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The patchy distribution of vegetation in dry land results in well-documented “fertile islands”. However, the response of shrub
fertile islands to plant recovery and the underlying mechanisms, such as the linkage plant and soil properties, remain unknown.
We sampled soils from areas with three different plant coverages (25%, 45%, and 75%) and three of their adjacent inter-plants
to investigate soil physicochemical and microbial properties in the upper Minjiang River arid valley. The results showed that
these factors were influenced by the persistence of plants that contrasted with the inter-plant interspaces. We found fertile islands
in under-plant soil that were enhanced with increasing plant coverage, from 25% to 45% and 75%; however, there were no
significant differences between 45% and 75% plant coverage apart from the soil clay content and the fungi to bacteria ratio. The
soil microbial communities in under-plant soil were strongly influenced by the total soil carbon (TC), soil organic carbon (SOC),
and available nitrogen (AN), whereas the microbial communities in inter-plant soil were primarily constrained by the AN and
available phosphorous (AP). Moreover, the inter-plant soil properties, including gravimetric soil water content, pH, electrical
conductivity (EC), and soil C:N ratio, were also strongly influenced by adjacent vegetation, which suggested that fertile islands
may be beneficial for plant recovery in this region.
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INTRODUCTION

Plant recovery is of increasing importance in arid and semi-
arid ecosystems. Plants can reduce water runoff and sediment
loss, and favor soil-development processes through the im-
provement of soil organic matter, soil structure, soil water,
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nutrient-holding capacity, soil microbial communities, and
thus, general soil quality, in arid and semiarid ecosystems
(Schlesinger and Pilmanis, 1998; Xu et al., 2009; Zuazo and
Pleguezuelo, 2008). However, the soil microbial communi-
ties of plant rehabilitation are complex and differ in the plant
coverage (Qu et al., 2016), plant species (Xu et al., 2009), and
plant community (Wang et al., 2015).
Shrub distribution in arid and semiarid ecosystems is of-

ten described as “patchy” and the soil beneath tends to be
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enriched with C, N, and P compared with barren space (Liu
and Guo, 2012; Thompson et al., 2006). The soil beneath
can serve as a reservoir for soil fertility. It was also shown
to act as arbuscular mycorrhizal (AM) islands through direct
effects on AM-fungal spore dynamics and/or by serving as
spore-traps in plant communities in the semiarid valley of
Mexico (Camargo-Ricalde and Dhillion, 2003). Compared
to barren inter-plant soil, shrub soil has a higher total soil C
and N, supports more microbial biomass, and is associated
with higher C and N mineralization rates (Ewing et al., 2007;
Schaeffer and Evans, 2005; Yang et al., 2011).
Studies on the relationship between the aboveground and

belowground ecosystem processes are critical in restoration
ecology (Bardgett and Wardle, 2010; Wardle et al., 2004).
In arid and semi-arid ecosystems, belowground characteris-
tics are influenced by the formation and persistence of shrub
fertile islands in shrub soil (Aanderud et al., 2008; Ewing et
al., 2007; Ros et al., 2009; Schlesinger and Pilmanis, 1998).
Nonetheless, the persistence and magnitude of fertile islands
remain unknown. To date, studies on the role of the soil mi-
crobial community in fertile islands during plant rehabilita-
tion are relatively scarce compared to those on the role of
soil physicochemical properties. For example, few studies
have assessed the differences in the composition of microbial
communities both in shrub and inter-plant soils (Ewing et al.,
2007; Schaeffer and Evans, 2005; Wang et al., 2015). The
effect of the interaction between soil microbial communities
and the physicochemical properties of inter-plant soil during
the process of plant recovery is also still undetermined.
Damage to vegetation has occurred for at least a thousand

years through anthropogenic disturbances in the dry valley of
the upper Minjiang River (Ma et al., 2004); in addition, se-
rious soil erosion has occurred, thereby degrading soil water
and nutrient conditions (Xu et al., 2009). The dominant dis-
tribution of plants (mostly shrubs) is typically patchy. Since
1998, many efforts have been made to restore local vegeta-
tion. However, rehabilitation of this region was not success-
ful as expected.
The shrub fertile islands lead to heterogeneous soil re-

