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The relationships between biocrusts and shrubs in semiarid areas, are of great importance, however, not yet suf-
ficiently investigated. It is unknownwhether or not biocrusts will decrease soil moisture and result in the degra-
dation of artificially planted shrubs in semiarid climates. In a semiarid watershed on the Loess Plateau of China,
we selected 18 sampling sites in artificial shrublands and measured at each the soil moisture from 0 to 200 cm
depth under bare land, moss-dominated biocrusts, artificially planted Artemisia ordosica, A. ordosica with
biocrusts, and dead A. ordosica with biocrusts. We also estimated the water-holding capacity and infiltrability
of the soil with and without biocrusts. The A. ordosicawith biocrusts had 24.4% lower biomass and 18.9% lower
leaf area index than those without biocrusts, suggesting negative effects of biocrusts on these shrubs. Moreover,
the biocrusts underneath A. ordosica decreased soil moisture 14.8% on average (2.6% vs. 3.1%; p b 0.01) due to
their significant higher water-holding capacity (≥21.6%) and lower infiltrability (50.4%), compared to the area
without biocrusts. Most importantly, the area with biocrusts and dead A. ordosica had similar soil moisture to
the area with biocrusts and live A. ordosica, suggesting that the decreased soil moisture under the biocrusts per-
sists after the death of A. ordosica. Our results suggest that biocrusts reduce soil water resources available to the
artificially planted shrubs, thus increasing the risks of shrubmortality and further landdegradation. The high cov-
erage of moss-dominated biocrusts appears to be a dominant factor in soil moisture variations in artificial
shrublands under semiarid climates, making the soil water balance more vulnerable in this region.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Desertification represents one of themost significant environmental
problems in arid and semiarid climate regions all over the world, due to
climate change and human activities (Johnson et al., 2006; Thai et al.,
2007; Helldén and Tottrup, 2008; Verstraete et al., 2009). In order to
combat land degradation and desertification, several large scale ecolog-
ical projects, such as the Three-North Shelterbelt Forest Program and
the Grain for Green Project, have been implemented to restore vegeta-
tion through afforestation in northwest China in recent decades (Cao
et al., 2009; Wang et al., 2010). During these projects, a large number
of native shrubs, including Artemisia ordosica Krasch. (Asteraceae),
Caragana korshinskii Kom. (Leguminosae), and Salix psammophila C.
Wang et Chang Y. Yang (Salicaceae), have been artificially planted due
to their outstanding performance in drought tolerance as well as soil
and water conservation (Li et al., 2006; Xu et al., 2007; Lai et al., 2016).

Owing to the stabilization of land surface (against wind erosion) re-
inforced by these artificially planted shrubs, biocrusts (known also as
ter Sciences, China Agricultural
rict, Beijing 100193, PR China.
l.com (B. Xiao).
biological soil crusts or microbiotic crusts (Belnap and Lange, 2003))
gradually and extensively developed underneath the shadow of shrubs
and in the interspaces between them (Xiao et al., 2010; Zhao et al.,
2011; Bu et al., 2016). Biocrusts are formed by a highly specialized com-
munity of living microorganisms (including moss, lichen, green algae,
cyanobacteria, fungi, and bacteria) and their by-products in dry envi-
ronments, creating a crust of soil particles bound together by organic
materials on land surface (Belnap and Lange, 2003). Such biocrusts, to-
gether with the artificially planted shrubs, successfully conserved soil
and water in regions threatened by desertification by preventing
water and wind erosion (Zhang et al., 2006; Bowker et al., 2008;
Rodríguez-Caballero et al., 2012; Tisdall et al., 2012), aswell as changing
water infiltration, runoff, and evaporation (Belnap, 2006; Xiao et al.,
2011; Kidron and Tal, 2012; Rodríguez-Caballero et al., 2012). Biocrusts
are recognized as a component that exerts amajor influence on arid and
semiarid ecosystems (Belnap, 2006; Maestre et al., 2011).

