sensitive to disturbance of soil structure. Sandy soils
involved mainly capillary binding, and therefore released
most of the water at higher potentials, while clayey soils,
with adhesive and osmotic binding, released water at
lower (more negative) potentials.

Precipitation and soil water content

Precipitation was unevenly distributed through time at
our study site. Over 80 % of precipitation in 2014 oc-
curred between May and September (Fig. 3). Precipita-
tion events of 5 mm or less accounted for 44.07 % of
total annual precipitation and 86 % of the events.
Events of 5-10 mm comprised 24.83 % of annual pre-
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Fig. 2 Soil water retention curves for the A- (a) and B- (b) horizons.
Curves were fitted using the van Genuchten model. Error bars
represent standard errors of mean soil volumetric water content,
n=3
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Fig. 3 Distribution of precipitation during 2014 in an oasis and
desert boundary area, northwestern China

cipitation and 8.79 % of the events. Events >15 mm
were sparse. The largest precipitation was 26.7 mm and
fell on 21st to 23rd of July, 2014.

The typical pattern of soil moisture in the duplex soil
profile following rainfall is displayed in Fig. 4. Before
precipitation, soil water content increased slightly with
depth in the A-horizon, and rapidly in the B-horizon.
After a large precipitation event (26.7 mm), soil mois-
ture increased significantly (F = 11.34, P < 0.01), and
rain water infiltrated quickly into the sandy layer.
However, soil water content increased more in the upper
profile in the duplex soils than in the uniformly-sandy
soil at the same depth, especially in plots where the
depth of the A- horizon was <80 cm (Fig. 4). The silty-
clay layer hindered water infiltration due to its low sat-
urated soil hydraulic conductivity (K;), and remained at
high soil moisture content for an extended period of
time.



Fig. 4 Soil water content in the 0
profile containing A- and
B-horizons (gray shading)
before and after 26.7 mm of
precipitation on July 23rd in
each plot. BP means before
precipitation. Panels a,

b represent plots 1-12. Error
bars represent standard errors
of mean soil moisture content,
n=3
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Root biomass distribution

Root biomass differed significantly among the sampling
plots with different depths to the B horizon (F = 24.32,
P < 0.01). For plots where depth to B horizon was
>1.5m (No. 1, 2, 3, 4), total root biomass was about
0.60 kg m™? with 50 % of the roots being coarse.
However, at two other plots (11, 12), where depth to B
horizon was <1.0 m, total root biomass was >2.0 kg
m > with about 80 % of the roots being coarse
(Table 3). In a uniform sandy soil profile (plots 1, 2)
roots penetrated to >2.0 m below the soil surface
(Fig. 5a, b), but at plots 11, and 12, where depth of the
sandy layer was <0.5 m, roots reached only 1.5m
(Fig. 5j, k, 1).

Distribution of root biomass differed significantly
with soil depths (Fig. 5). Root biomass was very low in
the top 20 cm, and accounted for <8 % of the respec-
tive totals. Most roots were concentrated at depths be-
tween 0.5 and 1.0 m, which accounted for more than
60 % of total root biomass in plot 1 and 7, where the
soil profile was uniformly sandy (Fig. 5a, b). The dis-
tribution of root biomass also reflected the duplex nat-
ure of the soil profile which changed the traditional
distribution of root biomass in that biomass increased
abruptly in the silty-clay layer, especially for coarse

0 5101520 0 5 101520 0 5 101520 0 5 10 15 20 25

Soil moisture content (%)

roots (Fig. 5). This also led to a bimodal root distribu-
tion in both—top 0.5 and in 1.5 m of the duplex soil
profile at plots 6, 7 and 9, where depth to the B-horizon
was about 1.0 m. Coarse root biomass in the B-horizon
was several magnitudes greater than that in the
A-horizon in all plots except one, where depth of the
sandy layer was > 1.5 m. The proportion of coarse root
biomass was <20 % in the A-horizon, but >80 % in
the B-horizon. Fine root biomass was similar across
plots in the sandy layer, but increased in the silty-clay
layer. Fine root biomass increased with depth in the top
soil, but declined in the subsoil, although the quantities
were different between the sites (Fig. 5). The proportion
of fine root biomass was about 45 % in the A-horizon
and about 20 % in the B-horizon.