sources because of the limitations of soil water and nutrients.
However, the fertile islands could also be beneficial for
natural restoration from another viewpoint (Li, 2005), as
they can act as a starting point for natural succession through
the facilitation of growth of other plants (Aerts et al., 2006;
Gómez-Aparicio et al., 2004). The fertile islands also favor
the establishment of herbaceous plants, which results in the
“nurse plant” effect of shrubs in arid and semiarid ecosystems
(Li et al., 2007). Hence, we hypothesized that an increase in
plant coverage will promote soil fertility not only in patchy
shrub soil, but also in the barren inter-plant soil; this may be
beneficial for further plant recovery in the dry valley of the
upper Minjiang River without anthropogenic disturbances.
The objectives of this study were: (i) to assess the changes

in shrub fertile islands, including the effects of the fertile is-
lands during increases in revegetation (at 25%, 45%, and 75%
plant coverage); and (ii) to investigate the interactions be-
tween the soil microbial communities and the soil physico-
chemical properties in the process of plant recovery.

RESULTS

The shrub fertile islands

The accumulated soil physicochemical and microbial param-
eters in shrub soil were compared with those in inter-plant
soil. The fertile islands were markedly determined by the av-
erage R values (under-shrub soil/inter-plant soil), regardless
of plant coverage (Table 1). GWC of shrub soil was 58%
higher (P<0.01) than that of barren inter-plant soil. On av-
erage, the TC, TN, SOC, and available nitrogen (AN) lev-
els were 70% (P<0.01), 53% (P<0.001), 69% (P<0.001), and
72% (P<0.01) higher, respectively, in patch soil than in in-
ter-plant soil (Table 1). TP content of shrub soil was only 17%
higher (P<0.05) than that in inter-plant soil; however, avail-
able phosphorus (AP) content was 61% higher (P<0.001) in
under-shrub soil. pH variations in shrub soil and inter-plant
soil were small but significant (P<0.05) and electric conduc-
tivity (EC) was also notably higher in shrub soil than in in-
ter-plant soil. However, clay concentrations were slightly
changed between the two distinct soil types (Table 1).
Moreover, there were similar patterns of the influence of

fertile islands on soil microbial and physicochemical prop-
erties. Higher microbial biomass carbon (MBC) and micro-
bial biomass nitrogen (MBN) were also found in shrub soil
compared to inter-plant soil, with an MBC 2.18 times higher
(P<0.001), and an MBN 1.92 times higher (P<0.01) (Table
2). Microbial activity also increased in fertile islands. Basic
respiration (BR) was 2.49 times higher (P<0.01) in patch soil
than in inter-plant soil. The biomass of soil microbial compo-
nents (bacteria (B), fungus (F), and actinobacteria (Actino))
in shrub soil was significantly higher than that in inter-plant
soil, with one exception: the fungi to bacteria ratio (F/B) in
shrub soil was not significantly different from the F/B in in-
ter-plant soil (Table 2).

The effects of plant coverage on shrub soil

For under-shrub soil, larger coverage was generally accom-
panied by higher GWC, EC, and clay content and lower pH,
which indicated that the physical characteristics of the soil
improved with plant recovery. EC increased from 110.78 to
293.33 µS cm−1, whereas the clay content changed gradually,
from 1.41% to 1.71% (Table 3). Parameters associated with
soil C and N, such as TC, SOC, TN, and AN, all significantly
increased from sites with 25% plant coverage to those with
45% plant coverage. However, no significant difference was
observed between sites with 45% coverage and 75% cover-
age. TP and AP were not significantly correlated with plant
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Table 1        Soil physicochemical properties (mean and SE in parentheses; n=3) of R (under-plant/inter-plant) ratio in different plant coverage conditionsa)