It seems that the occurrence of biocrusts is closely related to the estab-
lishment of artificially planted shrubs in semiarid climates, especially on
the Loess Plateau of China; however, their relationships have not yet
been sufficiently investigated. It has been reported that biocrusts facilitat-
ed seed entrapment by increasing soil surface roughness (Su et al., 2007;
Rodríguez-Caballero et al., 2012), and promoted (sometimes not; e.g.,
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Pando-Moreno et al. (2014)) seedling emergency, survival, rooting, estab-
lishment, and growth by offering favorable soil moisture, temperature,
and nutrients (Deines et al., 2007; Langhans et al., 2009; Funk et al.,
2014; Pando-Moreno et al., 2014). However, it was also found that
biocrusts decreased deep soil moisture, and would possibly reduce the
soil water resources available to vascular plants and subsequently lead
to vegetationdegradation (e.g., Almog andYair, 2007; Li et al., 2010). Con-
sistent with this competition hypothesis, a few landscape surveys have
found a negative relationship between biocrusts and vascular plant
cover (e.g.,West, 1990; Eldridge, 1993). In northwest China, the potential
negative effects of biocrusts on soil moisture and artificially planted
shrubs are of great interest, because a large proportion of the artificially
planted shrubs have died from drought stress. It seems that the existence
of biocrustsmayhave decreased soilmoisture and caused the death of the
artificially planted shrubs (Zhang and Belnap, 2015; Zhuang et al., 2015);
however, till now no direct and sufficient evidence is available.

In this study, we hypothesized that moss-dominated biocrusts de-
creased soil moisture and resulted in reduced growth and even mortal-
ity of the artificially planted A. ordosica in the semiarid region of the
Loess Plateau of China. Based on these hypotheses, we conducted a
multi-location sampling experiment for soil moisture under a semiarid
climate on the Loess Plateau of China. In a representative watershed,
we selected 18 sampling sites with similar conditions (e.g., texture,
structure, organic matter content, and orientation) in artificial
shrublands and measured at each the soil moisture from 0 to 200 cm
depth under bare land, moss-dominated biocrusts, A. ordosica, A.
ordosica with biocrusts, and degraded A. ordosica with biocrusts. We
also estimated the water-holding capacity and infiltrability of the soil
with and without biocrusts. From the experimental data, the relation-
ships between the biocrusts and artificially planted shrubs in the utiliza-
tion of soil moisture were analyzed. Our results are helpful for a better
understanding of the competitive relationships between biocrusts and
vascular plants in semiarid climate regions.

2. Materials and methods

2.1. Study area

The studywas conducted in a 6.89 km2watershed named Liudaogou
(38°46′–38°51′ N, 110°21′–110°23′ E; Fig. 1a), which has 409 mm
Fig. 1. Location of (a) the Liudaogou watershed and (
average annual precipitation (about 80% of it occurs in summer) and
1337 mm average annual water evaporation (pan evaporation). Due
to the serious degradation of natural vegetation, artificially planted
shrubs including A. ordosica and C. korshinskii were widely planted in
this watershed about 30 years ago. Nowadays, these shrubs (Fig. 2a)
are distributed in patches covering 20–30% of the watershed; whereas
moss-dominated biocrusts have extensively developed (initially re-
corded around 20 years ago) covering approximately 70–80% of thewa-
tershed. A large number of the artificially planted shrubs died (non-
natural mortality) in the past 5 years, especially A. ordosica which has
a shallower root system compared to C. korshinskii. Biocrusts often
fully covered the ground surface around the dead shrubs. The dominant
soil in thewatershed is arenosols in FAO soil classification or psamment
in USDA soil taxonomy, and its texture was sandy loam with 81% sand,
14% silt, and 5% clay (Xiao et al., 2014).

2.2. Experimental design and measurement

Five treatments, including bare land (Fig. 2b), biocrusts (Fig. 2c), A.
ordosica (Fig. 2d), A. ordosica with biocrusts (Fig. 2e), and dead A.
ordosica with biocrusts (Fig. 2f), were considered in this study; and
each treatment had 18 replicates.

According to the experimental design, eighteen sampling sites (Fig.
1b) with similar conditions (e.g., texture, structure, organic matter con-
tent, and orientation) for each treatment were selected in the artificial
shrublands in and around the watershed. Owing to the sparse shrubs
and mosaic distribution of biocrusts, it was easy to find adjacent sam-
pling points for the five treatments, respectively, at each sampling site.
The dead A. ordosica plants selected in this study died and dried out in
2005 (the moss-dominated biocrusts already colonized the soil around
the shrubs before they died) according to our records.