Plant growth in duplex soil

Most of the tree-growth characteristics were significantly
correlated with soil properties in this study (Table 4).
Total root biomass (in the 0-2 m soil depth) was posi-
tively correlated with clay, and negatively with sand
content, Ks, and depth to the B-horizon. Fine root
biomass was generally poorly correlated with soil
properties (Table 4). Tree height and canopy area were
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Table 3 Root biomass (mean £+ SE) per plot

Plot no. Total root biomass Fine root biomass Coarse root biomass Coarse roots/total
(kg m™?) (kg m™?) (kg m—?) roots ratio (%)
1 0.59 + 0.13* 0.28 + 0.09* 0.31 + 0.18* 52.98
2 0.62 + 0.03% 0.33 £ 0.01* 0.29 + 0.04% 47.13
3 0.75 + 0.05%° 0.37 £ 0.06* 0.37 + 0.05%° 50.00
4 0.63 + 0.01%° 0.31 £ 0.09* 0.32 + 0.12%° 50.32
5 0.60 + 0.14%° 0.29 + 0.10% 0.32 + 0.18%° 52.44
6 1.51 + 0.20° 0.35 £ 0.10*° 1.16 + 0.31° 76.84
7 1.33 + 0.29° 0.34 + 0.10°° 0.99 + 0.48° 74.67
8 0.89 + 0.15° 0.24 + 0.08%° 0.65 + 0.23* 73.15
9 1.11 + 0.14% 0.33 £ 0.09°° 0.78 + 0.19" 70.07
10 1.43 + 0.19% 0.37 + 0.13%° 1.05 £ 0.26° 73.80
11 2.00 + 0.25° 0.48 + 0.13° 1.53 + 0.36% 76.24
12 2.15 + 0.53° 0.46 + 0.14° 1.69 = 0.93%¢ 78.56
F 93.32 14.38 111.41
P <0.001 <0.001 <0.001
Different lowercase letters (a, b, ¢, d) within root type indicate significant differences among plots
Fig. 5 Distribution of fine (gray 0 -
bar) and coarse (dark bar) root - (@) = (b) = (c) E (d)
biomass through the soil profile 50E =g i £
in 12 plots. The gray-shaded = = =
area represents the B-horizon. 100&— = | ———
a, b represent plots 1-12. Error = ? = =
bars represent standard errors 150 1] 13
of mean root biomass, n = 6 E 1 3 =
208' ‘ —', . = ' I _;? '
£ e e @ F— (h)
< = - =
= |- E ——
o 100 = == —
© = - =
T 150 —
(7p] § p——
208' . P— _ . .
g NE ___ WE= O
—_ ——
501 1= ———————
1001 I——— _
= e e———
150 -?T— —_—
200+

positively correlated with clay, and negatively with sand
content, Ks, and depth to the B-horizon.

Rooting depth exhibited opposite results in that it
was negatively correlated with clay, and positively with
sand content, Ks, and depth to the B-horizon (Table 4;
Fig. 6). The tallest trees were observed at sites with
0.8 m depth of the A horizon; tree height decreased with
an increase in depth to the B-horizon. Regression anal-
ysis of depth to the B-horizon and tree height, canopy
area, and total root biomass indicated that these rela-
tionships were well described by negative quadratic
functions. Maximum rooting depth, on the other hand,
increased with an increase in depth to the B-horizon, and

0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15

Root biomass ( kg m'3)

that was well described by positive quadratic functions
(Fig. 6).