Plant coverage 25% 45% 75% Average-R

GWC (%) 1.04 (0.1) 2.04 (0.2) 2.23 (0.4) 1.71**

pH 0.95 (0.0) 1.00 (0.0) 0.92 (0.0) 0.96*

EC (µS cm−1) 1.15 (0.3) 1.28 (0.2) 1.36 (0.3) 1.26*

TC (g kg−1) 1.9 (0.7) 1.63 (0.5) 1.49 (0.0) 1.70**

TN (g kg−1) 1.49 (0.2) 1.43 (0.3) 1.66 (0.5) 1.53***

TP (g kg−1) 1.17 (0.1) 1.25 (0.4) 1.1 (0.1) 1.17*

SOC (g kg−1) 1.87 (0.6) 1.64 (0.4) 1.51 (0.0) 1.69***

AN (mg kg−1) 2.1 (0.6) 1.42 (0.2) 1.64 (0.2) 1.72***

AP (mg kg−1) 2.26 (0.3) 1.45 (0.0) 1.17 (0.1) 1.61***

C/N 1.23 (0.2) 1.15 (0.1) 1.11 (0.0) 1.17***

Clay (%) 1.03 (0.0) 1.01 (0.2) 1.1 (0.0) 1.05

a) Significant differences between under-plant and inter-plant soil values for each parameter (paired t-test) are indicated by *, P<0.05; **, P<0.01, and ***,
P<0.001. GWC, gravimetric water content; EC, electrical conductivity; TC, total soil carbon; TN, total soil nitrogen; TP, total phosphorus; SOC, soil organic
carbon; AN, available nitrogen; AP, available phosphorous; and C/N, SOC/TN.

Table 2        Soil microbial properties (mean and SD in parentheses; n=3) of R (under-plant/inter-plant) ratio in different plant coverage conditionsa)

Plant coverage 25% 45% 75% Average-R

MBC (mg kg−1) 1.19 (0.2) 2.03 (0.6) 3.32 (1.5) 2.18**

MBN (mg kg−1) 1.7 (0.0) 2.13 (0.9) 1.98 (0.2) 1.92***

BR (µg CO2-C g−1 h−1) 3.13 (0.5) 2.21 (0.3) 2.15 (0.5) 2.49***

Bact (nmol g−1) 1.74 (0.0) 1.94 (0.4) 2.13 (0.1) 1.94***

Fungi (nmol g−1) 2.1 (0.7) 2.17 (0.2) 1.88 (0.1) 2.05***

G− (nmol g−1) 1.54 (0.3) 1.89 (0.1) 1.98 (0.1) 1.81***

G+ (nmol g−1) 1.27 (1.0) 1.57 (0.1) 2.12 (0.5) 1.66**

Actino (nmol g−1) 1.7 (1.0) 2.14 (0.1) 1.83 (0.3) 1.89***

F/B 1.21 (0.4) 1.13 (0.1) 0.88 (0.1) 1.07

a) Significant differences between the under-plant and inter-plant soil values for each parameter (paired t-test) are indicated by *, P<0.05, **, P<0.01, and
***, P<0.001. BR, basal respiration; Bact, bacterial PLFA; Fungi, fungal PLFA; G−, gram negative bacterial PLFA; G+, gram negative bacterial PLFA; Actino,
actinobacterial PLFA; F/B, fungal to bacterial ratio.

Table 3        Soil physicochemical properties (mean and SE in parentheses; n=3) of the under-plant and inter-plant soils in different plant coverage conditionsa)

Under-plant Inter-plant
Plant coverage

25% 45% 75% 25% 45% 75%

GWC (%) 4.62 (0.7)B 5.07 (0.5)A 6.09 (0.6)A 4.41 (0.4)a 2.49 (0.2)b 2.72 (0.1)b

pH 8.23 (0.2)A 7.19 (0.4)B 7.54 (0.3)B 8.65 (0.4)a 7.17 (0.6)b 8.17 (0.2)a

EC (µS cm−1) 110.78 (9.3)C 151.49 (3.5)B 293.33 (28)A 98.27 (12)b 119.67 (17.7)b 218.47 (25.6)a