The measurements were grouped in the following five categories:
(1) the plant cover (estimated using a grid method), height and canopy
breadth (measured by a flexible rule), above- and below-ground bio-
mass (dried at 65 °C for 24 h), root distribution (measured through
the trench-profile method (Cheng et al., 2008)), and leaf area index
(measured by a LI-3000A Portable Leaf Area Meter (Yin et al., 2009))
of the A. ordosica; (2) the biocrust cover (using line intercept transects),
thickness (measured by a digital caliper), moss biomass (washed out
with a 2 mm screen and dried at 65 °C for 24 h), moss density
b) sampling sites on the Loess Plateau of China.



Fig. 2. Landscapes with (a) well-developed biocrusts and sparse artificial shrub patches; and the five treatments for study including (b) bare land, (c) biocrusts, (d) A. ordosica, (e)
A. ordosica with biocrusts, and (f) dead A. ordosica with biocrusts.
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(calculated from the total moss gametophytes in a 20 mm square sam-
ple), and species (identified according to their general appearance, size,
color, and habitats) of the biocrusts; (3) the water-holding capacity of
the biocrust layer and bare land (0–5 cm), including the saturated soil
moisture (saturated in distilled water for 24 h and determine the gravi-
metric soil moisture through oven-drying) and field capacity (drained
away excess water for 24 h after the saturation, and then determine
the gravimetric soil moisture through oven-drying); (4) the soil
infiltrability indicated by the saturated hydraulic conductivity of the
biocrusts and bare land, measured by a disk infiltrometer at suction of
0, −3, −6, and −15 cm water, respectively (Logsdon and Jaynes,
1993); and (5) the gravimetric soil moisture for 0–200 cm depth at in-
terval of 10 cm, through sampling by an auger and oven-drying for 24 h
at 105 °C. The experiment was performed from Aug. 4 to Aug. 13 in
2011, without rainfall during this period.

2.3. Data analysis

The experimental data were analyzed based on the descriptive sta-
tistics in IBM SPSS Statistics 22, and the final results of each treatment
were averaged from the 18 replicates and expressed as the mean ±
standard error. The differences between the paired treatments
(biocrusts vs. bare land; A. ordosica with biocrusts vs. A. ordosica; dead
A. ordosicawith biocrusts vs. live A. ordosicawith biocrusts) were statis-
tically evaluated at 5% probability level by the paired-samples t-test
after normality tests in IBM SPSS Statistics 22. The representation and
graphical fits of experimental data were obtained by using OriginPro
9.2.
3. Results

3.1. Characteristics of biocrusts and artificially planted shrubs

The biocrusts were generally about 20 years old according to our re-
cords, and were mainly constituted by the mosses Bryum argenteum
Hedw., B. arcticum (R. Brown) B.S.G.), B. caepiticium Hedw., Didymodon
vinealis (Brid.) Zander, D. nigrescens (Mitt.) Saito, Barbula vinealis Brid.,
and B. perobtusa (Broth.) Chen. However, biocrusts associated with A.
ordosica were significantly different from biocrusts without shrubs in
their thickness, biomass, and moss density. Compared to the biocrusts
without shrubs, the thickness, biomass, and moss density of biocrusts
were decreased by 49.7% (t = 12.24, p b 0.01), 46.1% (t = 9.06,
p b 0.01), and 17.3% (t= 3.90, p= 0.03), respectively, as in association
with the live A. ordosica (Table 1). Whereas they were increased by
58.0% (t = 1.44, p = 0.25), 55.3% (t = 2.33, p = 0.10), and 16.7%
(t = 0.91, p = 0.43), respectively, as in association with the dead A.
ordosica compared to the biocrusts with alive A. ordosica (Table 1).
The results suggest that the development of biocrusts was significantly
inhibited by the artificially planted A. ordosica; and these hindering ef-
fects gradually disappeared along with the dying of the artificially
planted A. ordosica.

The selected A. ordosica plants were generally about 30 years old,
30–40% in cover, 30–45 cm in height, and 45–60 cm in canopy breadth.
Their roots reached up to about 70 cm depth; however, most (N89%) of
themwere distributed in 0–40 cmdepth, especiallywhen theywere as-
sociatedwith biocrusts (Fig. 3). The A. ordosicawithout biocrusts consis-
tently had higher (t ≥ 2.21, p ≤ 0.05) root biomass than the live or deadA.