Discussion

Our study highlighted fundamental differences in root
biomass distribution and whole-plant performance of a
10-year-old H. ammodendron plantation in duplex soils
in a desert-oasis landscape. Properties of duplex soils,
such as differing textures of A and B horizons, and depth
of the A horizon, affect soil water infiltration and plant
root growth (Tennant et al. 1992; Macinnis-Ng et al.
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Table 4 Pearson correlations (r values) for tree growth characteristics versus soil properties (0-2 m) measured in 12 plots

Root total Fine root Coarse root Tree height Canopy area Rooting
biomass biomass biomass (cm) (cm?) depth (cm)
(kg m~?) (kg m™?) (kg m™?)
Sand component (%) -0.87" -0.51 -0.88"" -0.80"" -0.817" 097"
Clay component (%2 082 0.56 0.34 083 0.77, 097
Bulk density (g cm™) -0.78 -0.47 -0.78 -0.79 -0.71, 0.97
Saturated hydraulic conductivity —0.81 —0.48 -0.83 —0.86 -0.76 0.98
KS (mm lninil) * ek ek * seskok
Saturated soil moisture content 0s (%) 0.75, 0.47 031 0.82, 0.77 098
Capillary porosity (%) 0.77 0.50 0.79 0.77 0.66 098
Depth of sandy surface layer (m) -0.83 -0.51 -0.85 —0.84 -0.87"" 0.97
*P < 005 ** P < 0.01; ¥*** P < 0.001
2010). Changes in soil moisture after rainfall infiltration .
lead to physiological responses of H. ammodendron g 30 @) ¥ = 0.003 X—1.560 x + 306,140
(Eltahir 1998). Previous studies have indicated that light = 250 \ & =0.750
precipitation events might selectively favor shallow- S @ (F=17.483 P<0.001)
rooted plant species, and heavy rainfall events favor E 200 é ‘
deep-rooted species in arid ecosystems (Dodd et al. 1998; o ’
Cheng et al. 2006). In duplex soils, soil water content of E 150 4 :
a deep silty-clay layer increased and remained high over 9D 400 L
an extended period after a large precipitation event ~ 300
(Fig. 4). Roots within or very close to the B horizon can g (b)  v=0.003x-0.056 x + 158.787 ]
access this stored water by direct uptake (Burgess et al. = 250 R =0.980
2001, Macinnis-Ng et al. 2010). °
Lower hydraulic conductivity in the subsoil (B-hori- S 200
zon) resulted from the higher content of clay, in agree- g 150
ment with other studies (Saxton and Rawls 2006; Jarvis 2 |
et al. 2013). The silty-clay layer underlying the sand re- 100 : : : :
duces the rate of deep percolation and increases the ®© 300 .
duration of water presence in the upper profile (Fig. 4), % . (c) y=0.297x-156.046 R2X+25507~372
due to reduced hydraulic conductance and clay > e ‘\ =0772
o . . e 200 F=26.959, P< 0.001
(Macinnis-Ng et al. 2010). Soil hydraulic conductivity §'N‘-’ + ? ( ) ) )
controls water fluxes and storage, and, with that, a range 8 S ° I ,
of key eco-hydrological processes (Lebron et al. 2007; o x 100 ]
Lin, 2010). Plants growing in duplex soils developed g =
special morphological adaptations of root systems which 7 0 . . . .
allowed the differentiation of plants response to rainfall 0 300 3
. : : ? (d) y = 0.062 x*—23.400 X + 2614.747
between the duplex soils and uniform sandy soils. H. g — 2 = 0.798
ammodendron growing in duplex soils may have an S 'E 200 | (F=18.387, P<0.001)
adaptive advantage to the changing water conditions of 2 o ¢
the future. 8 = 100
Roots of different diameters have different functional % X
roles within the plant. Fine roots are predominately ks 0 '
. . r . . . - T T T T
associated with water and nutrient uptake, while coarse 0 50 100 150 200

roots may ensure additional functions of anchorage,
transport, storage, and lateral root production (Plante
et al. 2014). As expected, we found that the root biomass
of H. ammodendron significantly increased within or very
close to the B horizon, especially for coarse root bio-
mass, and fewer roots penetrated with depth. This be-
haviour likely reflected plant growth strategies in duplex
soil. Root biomass concentrated in the upper sandy soil
may allow plants to extract soil water during moist
periods (Schenk and Jackson 2002; David et al. 2013).
Plants growing in sandy soils can experience a higher
water status than those grown in heavy-textured soils