TC (g kg−1) 13.86 (0.7)B 31.58 (4.0)A 38.39 (0.4)A 8.92 (3.2)b 20.35 (2.9)a 28.32 (0.3)a

TN (g kg−1) 1.73 (0.1)B 3.06 (0.6)A 3.93 (0.1)A 1.17 (0.2)b 2.17 (0.2)a 2.51 (0.7)a

TP (g kg−1) 0.47 (0.1) 0.53 (0.3) 0.52 (1.0) 0.40 (0.0) 0.44 (0.1) 0.47 (0.1)

SOC (g kg−1) 14.05 (0.7)B 32.03 (6.3)A 38.93 (0.5)A 7.90 (2.6)b 19.50 (2.3)a 25.55 (0.9)a

AN (mg kg−1) 45.63 (7.2)B 112.32 (22.2)A 141.97 (18.9)A 21.5 (2.7)b 76.9 (3.4)a 83.88 (2.5)a

AP (mg kg−1) 9.35 (0.6) 8.88 (0.2) 9.08 (0.5) 4.23 (0.4)c 6.14 (0.1)b 7.77 (0.3)a

C/N 8.01 (0.3)B 10.24 (0.1)A 9.77 (0.3)A 6.62 (1.2)b 8.99 (1.2)a 8.77 (1.2)a

Clay (%) 1.41 (0.0)B 1.49 (0.1)B 1.71 (0.1)A 1.29 (0.0)b 1.49 (0.1)b 1.62 (0.1)a

a) Uppercase letters in the same row indicate significant differences (Tukey’s HSD test, P<0.05) within under-plant soils and lowercase letters indicate
significant differences (P<0.05) within inter-plant soils. The absence of letters indicates that the difference was not significant.
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coverage. Microbial biomass and activities were increased
under larger plant coverage (i.e. 45%, 75%) (Table 3) and
the largest MBC was found in 45% covered soils. Individual
microbial groups all significantly increased from 25% plant
coverage to 45% plant coverage, although the extent of the
increase differed among groups. The largest F/B was in the
soil with 75% plant coverage (Table 4).
RDA analysis showed how the soil physicochemical fac-

tors influenced the microbial community. In under-plant soil,
TC, SOC, AN, and C/N (correlations with Axis1 >0.8) ex-
erted the greatest influence on the soil microbial communi-
ties, followed by EC, clay content, GWC, and pH (correla-
tions with Axis1 >0.5) (Figure 1A). For the individual groups
in shrub soil, bacteria were most influenced by TC and SOC.
G− was positively correlated with TN and AN and negatively

correlatedwith pH. Comparedwith bacteria and fungi, G+ and
Actino were less influenced by soil physicochemical param-
eters. Soil fungi were closely related to TC, TN, and EC.

The effects of plant coverage on inter-plant soil

For inter-plant soil, the GWC and pH values adjacent to 25%
plant coverage were significantly higher than those adjacent
to sites with 45% and 75% plant coverage. Plant coverage
of 75% was associated with the largest EC value, whereas
the differences between 25% and 45% plant coverage were
not significant (Table 3). TC, TN, SOC, and AN content of
inter-plant soil significantly increased from sites with 25%
plant coverage to sites with 45% plant coverage, which was
similar to shrub soil. The C:N ratio ranged from 6.62 to 8.77
and the higher values existed in soil with larger plant coverage

Table 4        Soil microbial communities (mean and SE in parentheses; n=3) in under-plant and inter-plant soils under different plant coverage conditionsa)

Under-plant Inter-plant

25% 45% 75% 25% 45% 75%

MBC (mg kg−1) 48.09 (8.0)C 260.10 (19.2)A 169.49 (5.5)B 41.06 (7.3)b 130.52 (12.1)a 58.39 (25.0)b

