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Widely distributed shrubs in drylands can locally alter soil physicochemical properties, which
distinguish soil under plant canopy from soil outside the canopy. In the present study, we used
a dominant shrub species Artemisia gmelinii in a semiarid land, SW China, to investigate the
consequences of “shrub resource islands” for soil microbial communities and enzymatic
activities. Such investigation was made at four sites that differed in rates of rainfall to examine
how the consequences were altered by variation in the local climate. The results showed that
A. gmelinii enhanced fungal abundance but did not influence bacterial abundance, resulting in
higher total microbial abundance and fungal-to-bacterial ratio in under-canopy soil compared
to outside-canopy soil. Microbial community composition also differed between the two soils,
but this difference only occurred at sites of low rainfall. Redundancy analysis revealed that such
composition was attributed to variation in soil water content, bulk density, and total
phosphorus as a result of shrub canopy and varying rates of rainfall. Activities of hydrolytic
enzymes (β-1,4-glucosidase, β-1,4-N-acetylglucosaminidase, alkaline phosphatase, and
leucine aminopeptidase) were higher in under-canopy soil than in outside-canopy soil,
among which C-acquisition enzyme, β-1,4-glucosidase, and P-acquisition enzyme, alkaline
phosphatase, were also higher in the soil of high rainfall. The overall pattern of enzyme activities
did not show differences between under- and outside-canopy soils, but it separated the sites
of high rate from that of low rates of rainfall. This pattern was primarily driven by variation in soil
physicochemical properties rather than variation in soil microbial community, suggesting that
the distribution pattern of enzyme activities may be more sensitive to variation in rainfall than to
shrub canopy. In conclusion, our study shows that shrub species A. gmelinii can shift the soil
microbial community to be fungal-dominant and increase hydrolytic enzyme activities, and
such effect may depend on local climatic variation, for example, rainfall changes in the semiarid
land. The findings of this study highlight the important roles of shrub vegetation in soil biological
functions and the sensitivity of such roles to climatic variation in semiarid ecosystems.
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INTRODUCTION

Soil microbial community is a key component of underground
biota and recognized vital roles in a wide range of soil processes,
such as litter decomposition and nutrient cycling (Aislabie et al.,
2013). Different soil microbial groups in the community are
responsible for specific functions. For instance, soil fungi
mostly participate in the early stage of litter decomposition,
while bacteria play the primary roles in later stages (Hu et al.,
2017). Thus, structural shifts of a soil microbial community are
often accompanied by its functional changes. Soil microbial
communities can secrete extracellular enzymes that take part
in numerous soil processes (Brzostek et al., 2013). Among these
enzymes, hydrolases are involved in C (e.g., β-glucosidases), N
(e.g., β-1,4-N-acetylglucosaminidase and leucine
aminopeptidase), and P (e.g., alkaline phosphatases) cycling
and thus widely investigated in previous studies (Martinez and
Tabatabai 1997; Roberts et al., 2007; Zhao et al., 2016; Li et al.,
2019; Thapa et al., 2021). The activities of these enzymes can
quickly respond to changes in microbial communities and
environmental conditions, and are, therefore, considered as
sensitive indicators of microbial dynamics and environmental
changes (Bowles et al., 2014). Accordingly, environmental
variations that affect a microbial community structure or
hydrolytic enzyme activities in a soil may substantially alter
the consequences of microbial-based soil processes (Ushio
et al., 2008; Dick et al., 2015).

Vegetation provides organic inputs and inorganic nutrients in
the form of litter and root exudates. The quality and quantity of
these plant-derived residues are important foraging substrates for
soil microbes and thus critical for the dynamics of microbial
communities and enzyme activities (Shahbaz et al., 2017; Zhao
et al., 2019). On the other hand, vegetation may compete for
available nutrients with soil microbes, also contributing to
steering microbial communities and metabolic activities (Deng
et al., 2019). Many studies have shown that vegetation can
pronouncedly influence organic matter and nutrient content in
the soil, driving compositional shift and metabolic changes of soil
microbial communities (e.g., Yin et al., 2014; Li et al., 2015; Wang
et al., 2020). This is particularly true in arid and semiarid lands
where vegetation coverage and organic matter content in the soil
are relatively low (Okin et al., 2001).

Precipitation is also documented to strongly influence soil
microbial community and enzyme activities in many terrestrial
ecosystems (Zhou et al., 2013; Ren et al., 2017; Ma et al., 2020).
This is because precipitation can regulate plant productivity and
litter inputs, thereby influencing the amount of available
substrates for soil microbial communities (Nielsen and Ball
2015; Luo et al., 2017). In addition, since the migratory ability
of microorganisms toward the foraging substrates is limited by
diminished pore connectivity under dry conditions (Manzoni
et al., 2014), precipitation may also alter microbial community
and activities by changing water availability in soils (Ren et al.,
2017). Moreover, soil fungi possess complex hyphal networks and
are usually less sensitive to drought stress than bacteria, and thus,
precipitation may determine microbial community and
associated metabolic activities by changing their relative

abundance (Sun et al., 2020). The abovementioned potential
effects of precipitation on soil microbes are thought to be
particularly strong in arid and semiarid systems where they
can be magnified by the sporadic and scarce rainfall events
(Reynolds et al., 2004; Collins et al., 2008; Ouyang and Li 2020).