Table 1
Characteristics of the biocrusts and artificially planted A. ordosica in different treatments.

Treatments Biocrusts A. ordosica

Cover (%) Thickness
(mm)

Moss
biomass
(mg cm−2)

Moss density
(count cm−2)

Cover (%) Height (cm) Canopy
breadth (cm)

Above-ground
biomass
(g clump−1)

Below-ground
biomass
(g clump−1)

Leaf area
index

Biocrusts 93.9 ± 0.5a⁎ 17.5 ± 0.5a 14.1 ± 1.8a 184.2 ± 15.9a 0 – – – – –
A. ordosica 0 – – – 41.4 ± 1.7a 41.5 ± 6.4a 59.5 ± 7.8a 186.5 ± 25.1a 66.3 ± 11.4a 0.95 ± 0.15a
A. ordosica with
biocrusts

81.6 ± 0.8a 8.8 ± 0.6b 7.6 ± 0.5b 152.4 ± 16.7b 29.9 ± 0.5a 36.3 ± 7.5b 51.1 ± 7.2b 149.2 ± 35.4b 47.2 ± 13.2b 0.77 ± 0.12b

Dead A.
ordosica with
biocrusts

87.9 ± 0.8a 13.9 ± 0.4b 11.8 ± 0.6a 177.8 ± 18.7a 20.9 ± 1.3a 19.4 ± 8.8c 44.6 ± 7.5c 60.3 ± 15.9c 30.9 ± 10.8c –

⁎ Different letters in the same column indicate significant differences at 5% probability level.
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ordosica with biocrusts in root zone, especially in the upper soil. Al-
though the distribution of root biomass had great differences among
the three treatments in Fig. 3a, the distribution of the percentage of
root biomass was quite similar in Fig. 3b. The A. ordosica plants were
generally less vigorous when they were surrounded by the biocrusts.
Compared to the A. ordosicawithout biocrusts, the plant height, canopy
breadth, above-ground biomass, below-ground biomass, and leaf area
index of the A. ordosica with biocrusts were decreased by 12.5% (t =
8.64, p b 0.01), 14.1% (t = 16.39, p b 0.01), 20.0% (t = 34.92, p b 0.01),
28.8% (t=11.04, p b 0.01), and 18.9% (t=4.95, p=0.02), respectively
(Table 1). The results implied that the biocrusts negatively affected the
growth of the artificially planted A. ordosica.
3.2. Effects of biocrusts on soil water-holding capacity and infiltrability

As presented in Fig. 4, the saturated soil moisture of the biocrusts
(Fig. 4a) was 5.5% and 25.6% higher (t = 2.83, p = 0.014) than the
bare land in absolute and relative terms, respectively; while their field
capacity (Fig. 4b) was 2.7% and 21.6% higher (t = 2.56, p = 0.023)
than thebare land in absolute and relative terms, respectively. However,
the saturated hydraulic conductivity of the biocrusts (Fig. 4c) was 9.8%
and 50.4% lower (t = 4.43, p = 0.001) than the bare land in absolute
and relative terms, respectively. Thus, the biocrusts significantly in-
creased soil water-holding capacity as indicated by their increasing ef-
fects on saturated soil moisture and field capacity, and they
significantly decreased soil infiltrability as indicated by their decreasing
effects on saturated hydraulic conductivity.
Fig. 3. Vertical root distribution of A. ordosica. (a) Root biomass v
3.3. Effects of biocrusts on soil moisture

As shown in Fig. 5 and Table S1, the biocrusts consistently had lower
(2.0% vs. 3.3%; t N 3.32, p ≤ 0.01) soil moisture at 0–200 cm depths com-
pared to the bare land (Fig. 4a). Similarly, the A. ordosicawith biocrusts
consistently had lower (2.6% vs. 3.1%; t N 4.80, p b 0.01) soil moisture
compared to the A. ordosica without biocrusts (Fig. 4b); whereas the
dead A. ordosica with biocrusts had similar soil moisture (2.6% vs.
2.5%; t b 1.90, p N 0.08) to the live A. ordosica with biocrusts (Fig. 4c).
In other words, the soil moisture was significantly decreased by 1.3%
and 38.1% in absolute and relative terms due to the biocrusts without
vegetation, whereas it was significantly decreased by 0.5% and 14.8%
in absolute and relative terms due to the biocrusts with the artificially
planted A. ordosica. On average, the soil water storage (using bulk den-
sity = 1.5 g cm−3 as a mean value for the whole profile) for the 0–
200 cm layer was decreased by 37.9 mm in the open space due to the
biocrusts and 14.2 mm underneath the artificially planted A. ordosica
due to the biocrusts.
4. Discussion