MBN (mg kg−1) 32.88 (3.4)B 50.97 (11.6)A 58.24 (5.3)A 18.18 (1.9)b 25.64 (3.8)ab 29.40 (1.4)a

BR
(µg CO2-C g−1 h−1)

0.36 (0.1)B 0.47 (0.0)A 0.51 (0.0)A 0.11 (0.0)b 0.21 (0.0)a 0.24 (0.0)a

Bact (nmol g−1) 107.15 (4.9)B 202.81 (17.2)A 236.13 (5.5)A 61.56 (2.6)b 104.41 (3.4)a 110.84 (1.8)a

Fungi (nmol g−1) 7.35 (0.7)C 13.77 (1.1)B 20.69 (0.5)A 3.73 (1.1)c 6.37 (0.4)b 11.01 (0.7)a

G− (nmol g−1) 44.37 (5.7)B 76.67 (2.6)A 91.57 (2.8)A 29.05 (2.0)c 40.61 (1.5)b 47.03 (2.3)a

G+ (nmol g−1) 23.43 (8.2)B 62.26 (2.3)A 71.31 (1.8)A 18.96 (1.1)b 39.73 (2.1)a 34.96 (8.8)a

Actino
(nmol g−1) 8.06 (4.7)B 25.84 (1.4)A 27.51 (3.4)A 4.08 (0.2)b 12.11 (1.4)ab 15.18 (1.4)a

F/B 6.85 (0.0)B 6.78 (0.1)B 8.76 (0.0)A 6.07 (0.0)b 6.10 (0.0)b 9.93 (0.1)a

a) Uppercase letters in the same row indicate significant differences (Tukey’s HSD test, P<0.05) within under-plant soils and the lowercase letters indicate
significant differences (P<0.05) within inter-plant soils. Abbreviations are as described in Table 2. The absence of letters indicate that the difference was not
significant.

Figure 1         Bioplot of redundancy analysis (RDA), with soil physicochemical properties, of soil microbial groups in shrub soils (A) and inter-plant soils (B)
obtained from all soils. The solid lines represent soil physicochemical properties and the dotted lines represent different microbial groups.
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(i.e., 45% and 75%). TP was not significantly influenced by
plant coverage. However, AP, which was initially low, in-
creased with an increase in plant coverage. The largest MBC
was found at the sites with 45% plant coverage (Table 4).
The MBN was significantly larger in the inter-plant soil ad-
jacent to sites with 45% and 75% plant coverage than those
with 25% plant coverage. BR changed slightly, from 0.11
to 0.24 µg CO2-C g−1 h−1, with the lowest value occurring in
inter-plant soil that was adjacent to sites with 25% plant cov-
erage. Different microbial groups generally showed a similar
pattern to patchy soils with increasing plant coverage, which
might indicate the strong influence of adjacent vegetation on
inter-plant soil (Table 4).
RDA indicated that soil microbial communities were

strongly influenced by AN and AP (correlations with Axis1
>0.9), and less strongly influenced by TN, GWC, and clay
content (correlations with Axis1 >0.7), whereas SOC and
TC exerted a smaller influence on inter-plant soil (Figure
1B). GWC had a negative relationship with soil microbial
properties, which indicated that soil microbes may not be di-
rectly constrained by soil water deficiency during the process
of plant recovery. Bacteria were positively correlated with
AN and negatively correlated with GWC. G+ was negatively
related to pH, G− and Actino were closely related to AN and
AP, and soil fungi were closely related to AP, TN, and clay
content.