Recent years witness increasing research interests studying
regulatory roles of vegetation or altered precipitation in steering
soil microbial community and enzyme activities (Hortal et al.,
2015; Xu et al., 2014; Rath et al., 2019; Ramírez et al., 2020).
However, the interactive effects of such roles are rarely
investigated: it is yet unknown that whether vegetation roles in
regulating soil microbial community and metabolic activities vary
with climatic changes, for example, varying rates of rainfall. This
question is particularly necessary to be answered in arid and
semiarid lands given that these drylands often experience severe
soil erosion as a result of variable regime of rainfall (Yu et al.,
2019), and standing vegetation is recognized as the key to
restoring these eroded lands (Gu et al., 2019).

In the present study, we selected a dominant shrub species
Artemisia gmelinii in a semiarid land, southwest China, and
collected soils under and outside the canopy of this shrub
species from four sites that vary in rates of rainfall, to
investigate shrub effects on soil microbial community
composition and enzyme activities as well as the extent to
which such shrub effects may change with the varying rainfall.
We hypothesize that 1) A. gmelinii will alter soil physicochemical
properties under the canopy, 2) by which microbial community
composition and enzymatic activities in under-canopy soil will
differ from that in outside-canopy soil, 3) and the effects of shrubs
on soil physicochemical and microbial properties will vary with
rates of rainfall in sites where soils are from.

MATERIALS AND METHODS

Study Area
The study region is located at the basin of the upper Minjiang
River (30°44′–32°24′ N; 102°41′–103°58′ E), a first-order branch
of the Yangtze River. The Minjiang River is 735 km in length and
has an altitude range of 3,560 m. This basin is a 337 km2 region
located in the northwestern corner of the Sichuan Province,
southwest China. The elevation of this basin ranges from 900
to 3,600 m, and the study area is located between 1,700 and
1800 m in elevation and has a mean annual temperature of
11.2°C. Mean annual precipitation is 500 mm and mean
annual evaporation is 1,332 mm in this area, representing a
typical semiarid climate. Soil is classified as Calcic Cambisols
(FAO–UNESCO, 1988) with shallow depths of 10–30 cm. The
coarse texture was composed of 28.7% sand, 68.7% silt, and 2.6%
clay by volume, and the parent material is phyllite (Xu et al.,
2008). Typical vegetation is patchy dwarf shrubs, with very few
herbaceous plants under the canopy. No plants were found at the
interspace between the canopies.

Experimental Design and Soil Sampling
In early July 2012, we selected four experimental sites, including
Lianghekou (LH), Fenghong (FH), Cuoji (CJ), and Moutuo (MT)
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that differed in mean annual precipitation along the upper
Minjiang River. LH and FH are dry sites with a mean annual
precipitation of 335.5 mm, while CJ and MT are wet sites in
relation to LH and FH where the mean annual precipitation is
560.6 mm. These sites were formerly farmland and have been
abandoned since the 1990s due to perturbation of anthropogenic
activities, such as improper grazing activities. The occurring plant
species in each site were as follows: Artemisia gmelinii, Bauhinia
faberi, and Sophora davidii in LH; A. gmelinii and Ajania
potaninii in FH; A. gmelinii, Pulicaria chrysantha, and S.
davidii in CJ; and A. gmelinii, B. faberi, and Caryopteris
tangutica in MT, respectively. Among these shrub species, A.
gmelinii was the most abundant and occurred in all four sites and
thus selected as the focal species in this study. A. gmelinii is a
perennial tussock and widely distributed in central and eastern
Asia. It is usually 50–100 cm tall with a dense, umbrella-shaped
canopy that often reaches the ground. This species is commonly
found in semiarid ecosystems, at abandoned cropland, and the
stand age often varies over time after abandonment.

The experiment was carried out at the end of July, when A.
gmelinii reached their maximum photosynthetic rates, and two
consecutive weeks of no rain was available for sampling. Three
plots (10 m × 10 m) were randomly set in each site at the south-
facing hillside with a slope of 37±2 degree. In each plot, three
individuals of A. gmeliniiwith similar-sized canopy were selected.
Five soil cores were randomly sampled in the vicinity of
individual A. gmelinii stand beneath the canopy and combined
to be an under-canopy soil sample. Similarly, five soil cores were
also taken in the interspace between canopies of two individual
stands in the same plot and combined to be an outside-canopy
soil sample. Each sample was collected into a separate new
polyethylene bag. The distance between each shrub individual
was minimally 3 m to prevent the potential interactions between
neighboring plants. All soil cores were collected from a depth of
0–15 cm using a 2 cm diameter soil corer that was thoroughly
cleaned with 70% ethanol between samplings to avoid cross-
contamination. Consequently, nine under-canopy and nine
outside-canopy soil samples were obtained from each site. Soil
samples were stored in iceboxes and immediately transported to
the laboratory, where samples were thoroughly mixed, and plant
and animal materials were removed before going through a
sterilized 2 mm mesh sieve. Each sieved sample was used for
three soil analyses: 40 g soil was lyophilized and stored at −80°C
for PLFA analyses, 20 g soil was stored at 4°C to determine
enzyme activities, and 150 g soil was air-dried to measure
other soil physicochemical properties.