Depth of A horizons (cm)

Fig. 6 The relationship between depth to the B-horizon and height
(a), root depth (b), shrub canopy area (c), and total root biomass
(d) of Haloxylon ammodendron. Error bars represent standard
errors of mean values

(Xu and Li 2008). However, the surface sandy-soil layer
dries out during long periods without rain, potentially
leaving plants without a water supply and rendering
them vulnerable to xylem cavitation. Root biomass of
H. ammodendron was very low in the top 20 cm of soil;
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this layer is considered biologically-active. Due to the
absence of water in the shallow soil layer, roots tended
to extend down into the 0.5-1.0 m layer to obtain water
from the deep soil. The plant could obtain enough water
at depth to sufficiently offset the lack of it in the upper
soil layer. This agrees with the mechanism proposed by
Donovan and Ehleringer (1994), and Xu et al. (2007).
In addition, a deep B horizon containing a significant
amount of clay can become saturated during large
rainfall events (Chittleborough 1992). The dense subsoil
clays form a barrier to root growth, and may also reflect
the accumulation of water resources at the boundary
between the A- and B-horizon (Laclau et al. 2001;
Sudmeyer et al. 2004). Schenk and Jackson (2002)
demonstrated that rooting depths largely depended on
water availability, and predicted that rooting depth
would increase when water was available at depth, and
when transpirational demand increased. Thus, in uni-
form sandy soil profiles, plants would need extensive and
deep root systems with a large surface area to facilitate
water uptake from a large soil volume (Jackson et al.
2000, Xu and Li 2006). However, in duplex soils with
sandy surface and clayey subsoil, plant root systems may
respond to the texture of the B horizon with changes in
root biomass distribution (Schenk and Jackson 2002).
This strategy may reflect the accumulation of water and
availability of other resources at the boundary between
the sand and silty-clay layer (Sudmeyer et al. 2004).
Variable depth of the A-horizon in an H. ammoden-
dron plantation forest growing in duplex soils affects soil
hydrology and consequently influences plant perfor-
mance and community structure (Tennant et al. 1992;
Hamerlynck et al. 2002). The species planted on active
sand dunes 10 years ago exhibited significant differences
in shoot size and rooting depth among plots (Fig. 6).
The rooting penetration depth was positively correlated
with depth of the A-horizon. On the contrary, total root
biomass and shoot size were negatively correlated with
depth of the A-horizon. Plants in plot 1 with the 30 cm
depth of the A-horizon had the largest root biomass and
shoot size. Maximum infiltration depths of most rainfall
events were at the 0.2-0.5 m depths of the soil profile
(Yang et al. 2014). Therefore, this combination of A and
B horizons will benefit plant survival and growth. San-
dy-surfaced horizon with high infiltration rates and low
evaporation losses also increased water storage.
Duplex soils play an important role in promoting tree
growth and maintaining the health of the planted forest.
Two potential mechanisms promoted plant growth: (1)
one, resulting from the large water storage capacity of
the silty-clay layer, where plants can acquire enough
water directly from the B horizon when depth to B
horizon is less than 100 cm. This would be vital for
facilitating the growth of plant shoots (Schenk and
Jackson 2002). (2) If plants can acquire sufficient water,
they can allocate photosynthetic products to the shoots
and pursue maximizing aboveground production rather
than expending energy for large root system construc-
tion and maintenance (Adiku et al. 2000; Xu et al. 2007).

Trees may also be able to adjust their shoot and root
system sizes toward an optimal phenotype that can
maximize photosynthetic productivity and water avail-
ability (Schwinning and Ehleringer 2001; Xu et al. 2007)
in duplex soils.