DISCUSSION

Soil water, organic matter, nutrients, microbial biomass, and
microbial activities under-shrub were significantly higher in
under-plant soil than in inter-plant barren soil; this clearly
demonstrated the beneficial effects of shrub fertile islands. As
hypothesized, the effects of shrub fertile islands were signif-
icantly increased by an increase in plant coverage. Our pre-
vious study indicated that A. gmelinii-dominated shrub im-
proves the soil physical and microbial conditions in its rhi-
zosphere and an increase in A. gmelinii coverage has the po-
tential to reduce runoff, soil loss, and to promote revegetation
(Qu et al., 2016). The dominant species in this study site com-
prise two or three kinds of shrubs (see MATERIALS AND
METHODS). The results also confirmed that the shrub fertile
islands increased with an increase in plant coverage, indepen-
dent of the plant species. This demonstrated the important
role of plants in the promotion of the soil nutrient conditions
at the community level. Although the accumulation intensi-
fied with plant recovery, there was no evidence of further ac-
cumulation of soil carbon, nutrients, and microbial biomass
and activity between sites with 45% and 75% plant coverage
for most parameters. The F/B and clay content were signifi-
cantly different in both shrub soil and inter-plant soil between
45% and 75% plant coverage. As F/B was used as an indica-
tor of changes in the relative abundance of fungi and bacte-

ria, this result may indicate changes of the microbial structure
between sites with 45% and 75% plant coverage. The high-
est clay content was found in both shrub and the inter-plant
soils of sites with 75% plant coverage, which indicated that
the increased plant coverage could, to a certain extent, pro-
mote the soil physical structure. Thus, we suggest that 45%
plant coverage may be an important value in plant recovery
for increasing the soil fertility; this elucidates the relationship
between the aboveground and belowground processes of soil
rehabilitation in semi-arid regions.
Soil quality, in general, including soil physicochemical

and microbial characteristics, was sequentially promoted by
shrubs with an increase in plant coverage in both under-shrub
and inter-plant soils. Soil biological indicators are reported
to be more sensitive to changes than chemical and physical
indicators (Bastida et al., 2008). The accumulation of mi-
crobial biomass was more evident than that of soil carbon or
nutrients. We also found the biomass of bacteria, fungi, and
actinomycetes generally increased with an increase in plant
coverage, which may be associated with the quantity of litter
that entered the soil. MBN and BR were sensitive to changes
in the soil environment induced by plant recovery, which
may be associated with greater microbial activity under
conditions of high nitrogen mineralization and nitrification
rates in under-shrub soil (Garcia et al., 2002; Schlesinger
and Pilmanis, 1998; Thompson et al., 2006). These results
indicated that microbial biomass and activity were associated
with soil physicochemical properties during the process of
plant recovery both in under-shrub soil and inter-plant soil,
which enhanced the understanding of previously reported
functions of the soil microbes in shrub soil (Garcia et al.,
2002; Van Veen et al., 1985). In many terrestrial ecosys-
tems, microbial communities are regulated primarily by the
quantity and quality of available organic C sources (Fierer
et al., 2003; Schlesinger and Pilmanis, 1998; Wang et al.,
2013) and secondarily by physiochemical stresses (e.g., pH,
EC, salinity, and heavy metals) and soil moisture (Aanderud
et al., 2008; Pankhurst et al., 2001; Wilkinson et al., 2002).
However, the soil physicochemical properties that influence
the microbial properties greatly differ between the -shrub
and inter-plant soils. For under-shrub soil, TC, SOC, AN,
and C/N had the greatest effect on soil microbial commu-
nities, followed by EC, clay content, GWC, and pH. For
inter-plant soil, the available nutrients, AN and AP, were the
most important, followed by TN, EC, and clay content. As
part of the soil microbial community, AM fungi can play an
important role in plant and water relationships and in the low
availability of inorganic nutrients, especially phosphorus and
nitrogen in arid and semiarid ecosystems (Schlesinger and
Pilmanis, 1998). In particular, soil microbes in inter-plant
soil were mainly controlled by plant nutrient inputs in the
present study. Camargo-Ricalde and Dhillion showed that
shrub species can directly affect AM-fungal spore dynamics
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(Camargo-Ricalde and Dhillion, 2003). This may be ex-
tremely critical for the role of AM fungi in the restoration of
inter-plant soil, limited by AN and AP, with increasing plant
coverage.
The R of TC, SOC, and AP decreased with an increase