The symbiotic or competitive relationships between biocrusts and
vascular plants are of great interest and importance in the utilization
of limited soil water resources (e.g., Belnap, 2006; Li et al., 2010),
which is the main determining factor of vegetation restoration in arid
and semiarid ecosystems (Chen et al., 2007). In our study, the establish-
ment of artificially planted shrubs facilitated the development of
s. soil depth; (b) percentage of root biomass vs. soil depth.



Fig. 4. Saturated soil moisture (θs), field capacity (θf), and saturated hydraulic conductivity (Ks) of the biocrusts and bare land.
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biocrusts at early stage (Li et al., 2004; Li et al., 2010); however, after-
wards they inhibited the further development of these biocrusts. As re-
ported by other studies, the artificially planted shrubs usually generated
positive effects on the establishment of biocrusts at early successional
stage, possibly because they firstly protected the live microbial organ-
isms from soil surface disturbance and sand burial in water and wind
erosion (Li et al., 2004), and secondly provided a favorable environment
with rich moisture and moderate temperature from the shadow of
shrub canopies (Xiao et al., 2016). However, in the middle or late suc-
cessional stage, the artificially planted shrubs generally produced nega-
tive effects on the development of biocrusts possibly due to the
interception of rainfall (accounting for 6.9%–17.1% of the overall precip-
itation, especially in small rainfall events) and sunshine by both shrub
canopies and plant litters (Wang et al., 2005; Mousaei Sanjerehei,
2013; Zhang et al., 2016).

On the other side, our results suggested that the soil moisture was
significantly decreased by the existence of biocrusts in lands with artifi-
cially planted shrubs of A. ordosica; and the decreased soil moisturewas
not replenished after the death of the artificially planted A. ordosica. In
other words, the occurrence and development of biocrusts increasingly
deteriorated soil water conditions, and likely contributed to shrubmor-
tality. These results fully supported our hypothesis that the moss-dom-
inated biocrusts decreased soilmoisture and resulted in reduced growth
and even mortality of the artificially planted A. ordosica in the semiarid
regions on the Loess Plateau of China. It has been reported that well-de-
veloped biocrusts inhibited the growth and survival of artificially
planted shrubs by their negative effects on soilmoisture in other regions
Fig. 5. Soilmoisture variation of thefive treatments at 0–200 cmdepths. (a) Biocrusts vs. bare lan
ordosica with biocrusts.
(Zhang and Belnap, 2015; Zhuang et al., 2015), because biocrusts de-
creased the amount and depth of rainfall infiltration due to their
lower infiltrability and higher water-holding capacity, which was sup-
ported by Li et al. (2010) and also confirmed by our results in Fig. 4.
Some studies also found that biocrusts intensified soil water evapora-
tion due their high water content and surface temperature (Xiao et al.,
2010; Xiao et al., 2013), but other studies have not shown these effects
(e.g., Zhang et al., 2008; Chamizo et al., 2013a). In addition to these sur-
face effects, this study showed that biocrusts consistently decreased soil
moisture, not only on the surface but also up to the 200 cm soil depth.
Prior studies reported that biocrusts only decreased soil moisture in
about upper 60–80 cm soil depths and reduced the growth of shrubs
with shallow root system in other regions (e.g., Li et al., 2004; Li et al.,
2010; Yair et al., 2011). These regional differences, as listed in Table 2,
were possibly caused by our moss-dominated biocrusts which had
greater thickness and larger biomass compared to cyanobacterial- or li-
chen-dominated biocrusts (thus enabling stronger influences on soil
moisture). The greater impact on soil moisture at depth in our study
may also be due to the relatively abundant precipitation (N400 mm)
in the semiarid climate region of this study, where the annual precipita-
tion was much higher than the arid climate regions in other studies
(b250 mm; e.g., Li et al. (2010)), thus biocrusts in our study may have
affected more water through infiltration and evaporation.