Physicochemical Analyses
The soil water content (SWC) was determined at 105°C for 24 h in
an oven and soil pH was measured in soil suspension (soil: water �
1:2.5 w/w) using a pHmeter (FE20K, Mettler Toledo, Switzerland).
Soil organic carbon (SOC) was determined colorimetrically (Sims
andHaby 1971) by estimating sulfuric acid (H2SO4) and potassium
dichromate (K2Cr2O7) wet digestion under low external heat
(100°C) for 90 min. Total nitrogen (TN) was measured using an
element analyzer (VarioMax C/N, Elementar, Germany), and total
phosphorus (TP) was analyzed using perchloric acid–sulfuric acid

combined with molybdenum stibium anticolorimetry (Eisenreich
et al., 1975). Available nitrogen (AN) was determined using a
microdiffusion method after alkaline hydrolysis (Conway 1978).
Available phosphorus (AP) was extracted using 0.5 mol/L
NaHCO3 and measured using a molybdenum stibium
anticolorimetry method (Watanabe and Olsen 1965).

PLFA Analyses
Microbial abundance was assessed using phospholipid fatty acid
(PLFA) analyses. Lipids were extracted and purified from 4 g
freeze-dried soil and analyzed using methods described by Bligh
and Dyer 1959) and Frostegård et al. (1993). Fatty acid methyl
esters were identified using a Sherlock Microbial Identification
System (MIDI Inc. Newark, DE, United States) and calculated
according to the internal 19:0 standard peak area and a known
concentration. The extracted fatty acid methyl esters were
quantified as peak areas by an Agilent 6850 N gas
chromatograph using a flame ionization detector (GC–FID).

All the detected PLFAs (expressed in nmol g−1) were used to
calculate the total PLFAs (total PLFA) and measured as an
estimate of the total viable microbial abundance. The
abundance of an individual PLFA was expressed as the
percentage of total PLFAs in each soil sample. Fatty acids i14:
0, 14:0, i15:0, a15:0, 15:0, i16:0, i17:0, 17:0, 15:1ω6c, 16:1ω7c, 17:
1ω8c, 18:1ω5c, 16:1 2OH, cy17:0, and cy19:0 were selected to
represent bacterial PLFA (Bossio and Scow 1998; Frostegård et al.
1993). Of which, the fatty acids i14:0, i15:0, a15:0, i16:0, i17:0, and
a17:0 were used to calculate Gram-positive (GP) bacterial
abundance and the fatty acids 15:1ω6c, 16:1ω7c, 17:1ω8c, 18:
1ω5c, 16:1 2OH, cy17:0, and cy19:0 were used to calculate Gram-
negative (GN) bacterial abundance. Fatty acids 18:2ω6c and 16:
1ω5c were used to estimate the abundance of saprophytic fungi
(F) and arbuscular mycorrhizal fungal (AMF), respectively. The
fungal-to-bacterial ratio (F/B) was calculated using total bacterial
and saprophytic fungal abundance (Bardgett et al., 1996).

Enzyme Assays
Soil enzymes β-1,4-glucosidase (BG), β-1,4-N-
acetylglucosaminidase (NAG), leucine aminopeptidase (LAP),
and alkaline phosphatase (AlkP) were measured for their
potential activities in this study given their key roles in soil
organic matter decomposition and nutrient cycling (Grandy
et al., 2013; Xu et al., 2014). The enzymes were bioassayed
using a microplate method adapted from studies by Saiya-
Cork et al. (2002) and German et al. (2011). A separate
standard curve was included for each soil sample to minimize
potential quenching effects. The homogenate was prepared with
1 g fresh soil sample suspended in 125 ml Tris buffer (50 mM) at
pH 7.5. Slurries were homogenized and fully stirred. A subset of
200 μl obtained homogenates dispensed in each well of a 96-well
assay plate. Subsequently, 50 μl fluorometric substrate solution
and 200 μl soil homogenate were added to each sample well.
Blank control wells received 250 μl Tris buffer, whereas each
homogenate control well received 50 μl Tris buffer plus 200 μl soil
homogenate. The substrate control well received 50 μl substrate
solution and 200 μl Tris buffer. Eight replicate wells were set
for each sample and respective control (blank, homogenate,
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or substrate control). A reference standard curve and a quench
standard curve were accordingly created. The concentration
gradient of 0, 1, 2.5, 5, 10, 20, and 30 μM was used for NAG,
BG, and AlkP measurements, while a different gradient of 0, 2, 4,
8, 16, 24, 32, and 40 mM was used for LAP. Each concentration
level was duplicated.

All the bioassays were incubated at 20°C for 2.5 h followed by
the addition of 10 ml 1.0 M NaOH to each well and measured for
60 s in a fluorometer (BioTek Synergy H4, Winooski, VT,
United States) at 365 nm excitation and 450 nm emission.