in plant coverage. The movement of carbon and nutrients
from under-plant soil to inter-plant soil may be beneficial for
seedling regeneration in barren soils in the future. However,
GWC in inter-plant soil adjacent to sites with 75% plant cov-
erage was decreased compared with soil adjacent to sites with
45% plant coverage, which is suggestive of a negative effect
of larger plants to barren soil water. Thus, the effects of larger
shrubs on the fluxes of soil water and nutrients in their adja-
cent barren soils are complex and should be investigated in
future studies.
It is interesting that the accumulation of soil organic matter

and nutrients and the improvement of soil quality resulted in
improved microbial biomass and microbial activity not only
in under-shrub soil, but also in barren soil with plant recov-
ery. This finding suggests that increased plant coverage could
promote the activity of soil microbes, which may further in-
crease soil quality and promote the restoration of barren in-
ter-plant soil. Changes in nutrient distribution are hypoth-
esized to promote further development and the persistence
of shrubs and cause potential feedback to the revegetation
process (Schlesinger et al., 1990).

MATERIALS AND METHODS

Site description and sampling

The study area (31°47′54′′–31°47′54′′ N, 103°44′30′′–31°44′
40′′ E) was part of the dry valley of the upper Minjiang River,
which is one of the four principal tributaries of the Yangtze
River (Xu et al., 2009; Song et al., 2010). The mean an-
nual temperature is 11.2°C, the mean annual precipitation is
494 mm, and the mean annual evaporation is 1,332 mm. The
aridity index for this area is within 1.5–3.49 (the ratio of po-
tential maximum evaporation to rainfall), which is typical of
semi-arid environments (Xu et al., 2009; Zhu and Li, 1989).
The predominant soil type is classified as Calcic Cambisols
(FAO-UNESCO, 1988). The vegetation mainly consists of
small-leaf arid shrubs and sparse grasses (Ma et al., 2004; Xu
et al., 2009). The dry valley has implemented natural plant re-
habilitation since 1998. We selected nine typical sites with a
similar topography, parent material, and climatic regime, but
different proportions of plant coverage (25%, 45%, and 75%
of the study sites) to represent the plant rehabilitation process
in the core area of the dry valley. The dominant species
were Sophora viciifolia and A. gmelinii in the sites with 25%
plant coverage, A. gmelinii, Onosma mertensioides, andWik-
stroemia stenophylla in the sites with 45% plant coverage,
and Bauhinia faberi and A. gmelinii in the sites with 75%

plant coverage. Four plots of 5 m×5 m were randomly se-
lected for each plant coverage site, respectively. Five soil
samples were collected from the surface soil (0–10 cm) un-
der different dominant species and from the inter-plant soil at
each site. Each soil sample consisted of four sub-samples ob-
tained with a soil corer (3.5 cm in diameter) and thoroughly
mixed to obtain a composite sample. All soil samples were
stored at approximately 4°C in an ice-box immediately after
sampling.

Soil physicochemical measurements

The soils were passed through a 2-mm sieve and the litter
and roots retained on the sieve were separated by hand. The
GWC of the samples was measured by oven-drying samples
at 105°C for 24 h. The soil pH and EC were determined
in a 1:2.5 (w/v) soil-water suspension, the TN and TC were
measured with a Vario EL III elemental analyzer (Elemen-
tar Inc., Germany), and the TP was measured calorimetri-
cally after wet digestion with H2SO4 plus HClO4 (Parkinson
and Allen, 1975). The soil organic matter (SOC) was deter-
mined by using the K2Cr2O7 titration method after digestion
(Nelson and Sommers, 1975), the available nitrogen (AN)
was determined by using the alkali dispelling method, and
the available phosphorus (AP) was extracted with a solution
of 0.5 mol NaHCO3 (Kuo, 1996) and measured calorimetri-
cally. Particle size analysis for the concentration of clay (%
Clay) was performed on soil samples (sieved through 2-mm
mesh sieves) and analyzed by laser diffraction on a Master-
sizer 2000 (Malvern Instruments Ltd, UK). To improve the
precision of the results, three replicates were analysed for
each soil sample.