Conclusions

Texture and structure of the A and B horizons, and
depth and variability in depth of the A horizon are
important physical properties of duplex soils which
influence the soil environment for root growth and water
infiltration (Tennant et al.1992). Root distribution of
10-year-old H. ammodendron plantation forest exhibited
substantial variation among study sites with duplex
soils. Young plants growing in duplex soils with a
shallow A-horizon have an advantage in plant perfor-
mance in limited water conditions. Knowledge of root-
system development and whole-plant performance of
young trees under various water regimes induced by soil
texture will contribute to the development of suit-
able management scenarios and maintenance of forests
planted to provide sand-stabilization in a desert
ecosystem.

Acknowledgments This study was supported by the National Nat-
ural Science Funds of China (Grant No. 41501577) and the Key
Project of Chinese National Programs (973 Program) for Funda-
mental Research and Development (Grant No. 2013CB429903).
The authors are very grateful to the anonymous reviewers and
editors for their critical review and comments which helped to
improve the manuscript.

References

Adiku SGK, Rose CW, Braddock R, Ozier-Lafontaine H (2000)
On the simulation of root water extraction: examination of a
minimum energy hypothesis. Soil Sci 165:226-236

Arthur E, Moldrup P, Schjonning P, Jonge LW (2012) Linking
particle and pore size distribution parameters to soil gas
transport properties. Soil Sci Soc Am J 76:18-27

Bell DL, Sultan SE (1999) Dynamic phenotypic plasticity for root
growth in Polygonum: a comparative study. Am J B 86:807-819

Burgess SSO, Adams MA, Turner NC, White DA, Ong CK (2001)
Tree roots: conduits for deep recharge of soil water. Oecologia
126:158-165

Burke IC, Lauenroth WK, Coffin DP (1995) Soil organic-matter
recovery in semiarid grasslands: implications for the conserva-
tion reserve program. Ecol Appl 5:793-801

Cheng X, An S, Li B, Chen J, Lin G, Liu Y, Luo Y, Liu S (2006)
Summer rain pulse size and rainwater uptake by three dominant
desert plants in a desertified grassland ecosystem in north-
western China. Plant Ecol 184:1-12

Chittleborough DJ (1992) Formation and pedology of duplex soils.
Aust J Exp Agr 32:815-825

David TS, Pinto CA, Nadezhdina N, Kurz-Besson C, Henriques
MO, Quilh6 T, Cermak J, Chaves MM, Pereira JS, David JS
(2013) Root functioning, tree water use and hydraulic redistri-
bution in Quercus suber trees: a modeling approach based on
root sap flow. Forest Ecol Manag 307:136-146

Dodd MB, Lauenroth WK, Welker JM (1998) Differential water
resource use by herbaceous and woody plant life-forms in a
shortgrass steppe community. Oecologia 117:504-512



Donovan LA, Ehleringer JR (1994) Water stress and use of sum-
mer precipitation in a Great Basin shrub community. Funct
Ecol 8:289-297

Eamus D, Chen X, Kelley G, Hutley LB (2002) Root biomass and
root fractal analyses of an open Eucalyptus forest in a savanna
of north Australia. Aust J Bot 50:31-41

Eltahir EAB (1998) A soil moisture-rainfall feedback mechanism:
1.Theory and observations. Water Resour Res 34:765-776

Fravolini A, Hultine K, Brugnoli E, Gazal R, English N, Williams
D (2005) Precipitation pulse use by an invasive woody legume:
the role of soil texture and pulse size. Oecologia 144:618-627

Garner W, Steinberger Y (1989) A proposed mechanism for the
formation of ‘fertile islands’ in the desert ecosystem. J Arid
Environ 16:257-262

Gordon WS, Jackson RB (2000) Nutrient concentrations in fine
roots. Ecology 81:275-280

Gutiérrez JR, Meserve PL, Contreras LC, Vasquez H, Jaksic FM
(1993) Spatial distribution of soil nutrients and ephemeral
plants underneath and outside the canopy of Porlieria chilensis
shrubs (Zygophyllaceae) in arid coastal Chile. Oecologia
95:347-352

Hamerlynck EP, McAuliffe JR, McDonald EV, Smith SD (2002)
Ecological responses of two Mojave Desert shrubs to soil
horizon development and soil water dynamics. Ecology
83:768-779