Statistical Analyses
Experimental data on soil physicochemical properties, microbial
abundance, and enzyme activities (BG, NAG, LAP, and AlkP)
were analyzed using a linear mixed-effect model (LMM) with a
maximum-likelihood (ML) iterative algorithm in R version 3.6.1
(R Core Team, 2014). In this model, “soil” following shrub effects
(Outside-canopy vs. Under-canopy) and “rainfall” (Low vs. High)
of soil origin as well as their interaction were included as fixed
factors. The identity of “site” of soil sampled (LH, FH, CJ, and
MT) was included as a random factor. To meet the assumptions
of normality and homogeneity of data residuals in the models, the
data on enzyme activities and soil physicochemical properties
were square-root-transformed and data on microbial abundance
were logarithm-transformed. Data on ratios including GP/GN,
C/N, C/P, and N/P were square-root-transformed. The model
was run using lmer function in the “lme4” package (Bates et al.,
2015), and the tests of significance were estimated using anova
function in the “lmerTest” package (Kuznetsova et al., 2017).

Principal component analyses (PCA) were used to analyze soil
microbial community composition and pattern of enzyme
activities between the two soils (Outside-canopy vs. Under-
canopy) and rainfall levels (Low vs. High). The PCAs were
conducted based on a correlation similarity matrix. Grouped
PLFA markers and the activity of individual enzyme were
subjected to their respective PCA after scaling the unit
variance. Redundancy analyses (RDA) were used to reveal the
relationships among soil physicochemical properties, microbial
community, and pattern of enzyme activities. Prior to the RDA,
the Monte Carlo permutation tests (999 permutations) were used to
select soil physicochemical variables that were significantly
correlated with variations in microbial community and soil
physicochemical and microbial variables that were correlated with
variations in the pattern of enzyme activities. All multivariate
analyses (PCA and RDA) were conducted in the “vegan” package
(Oksanen et al., 2015). Pearson correlation analysis was used to
examine the relationships between soil physicochemical properties
and the abundance of soil microbial groups or enzyme activities.

RESULTS

Soil Physicochemical Properties
Soil organic carbon (SOC) was significantly higher in under-
canopy soil of A. gmelinii than in outside-canopy soil and also
higher in soil collected from sites of high rainfall than in soil
collected from sites of low rainfall. In contrast, bulk density (BD)

was lower in soil under the canopy than in outside-canopy soil.
Total phosphorus (TP) was overall higher in under-canopy soil,
which was site-specific. Other soil physicochemical properties did
not differ between outside- and under-canopy soils, regardless of
rates of rainfall for these soils (Tables 1, 2).

Soil Microbial Abundance and Enzyme
Activities
Biomarkers for bacterial abundance (GP, GN, GP/GN, and B) did
not differ between outside- and under-canopy soils of A. gmelinii,
independent of rates of rainfall (Table 2; Figures 1A–D).
Biomarkers for saprotrophic fungal abundance (F), its relative
abundance to bacteria (F/B), and biomarker for arbuscular
mycorrhizal fungi (AMF) and total soil microbial abundance
(tPLFA) were higher in under-canopy soil than in outside-canopy
soil (Table 2; Figures 1E–H). The biomarker for arbuscular
mycorrhizal fungi (AMF) was also higher in under-canopy
soil, but only when the soils were collected from sites of low
rainfall (Table 2; Figure 1G).

All the investigated enzymes (BG, NAG, LAP, and AlkP)
showed higher activities in soil under canopy of A. gmelinii
than in outside-canopy soil (Table 2; Figures 2A–D). Among
them, BG and AlkP activities were also higher in soil of sites from
high rainfall than in soil from low rainfall (Table 2; Figures 2A,D).

Soil Microbial Community and Its Relation
to Soil Physicochemical Properties
PCA results showed that the first three axes accounted for 39.5%
(PC1), 26.6% (PC2), and 22.3% (PC3) of the total variation of
microbial community, respectively (Figure 3A). Data on microbial
communities were separated between outside- and under-canopy
soils of shrub A. gmelinii, but only when the soils were collected
from sites of low rainfall (Figures 3A,B). Results of redundancy
analyses (RDA) showed that the first and second canonical axes
accounted for 17.4 and 6.6% of the total variance in data on soil
microbial community, respectively (Figure 3B), in which only RD1
significantly explained the data variance. Along RD1, biomarkers
for GN, B, and AMF were positively correlated with SWC, and
biomarker for saprophytic fungi (F and F/B) positively correlated
with TP. The biomarkers for the majority of microbial groups,
including GN, B, F, AMF, and tPLFA, were negatively correlated
with BD (Table 3).

Pattern of EnzymeActivities and Its Relation
to Soil Physicochemical and Microbial
Properties
The first two axes of PCAs accounted for 64.5 and 22.4% of the
total variation of data on enzyme activities, respectively
(Figure 4A). There was no clear separation of data on enzyme
activities between outside- and under-canopy soils of A. gmelinii,
but a significant separation was observed between soils from high
and low rainfall. RDA results showed that the first two axes
accounted for 49.0 and 12.7% of the total variation in the data,
respectively, and both axes significantly explained the variation
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(Figure 4B). Along the axis RD1, activities of BG, NAG, and AlkP
were positively correlated with SWC, SOC, C/P, and the soil N
content (TN and AN) and negatively with soil BD. The activities
of NAG and AlkP were also negatively correlated with soil pH
(Table 3). Along the axis RD2, LAP activity was positively

correlated with AN but negatively with C/N (Table 3;
Figure 4B). Soil bacterial abundance slightly contributed to
the overall pattern of enzyme activities, but it did not
significantly correlate with the activities of any individual
enzymes (Supplementary Table S1; Figure 4B).