Soil microbial measurements

MBC and MBN were extracted by using the fumigation-ex-
traction procedure (Macdonald et al., 2009), and measured
with a TOC-5000A soluble C analyser (Elementar Inc.). BR
was determined using 25 g of soil (dry weight) placed in
sealed flasks, moistened at 60% of its water holding capacity,
and incubated in the dark at 25°C. The released CO2 was
measured with an IR detector.
The structure of the microbial community was assessed

by phospholipid fatty acid (PLFA) analysis using a modified
method (Bligh and Dyer, 1959; White et al., 1979; Wang
et al., 2013). For the extraction of PLFAs, the soil samples
were freeze-dried and finely ground. The separated fatty
acid methyl-esters were identified and quantified by GC-MS
(HP6890/MSD5973) using methyl nonadecanoate (19:0)
as the internal standard. For each sample, the abundance
of individual fatty acid methyl-esters was expressed as mg
PLFA g−1 soil. The fatty acid nomenclature used was as
described by Frostegård et al. (Frostegård et al., 1993). The
fatty acids i15:0, a15:0, 15:0, i16:0, 16:1ω9c, 16:1ω7c, i17:0,

Qu, L., et al.   Sci China Life Sci   March (2018)  Vol. 61  No. 3 345



a17:0, 17:0, cy17:0, 18:0, 10Me 18:0, 18:1ω7, cy19:0, and
10Me19:0 were chosen to represent Bact (Frostegård et al.,
1993; Macdonald et al., 2009). The polyenoic, unsaturated
PLFA 18:2ω6 was used as an indicator of fungal biomass
(Fungi). The PLFAs i15:0, a15:0, 15:0, i16:0, i17:0, a17:0,
and 18:0 were chosen to represent Gram-positive bacteria
(G+). The monoenoic and cyclopropane unsaturated PLFAs
16:1ω9c, 16:1ω7c, 18:1ω7, cy17:0, and cy19:0 were chosen
to represent Gram-negative bacteria (G−) (Aanderud et al.,
2008; Ewing et al., 2007; Macdonald et al., 2009). Acti-
nobacteria (Actino) were classified as 10Me17:0, 10Me18:0,
and 10Me19:0. The ratio of fungal:bacterial PLFA (F/B) was
used as an indicator of changes in the relative abundance of
these two microbial groups (Bardgett et al., 1996).

Statistical analysis

The values under different plant species were averaged to rep-
resent that of the patch (under-plant) soils. For every param-
eter studied, we also calculated the under-plant to inter-plant
ratioR in each plot. We used a one-wayANOVA to determine
the effects of plant rehabilitation on the physical, chemical,
and microbial parameters of soils. Post-hoc analysis was per-
formed using Tukey’s HSD test. A paired-samples t-test at
a confidence interval of 95% was used to test the significant
of the differences between patch and inter-plant soils. Sim-
ple linear correlations were used to consider relationships be-
tween pairs of variables without assuming the dependence of
one variable on another. All analyses were performed using
SPSS13.0 (SPSS Institute Inc., 2002).
Linear model redundancy analysis (RDA) was used to test

the relationships between the soil physicochemical charac-
teristics and the distribution of microbial groups. The signif-
icance of the canonical axis was tested by using the Monte
Carlo permutation test. All multivariate techniques were per-
formed with CANOCO software (Canoco for Windows 4.5).
The plots can be interpreted quantitatively by using the length
of the arrow to indicate the degree of variance explained by a
certain factor. The direction of the arrows for the individual
soil property parameters indicates an increase in the concen-
tration of a certain factor. The microbial group arrows point-
ing in approximately the same direction as the soil property
parameter arrows indicated a high positive correlation; the
longer the microbial group arrow, the stronger the relation-
ship (Macdonald et al., 2009).
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