An additional mechanism that may contribute to the reduced soil
moisture under biocrusts is related to preferential flow. Wang et al.
(2007) found that the rainfall infiltration increased due to preferential
flow associated with the root tunnels in shrubland without biocrusts,
d; (b)A. ordosicawith biocrusts vs.A. ordosica; and (c) deadA. ordosicawith biocrusts vs.A.



Table 2
Regional differences of biocrusts and their effects on soil moisture and vascular plant.

Region Biocrusts Effects of biocrusts on soil
moisture and vascular plant

Location Climate Dominant
community

Dominant species Thickness (mm) Biomass (mg cm−2)

Northern Loess
Plateau, China

AP = 409 mm,
APE = 1337 mm

Moss Bryum argenteum, B. arcticum,
B. caepiticium, Didymodon vinealis,
D. nigrescens, Barbula vinealis,
B. perobtusa

8.8–17.5 7.6–14.1a Biocrusts consistently decreased
soil moisture at 0–200 cm depth
and resulted in the degradation of
artificially planted A. ordosica (this
study)

Mu US
Sandland, China

AP = 250–450 mm,
APE = 1800–
2500 mm

Moss B. dichotomum,
B. argenteum,
D. vinealis

10–16.1 2.82a Biocrusts may negatively affect
local vegetation because they (1)
had higher soil moisture in surface
layer (0–10 cm) and lower soil
moisture in deep soil layer (30–
55 cm) under high water
conditions; and (2) had lower soil
moisture at 5–40 cm under low
water conditions (Gao et al., 2010;
Yin et al., 2013). Compared with
the bare sand, the A. ordosica and
moss crusts decreased soil
moisture from 0 to 160 cm depth
in the dry and rainy seasons by
8.4% and 5.7%, respectively; and
the proportional contribution of
moss crusts was 46.4% and 82.5%,
respectively (Yang et al., 2014)

Shapotou of
Tengger Desert,
China

AP = 186 mm,
APE = 1830 mm

Moss B. argenteum, D. vinealis,
D. tectorum, Syntrichia bidentata,
D. nigrescens, S. caninervis

9.0–36.0 1.64–9.46a Biocrusts limited water
infiltration depth (0–40 cm) and
subsequently changed the plant
community from xerophytic
shrubs to annual plants and herb
communities (Xu et al., 2003; Li et
al., 2004; Li et al., 2010)

Western Negev
Desert, Israel

AP = 95 mm,
APE = 2600 mm

Cyanobacteria
and moss

Microcoleus sp., Scytonema sp.,
Oscillatoria sp., B. dunense,
Tortula brevissima

1.1–10.3 1.67–5.32 × 10−3b Biocrusts are able to absorb and
retain large rain amounts, limiting
the depth to which water can
penetrate, and therefore water
availability for the perennial
plants (Almog and Yair, 2007; Yair
et al., 2011); Biocrusts had higher
moisture content and longer
wetness duration at 0–40 cm
(Kidron and Tal, 2012)

Gurbantunggut
Desert, China

AP = 79.5 mm,
APE = 2607 mm

Lichen
and moss

Collema tenax, Psora decipiens,
Xanthoria elegans, Acarospora
strigata, Lecanora argopholis,
T. desertorum, B. argenteum,
Crassidium chloronotos,
T. muralis, B. capillare

12.9–22 7.2–9.9c Moss and lichen crusts had
significant greater amount of dew
at dawn than bare sand; thus they
play a vital role in providing an
essential source of water for
plants (Zhang et al., 2009; Zhang
et al., 2010)

AP = Annual precipitation; APE = Annual potential evaporation.
a Biomass was weighted directly after washing and drying of all the biological components (mainly mosses), in mg cm−2.
b Biomass was indicated by chlorophyll a concentration, in mg m−2.
c Biomass was indicated by chlorophyll a concentration, in g g−1 dry soil.
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which implies that biocrusts possibly may restrict infiltration through
blocking preferential water flow through root tunnels of vascular plants.
Generally, preferential flow of water occurs in the root channels (1)
formed by dead or decaying roots, (2) formed by decayed roots but
newly occupied by living roots, and (3) formed around live roots
(Ghestem et al., 2011). In our study, the root systems of A. ordosica may
have created networks of preferentialflowpaths,which facilitated deeper
soil water storage. The presence of biocrusts may have increasingly
blocked these root channels and eventually resulted in the deterioration
of deep soil water storage, and subsequently the mortality of A. ordosica.
According to our records, the deadA. ordosicaplants died in 2005, possibly
due to the extreme drought at that time (annual precipitation =
279.8 mm; 31.6% less than the average of regular years). In the study re-
gion, the vulnerable soil-water balance between the biocrusts and artifi-
cially planted A. ordosica could be barely maintained in a year with
regular precipitation; however, it would be totally broken if significantly
lower precipitation occurs in a dry year (e.g., 2005), which is supported
by the results from Veste et al. (2011) and Siegal et al. (2013) in the
Northern Negev desert. Shrubs with deeper root systems (e.g., Caragana
korshinskii and Salix psammophila)may be less responsive to the decreas-
ing precipitation than A. ordosica. The shrubs with a taproot system are
able to take up water from deeper soil layers, where water is stored
even during the dry season (Ohte et al., 2003; Veste et al., 2008).