TABLE 1 |Mean (±CI) of soil physiochemical properties in under-canopy and outside-canopy soils of shrub species Artemisia gmelinii collected from four sites (LH, FH, CJ,
and MT) that varied in rates of rainfall at the basin of the Minjiang River Valley, SW China.

Low rainfall High rainfall

LH FH CJ MT

Soil
properties

Under-canopy Outside-canopy Under-canopy Outside-canopy Under-canopy Outside-canopy Under-canopy Outside-canopy

SWC (%) 4.95 ± 0.66 5.05 ± 0.52 10.62 ± 0.97 11.21 ± 1.73 17.11 ± 1.08 16.16 ± 0.93 23.97 ± 1.18 18.28 ± 1.13
SOC (g/kg) 24.18 ± 1.05 24.45 ± 0.63 27.31 ± 0.94 24.56 ± 1.26 36.62 ± 1.13 35.32 ± 1.37 36.45 ± 0.49 32.13 ± 1.97
BD (g/cm3) 1.35 ± 0.08 1.46 ± 0.03 1.35 ± 0.05 1.37 ± 0.07 1.13 ± 0.07 1.24 ± 0.05 1.22 ± 0.04 1.48 ± 0.06
pH 8.03 ± 0.04 8.08 ± 0.03 7.60 ± 0.07 7.63 ± 0.08 8.02 ± 0.07 8.01 ± 0.05 7.35 ± 0.04 7.23 ± 0.10
AN (mg/kg) 92.0 ± 12.9 72.6 ± 3.75 118.9 ± 12.1 107.3 ± 11.6 136.8 ± 12.2 165.6 ± 16.2 157.1 ± 16.6 92.9 ± 13.5
TN (g/kg) 2.80 ± 0.14 2.60 ± 0.08 3.28 ± 0.11 2.95 ± 0.17 4.30 ± 0.34 4.33 ± 0.43 3.84 ± 0.35 3.39 ± 0.28
AP (mg/kg) 12.67 ± 1.03 10.48 ± 1.06 15.52 ± 3.14 15.82 ± 3.52 35.8 ± 8.94 35.2 ± 8.16 9.35 ± 2.75 7.90 ± 2.90
TP (g/kg) 0.60 ± 0.01 0.58 ± 0.02 0.44 ± 0.02 0.41 ± 0.02 0.51 ± 0.01 0.49 ± 0.02 0.39 ± 0.02 0.35 ± 0.02
C/N 8.67 ± 0.20 9.45 ± 0.26 8.33 ± 0.14 8.41 ± 0.37 8.80 ± 0.54 8.62 ± 0.67 10.04 ± 0.85 9.80 ± 0.68
C/P 40.3 ± 1.91 42.6 ± 0.97 63.6 ± 4.11 61.3 ± 3.46 72.5 ± 2.36 72.6 ± 2.90 93.5 ± 4.01 92.9 ± 6.56
N/P 4.67 ± 0.24 4.54 ± 0.15 7.62 ± 0.48 7.31 ± 0.35 8.50 ± 0.67 8.90 ± 0.95 9.66 ± 0.63 9.76 ± 0.84

The data were analyzed using the general linear mixed model, and the results are shown in Table 2. SWC, soil water content; SOC, soil organic carbon; BD, bulk density; AN, available
nitrogen; TN, total nitrogen; AP, available phosphorus; TP, total phosphorus; C/N, SOC:TN ratio; C/P, SOC:TP ratio; N/P, TN:TP ratio; GP, Gram-positive bacteria; GN, Gram-negative
bacteria; B, total bacteria; F, saprophytic fungi; AMF, arbuscular mycorrhizal fungi; tPLFA, total PLFA; BG, β-1,4-glucosidase; NAG, β-1,4-N-acetylglucosaminidase; LAP, leucine
aminopeptidase; AlkP, alkaline phosphatase.

TABLE 2 | Results for the general linear mixed model of soil physicochemical properties, microbial functional groups, and enzyme activities in soils from under- or outside-
canopy of shrub species Artemisia gmelinii at sites of varying rates of rainfall in the Minjiang River Valley, SW China..