Hillel D, Talpaz H (1977) Simulation of soil water dynamics in
layered soils. Soil Sci 123:54-62

Jackson RB, Schenk HJ, Jobbagy EG, Canadell J, Colello GD,
Dickinson RE, Kicklighter DW (2000) Belowground conse-
quences of vegetation change and their treatment in models.
Ecol Appl 10(2):470-483

Jarvis N, Koestel J, Messing I, Moeys J, Lindahl A (2013) Influence
of soil, land use and climatic factors on the hydraulic conduc-
tivity of soil. Hydrol Earth Syst Sci 17:5185-5195

Komiyama A, Ogino K, Aksornkoae S, Sabhasri S (1987) Root
biomass of a mangrove forest in southern Thailand. 1. Esti-
mation by the trench method and the zonal structure of root
biomass. J Trop Ecol 3:97-108

Laclau JP, Arnaud M, Bouillet JP, Ranger J (2001) Spatial distri-
bution of eucalyptus roots in a deep sandy soil in the congo:
relationships with the ability of the stand to take up water and
nutrients. Tree Physiol 21:129-136

Lal R (2000) Soil management in the developing countries. Soil Sci
165:57-72

Lebron I, Madsen MD, Chandler DG, Robinson DA, Wendroth
O, Belnap J (2007) Ecohydrological controls on soil moisture
and hydraulic conductivity within a pinyon-juniper woodland.
Water Resour Res 43:42-52

Li YL, CuiJY, Zhang TH, Okuro T, Drake S (2009) Effectiveness
of sand-fixing measures on desert land restoration in Kerqin
Sandy Land, northern China. Ecol Eng 35:118-127

Lin H (2010) Earth’s critical zone and hydropedology: concepts,
characteristics, and advances. Hydrol Earth Syst Sci 14:25-45

Liu HL, Tao Y, Qiu D, Zhang DY, Zhang YK (2013) Effects of
artificial sand fixing on community characteristics of a rare
desert shrub. Conserv Biol 27:1011-1019

Lu S, Ren T, Gong Y, Horton R (2008) Evaluation of three models
that describe soil water retention curves from saturation to oven
dryness. Soil Sci Soc Am J 72:1542—-1546

Ma QL, Wang JH, Zhu ShJ (2007) Effects of precipitation, soil
water content and soil crust on artificial Haloxylon ammoden-
dron forest. Acta Ecol Sin 27:5057-5067

Macinnis-Ng CMO, Fuentes S, Grady APO, Palmer AR, Taylor
D, Whitley RJ, Yunusa I, Zeppel MJB, Eamus D (2010) Root
biomass distribution and soil properties of an open forest on a
duplex soil. Plant Soil 327:377-388

Messier C, Coll L, Poitras-Lariviére A, Bélanger N, Brisson J (2009)
Resource and non-resource root competition effects of grasses on
early-versus late-successional trees. J Ecol 97:548-554

Plante PM, Rivest D, Vézina A, Vanasse A (2014) Root distribu-
tion of different mature tree species growing on contrasting
textured soils in temperate windbreaks. Plant Soil 380:429-439

681

Ren J, Tao L, Liu XM (2002) Effect of different microhabitats and
stand age on survival of introduced sand-fixing plants. J Arid
Environ 51:413-421

Reynolds WD, Elrick DE (2002) Constant head soil core (tank)
method. In: Dane JH, Topp CG (eds) Methods of soil analysis.
Part. Soil Science Society of America, Madison, pp 804-808

Reynolds JF, Virginia RA, Kemp PR, Amrita GS, Tremmel DC
(1999) Impact of drought on desert shrubs: effects of seasonality
and degree of resource island development. Ecol Monogr
69:69-106

Saxton KE, Rawls WJ (2006) Soil water characteristic estimates by
texture and organic matter for hydrological solutions. Soil Sci
Soc Am J 70:1569-1578