In addition, our study indicated that the death of the artificially
planted shrubs further improved the development of biocrusts under-
neath the shadow of the shrubs; however, shrub mortality did not re-
store the soil water condition, which was deteriorated by the biocrusts
earlier. These results implied that the dominant factor of soil moisture
in the artificial shrublands had been transferred from vascular plants
to biocrusts (Li et al., 2010; Xiao et al., 2014; Xiao et al., 2016); therefore,
the death of artificially planted shrubs did not affect the soil water re-
gime controlled by biocrusts.
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In our study, the moss-dominated biocrusts decreased soil moisture
and resulted in the reduced growth of artificially planted shrubs under
semiarid climate on the Loess Plateau of China. However, it does not
mean that such degradation of shrubs will definitely lead to desertifica-
tion in this region, because the land surface released from the shrubs
would be still protected by biocrusts against wind-water erosion (In an-
other viewpoint, the replacement of vascular plants by biocrusts, to-
gether with a lower soil moisture, can be considered also as a form of
degradation although the biocrusts defend the soil against erosion).
For example, Siegal et al. (2013) reported that an average of 27% and
68% of the shrubs in the fixed sand dunes had wilted by 2009 in the
southern and northern Negev Desert, respectively; however, a such
vast decrease of shrub cover is not expected to induce dune remobiliza-
tion because the existing biocrust cover is not negatively affected by the
drought. In the Tengger Desert of China, Fearnehough et al. (1998) also
found that the xerophytic shrubs were replaced by widespread
biocrusts, with shrubs declining from 12 to only 3% cover after
37 years of stabilization due to the decreased moisture penetration
and subsequent desiccation of the deeper dune sands. In other words,
biocrusts took over the ecological functions of vascular plants when
they wilted; subsequently, biocrusts, in the long term, may play more
important ecological and functional roles than vascular plants in arid
and semiarid ecosystems, especially in conserving soil surface against
water and wind erosion (Bowker et al., 2011; Maestre et al., 2011;
Chamizo et al., 2013b; Kidron, 2015).

5. Conclusions

The moss-dominated biocrusts significantly reduced the limited
soil water resources available to the artificially planted shrubs
under semiarid climates, and subsequently resulted in reduced
growth and eventual mortality of the artificially planted shrubs.
Moreover, the deteriorated soil water conditions did not restore,
even after the artificially planted shrubs had been dead for several
years. Biocrusts can become a dominant factor for the determination
of soil moisture under semiarid climates, making vascular plants in
this region more vulnerable to drought. However, it should be
noted that our results were obtained from the shrublands with
very well-developed moss-dominated biocrusts (coverage N80%).
In other words, these negative effects of biocrusts on soil moisture
and artificially planted shrubs may be greater than those for other
types of biocrusts (dominated by cyanobacteria/green algae or li-
chen) or moss-dominated biocrusts with lower coverage. In addi-
tion, although biocrusts have negative effects on the survival of
artificially planted shrubs and on soil water, they also have positive
effects such as reducing surface erosion (water and wind) and im-
proving soil fertility (carbon and nitrogen). Thus, the ecological
functions of biocrusts are both positive and negative in semi-arid cli-
mates; but we should pay more attention to their negative effects on
soil water and the survival of shrubs based on the results of our
study. These findings contribute to a better understanding of the
competitive relationships between biocrusts and vascular plants,
not only on the Loess Plateau of China but also in semiarid climate re-
gions throughout the world.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.geoderma.2017.01.009.
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