Soil characteristics Rainfall Soil Rainfall × soil Site

Physicochemical properties F P F P F P χ2 P
SWC 7.49 0.111 2.13 0.150 3.32 0.073 32.4 <0.001
SOC 71.3 0.013 5.61 0.021 0.67 0.417 0.50 0.480
BD 1.85 0.310 9.39 0.003 1.96 0.166 3.09 0.079
pH 0.19 0.704 0.11 0.737 1.40 0.241 73.7 <0.001
AN 3.36 0.208 3.42 0.069 0.027 0.871 4.62 0.032
TN 6.69 0.124 2.20 0.143 0.042 0.838 4.47 0.035
AP 0.18 0.711 0.15 0.702 0.00 0.967 23.8 <0.001
TP 0.45 0.572 6.76 0.012 0.05 0.820 68.6 <0.001
C/N 0.44 0.576 0.09 0.762 0.66 0.420 2.28 0.131
C/P 4.26 0.175 0.00 0.951 0.11 0.747 47.8 <0.001
N/P 3.08 0.221 0.04 0.840 0.18 0.673 32.1 <0.001

Microbial groups GP 1.90 0.173 2.94 0.091 0.00 0.951 0.00 1.00
GN 0.32 0.629 0.07 0.786 0.09 0.761 21.6 <0.001
GP/GN 0.07 0.811 1.68 0.199 0.01 0.916 19.0 <0.001
B 0.58 0.527 1.43 0.236 0.06 0.800 8.00 0.005
F 0.49 0.556 29.2 <0.001 2.95 0.091 6.90 0.009
AMF 8.46 0.107 20.4 <0.001 4.53 0.037 0.68 0.409
F/B 0.16 0.728 33.3 <0.001 2.89 0.094 5.53 0.019
tPLFA 1.18 0.390 17.9 <0.001 1.14 0.289 1.02 0.314

Enzyme activities BG 10.6 0.002 11.9 <0.001 0.14 0.712 0.00 1.00
NAG 4.78 0.162 11.8 0.001 0.25 0.617 1.67 0.197
LAP 1.07 0.408 11.6 0.001 1.17 0.283 14.4 <0.001
AlkP 33.7 0.031 15.3 <0.001 0.15 0.700 1.03 0.309

Bold F or χ2 values indicate statistical significances at the p � 0.05 level (n � 8–9). SWC, soil water content; SOC, soil organic carbon; BD, bulk density; AN, available nitrogen; TN, total
nitrogen; AP, available phosphorus; TP, total phosphorus; C/N, SOC:TN ratio; C/P, SOC:TP ratio; N/P, TN:TP ratio; GP, Gram-positive bacteria; GN, Gram-negative bacteria; B, total
bacteria; F, saprophytic fungi; AMF, arbuscular mycorrhizal fungi; tPLFA, total PLFA; BG, β-1,4-glucosidase; NAG, β-1,4-N-acetylglucosaminidase; LAP, leucine aminopeptidase; AlkP,
alkaline phosphatase.
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FIGURE 1 | Difference (mean ± CI) in abundance of microbial groups indicated by PLFA (phospholipid fatty acids) biomarkers in soil under (Under-canopy, dark
gray bars) and outside the canopy (Outside-canopy, light gray bars) of shrub species Artemisia gmelinii from sites of low and high rainfall. Total abundance of soil
microbes (tPLFA) was expressed in nanomoles per gram of dry soils, and abundance of each microbial group was expressed as its percentage of the tPLFA. GP, Gram-
positive bacteria; GN, Gram-negative bacteria; B, total bacteria; F, saprotrophic fungi; F/B, ratio of saprotrophic fungal to bacterial abundance and AMF, arbuscular
mycorrhizal fungi. Statistical results are shown in Table 1.

FIGURE 2 | Difference (mean ± CI) in potential activities of extracellular enzymes (A) β-1,4-glucosidase (BG), (B) β-1,4-N-acetylglucosaminidase (NAG), (C) leucine
aminopeptidase (LAP), and (D) alkaline phosphatase (AlkP) in soil under (Under-canopy, dark gray bars) and outside the canopy (Outside-canopy, light gray bars) of
shrub species Artemisia gmelinii from sites of low and high rainfall. Statistical results are shown in Table 1.
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DISCUSSION

Soil Physicochemical Properties due to
Shrub Canopy and Varying Rainfall
Plants provide litter inputs or exudates to soil, often resulting in
enhancement of soil organic matter and nutrient availability
under the canopy (Yadav et al., 2008; Vallejo et al., 2012;
Bright et al., 2017). In agreement with this hypothesis, shrub
species Artemisia gmelinii indeed induced a higher SOC under
the canopy in our study. TP was also higher in under-canopy soil,
which is likely due to shrub roots that either penetrate into deep
soils to lift phosphorus up to the soil surface or explore
phosphorus stored in soil aggregation that eventually returns
to soils as litter inputs (Rutigliano et al., 2004). Shrubs also
improved soil physical quality as indicated by a lower BD,
which might result from the accumulation of organic matter

under the canopy (Chaudhari et al., 2013; Vannoppen et al., 2017)
as increases in the organic carbon content usually enhance soil
macroaggregate content and macroporosity, leading to a decrease
in bulk density (Dunkerley and Brown 1995). It is noteworthy
that higher SOC was also seen in the soil of high rainfall, and this
is in consistent with the general pattern that chemical and
biochemical processes in relation to soil carbon gain and loss
are sensitive to change in precipitation (Li et al., 2021).