Schenk HJ (2008) Soil depth, plant rooting strategies and species’
niches. New Phytol 178:223-225

Schenk HJ, Jackson RB (2002) Rooting depths, lateral root spreads
and below-ground/above-ground allometries of plants in water-
limited ecosystems. J Ecol 90:480—494

Schwinning S, Ehleringer JR (2001) Water use trade-offs and
optimal adaptations to pulse-driven arid ecosystems. J Ecol
89:464-480

Shen Q, Gao G, Fu B, Li Y (2014) Soil water content variations
and hydrological relations of the cropland-treebelt-desert land
use pattern in an oasis-desert ecotone of the Heihe River Basin,
China. Catena 123:52-61

Sudmeyer RA, Speijers J, Nicholas BD (2004) Root distribution of
Pinus pinaster, P. radiata, Eucalyptus globulus and E. kochii and
associated soil chemistry in agricultural land adjacent to tree
lines. Tree Physiol 24:1333-1346

Tennant D, Scholz G, Dixon J, Purdie B (1992) Physical and
chemical characteristics of duplex soils and their distribution in
the south-west of Western Australia. Aust J Exp Agr 328:27-43

Tobe K, Li XM, Omasa K (2000) Effects of sodium chloride on
seed germination and growth of two Chinese desert shrubs,
Haloxylon ammodendron and H. persicum (Chenopodiaceae).
Aust J Bot 48:455-460

Van Genuchten MT (1980) A closed-form equation for predicting
the hydraulic conductivity of unsaturated soils. Soil Sci Soc Am
J 44:892-898

Wang T (2000) Land use and sandy desertification in the north
China. Chin J Desert Res 20:103-113 (in Chinese)

Wang G, Zhao W, Liu H, Zhang G, Li F (2015) Changes in soil
and vegetation with stabilization of dunes in a desert—oasis
ecotone. Ecol Res 30:639-650

Weijschede J, Martinkova J, de Kroon H, Huber H (2006) Shade
avoidance in Trifolium repens: costs and benefits of plasticity in
petiole length and leaf size. New Phytol 172:655-666

Wijesinghe DA, Hutchings MJ (1999) The effects of environmental
heterogeneity on the performance of Glechoma hederacea: the
interactions between patch contrast and patch scale. J Ecol
87:860-872

Xu H, Li Y (2006) Water-use strategy of three central Asian desert
shrubs and their responses to rain pulse events. Plant Soil
285:5-17

Xu GQ, Li Y (2008) Rooting depth and leaf hydraulic conductance
in the xeric tree Haloxyolon ammodendron growing at sites of
contrasting soil texture. Funct Plant Biol 35:1234-1242

Xu H, Li Y, Xu GQ, Zou T (2007) Ecophysiological response and
morphological adjustment of two Central Asian desert shrubs
towards variation in summer precipitation. Plant, Cell Environ
30:399-409

Yang QY, Zhao WZ, Liu B, Lu H (2014) Physiological responses of
Haloxylon ammodendron to rainfall pulses in temperate desert
regions, Northwestern China. Trees-Struct Funct 28:709-722

Zhang TH, Zhao HL, Li SG, Li FR, Shirato Y, Ohkuro T, Ta-
niyama I (2004) A comparison of different measures for stabi-
lizing moving sand dunes in the Horqin Sandy Land of Inner
Mongolia, China. J Arid Environ 58:202-213

Zhu Z, Liu S (1988) Human factors and desertification. In: Zhu Z,
Yang Y (eds) Desertification and rehabilitation in China, The
International Center for Education and Research on Desertifi-
cation Control, Lanzhou, China, pp 40-65



	Root biomass distribution of planted Haloxylon ammodendron in a duplex soil in an oasis: desert boundary area
	Abstract
	Introduction
	Materials and methods
	Study site and experimental design
	Soil physical characteristics
	Root biomass distribution
	Data analyses

	Results
	Soil physical characteristics
	Precipitation and soil water content
	Root biomass distribution
	Plant growth in duplex soil

	Discussion
	Conclusions
	Acknowledgments
	References