Soil Microbial Community and Its
Relationship with Soil Properties
Shrubs can provide residues to soil in the form of root debris and
rhizodeposited organic matters and improve soil physics via root
expansion (Udawatta et al., 2009). Such shrub-induced increase
in soil resource quality or quantity and favorable environment

FIGURE 3 | (A) 3-dimensional scatterplots for the principal component analysis (PCA) of microbial community composition and (B) biplot for the redundancy
analysis (RDA) of relationships between the microbial community and physicochemical properties in soil under (Under-canopy, filled triangle) and outside the canopy
(Outside-canopy, filled circle) of shrub species Artemisia gmelinii from sites of low (brown) and high rainfall (red). Percentage of data variation explained by each principal
component is shown in its respective parentheses.

TABLE 3 | Pearson correlation coefficient matrix between enzyme activities, microbial functional groups, and soil physicochemical properties in soils from under- or outside-
canopy of shrub species Artemisia gmelinii at sites of varying rates of rainfall in the Minjiang River Valley, SW China.

SWC BD pH SOC TN TP An AP C/N C/P N/P

GP 0.15 −0.11 −0.10 0.09 0.04 0.04 0.10 0.07 0.09 0.04 0.01
GN 0.25 −0.40 0.13 0.27 0.27 −0.04 0.40 0.24 −0.11 0.10 0.17
GP/GN −0.15 0.31 −0.18 −0.20 −0.24 0.07 −0.31 -0.19 0.16 −0.08 −0.16
B 0.25 −0.36 0.06 0.24 0.22 0.00 0.35 0.22 −0.05 0.08 0.12
F 0.06 −0.27 0.22 0.14 0.12 0.27 0.27 0.24 −0.02 −0.09 −0.07
AMF 0.35 −0.37 0.04 0.39 0.31 0.12 0.43 0.36 0.02 0.15 0.13
F/B 0.12 −0.24 0.15 0.19 0.15 0.25 0.25 0.26 0.00 −0.03 −0.03
tPLFA 0.23 −0.32 0.00 0.27 0.27 −0.14 0.29 0.02 −0.13 0.23 0.28
BG 0.57 −0.32 −0.17 0.49 0.37 −0.07 0.46 0.19 0.00 0.38 0.33
NAG 0.59 −0.33 −0.32 0.57 0.58 −0.11 0.55 0.05 −0.19 0.43 0.52
LAP 0.04 −0.17 −0.09 −0.03 0.14 −0.01 0.33 −0.01 −0.34 −0.05 0.10
AlkP 0.78 −0.38 −0.32 0.74 0.49 −0.22 0.50 0.12 0.12 0.62 0.52

Significant correlations at the p � 0.05 level are in bold (n � 8–9). SWC, soil water content; SOC, soil organic carbon; BD, bulk density; AN, available nitrogen; TN, total nitrogen; AP,
available phosphorus; TP, total phosphorus; C/N, SOC:TN ratio; C/P, SOC:TP ratio; N/P, TN:TP ratio; GP, Gram-positive bacteria; GN, Gram-negative bacteria; B, total bacteria; F,
saprophytic fungi; F/B, ratio of saprotrophic fungal to bacterial abundance AMF, arbuscular mycorrhizal fungi; tPLFA, total PLFA; BG, β-1,4-glucosidase; NAG, β-1,4-N-
acetylglucosaminidase; LAP, leucine aminopeptidase; AlkP, alkaline phosphatase.
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can selectively promote the growth of specific microbial groups
under the canopy. In the current study, the abundance of
saprophytic fungi (F) was enhanced, but that of soil bacteria
was not influenced by A. gmelinii, resulting in a higher F/B ratio
and total microbial abundance (tPLFA) in under-canopy soil than
in outside-canopy soil. The variation of these microbial properties
should result from the larger SOC in under-canopy soil since soil
fungi and bacteria often differ in response to changing
environmental conditions and fungi tended to utilize litter-
derived C more than bacteria as food sources (Preusser et al.,
2019). This is particularly true for saprophytic fungi that
dominate in the decomposition of plant litter and soil organic
matter (Zhou et al., 2017) and recalcitrant C fraction in SOC
when compared to bacteria (Kramer and Gleixner 2008). The
increase in total microbial abundance and relative abundance of
fungi to bacteria in under-canopy soil indicates improved
substrate quantity and system sustainability due to shrub
canopy (de Vries et al., 2006). Interestingly, AMF abundance
in soil was also enhanced by shrubs in our study, which, however,
only occurred in sites of low rainfall. This result suggests that
shrubs may promote the abundance AMF mainly by removing
the constraints on AMF growth as a result of low rainfall, for
example, SOC in this study.

Many soil properties are shown to influence microbial
communities, such as organic matter content, nutrient
availability, soil pH, or soil structure (DeForest et al., 2012;
Prayogo et al., 2014). In the present study, the structure of
microbial community was significantly driven by soil
properties including SWC, TP, and BD. Further analyses
suggested that the TP content was related to the abundance of
saprotrophic fungi (F and F/B), which is in line with early studies
reporting that saprotrophic fungi can break inorganic soil
phosphates and release P from insoluble forms to soil for
plant use (Ceci et al., 2018). SWC was positively correlated
with the abundance of soil bacteria (B and GN), which is in

agreement with other results that bacteria are more vulnerable
and sensitive to drought than fungi as the latter can take
advantage of their extended hyphae to explore water from
water-filled micropores (Yuste et al., 2011). Compared to GN,
it seemed GP was much less sensitive to soil moisture and thereby
not related to SWC. This contradiction may be due to their
stronger cell wall and more advanced osmoregulatory strategy
than GN that confers GP higher tolerance to drought stress
(Schimel et al., 2007). We were surprised to observe the
positive correlation between AMF and SWC as AMF are
typically drought-tolerant and not sensitive to change in SWC
(Evans and Wallenstein 2012). Obviously, this relationship may
be regulated by the shrubs that can provide more fresh carbon
inputs in the form of residues in moist condition, which favors
more abundant AMF in soil (Drenovsky et al., 2004). Soil BD is
often used as an indicator of soil quality and has an influence on
the growth of most soil microbes; therefore, it is certainly related
to the abundance of the majority of soil microbial groups as many
other studies showed (e.g., Rincon-Florez et al., 2016; Chen et al.,
2020).

Shrub Effects on Enzyme Activities under
Varying Rainfall
In our study, shrub species A. gmelinii enhanced activities of all
measured soil hydrolytic enzymes under the canopy. This effect
was consistent with the larger amount of SOC in under-canopy
soil that provides more substrate for microbial use to synthesize
enzymes (Yin et al., 2014; Kotroczó et al., 2014). The lower BD in
under-canopy soil may also contribute to the higher enzyme
activities by enhancing the diffusion of those substrates to
enzymes in the soil (Mayor et al., 2016). In addition, BG and
AlkP also showed higher activities in the soil of high rainfall,
indicating a favorable soil environment for microbial metabolism
following high rainfall (Xiao et al., 2018). Indeed, the larger

FIGURE 4 | (A) Biplot for distribution pattern of enzyme activities and (B) the relationships between the pattern of enzyme activities and the physicochemical or
microbial properties in soil under (Under-canopy, filled triangle) and outside the canopy (Outside-canopy, filled circle) of shrub species Artemisia gmelinii from sites of low
(brown) and high rainfall (red). Shown are soil physicochemical or microbial properties that significantly explained data variation of enzyme activities. Black and green
arrows represent soil physiochemical and microbial properties, respectively, and the blue arrows represent enzymatic parameters. Percentages of total variation of
data explained by the first two axes are given in parentheses. BG, β-1,4-glucosidase (BG); NAG, β-1,4-N-acetylglucosaminidase; NAP, leucine aminopeptidase; and
AlkP, alkaline phosphatase.
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amount of SOC under high rainfall can certainly induce higher
BG activities to decompose cellulose and other carbohydrate
polymers and provide sugars for microbial use (Ren et al.,
2017). The rock-derived nutrient P can be more easily lost due
to leaching or occlusion than atmospherically derived element N
in weathered soils following rainfall events (Sinsabaugh et al.,
2008), which may explain the higher activities of P-acquisition
AlkP and the irresponsive activities of N-acquisition enzymes.

The pattern of enzyme activities can reflect microbial
allocation to resource acquisition, indicating the metabolic and
stoichiometric requirements of microbial communities in a soil
(Mori 2020). In our study, the pattern of enzyme activities was
not influenced by shrub canopy, suggesting that shrubs may
provide organic substrates for the acquisition of targeting
elements by all enzymes. On the other hand, separate clusters
of data on enzyme activities in soils of high and low rainfall
suggest higher sensitivity of enzyme activities to change in rainfall
than in shrub canopy at semiarid systems. The redundancy
analysis showed that this pattern was driven by the majority
of soil physicochemical properties, including soil physical (SWC
and BD), chemical traits (pH), and nutritional traits (SOC, TN,
AN, C/N, TP, and C/P), which indicates a strong effect on enzyme
activities (Acosta-Martinez et al., 2007; Shen et al., 2019). It is
surprising to notice that the majority of these soil properties were
mostly related to activities of BG, NAG, and AlkP, but only C/N
related to LAP activities. This is possibly due to the difference of
these enzymes in their sensitivity to environmental changes, in
particular the difference of targeting substrates between LAP and
NAG that are both N-acquisition enzymes (Zhao et al., 2016). In
contrast to these soil physicochemical properties that have a
profound contribution to the pattern of enzyme activities,
microbial properties tended to play a relatively minor role
(Ushio et al., 2010). These results showed that soil enzyme
activities corresponded with abiotic factors more than with
soil microbial community composition in our study (Kivlin
and Treseder 2014; Yao et al., 2019), which suggests
decoupling of potential enzyme activities from microbial
biomass in soils under dry conditions (Geisseler et al., 2011).

CONCLUSION

The dominant shrub species A. gmelinii in semiarid lands, SW
China, enhanced soil microbial abundance and drove soil
microbial community toward fungal-dominant, by promoting

organic carbon inputs and improving soil physicochemical
properties under the canopy. Soil enzyme activities were also
enhanced by the shrubs. The effects on both soil microbial
community and enzyme activities due to shrubs varied with
rates of rainfall, suggesting the dependence of vegetation on
the local environment or climate in regulating soil biological
activities. Our study suggests the necessity to take local
environmental variation into account when conserving shrub
vegetation to restore soil biological functions in semiarid lands.
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