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Abstract
Afforestation is an effective approach to rehabilitate degraded ecosystems, but often 
depletes deep soil moisture. Presently, it is not known how an afforestation- induced 
decrease in moisture affects soil microbial community and functionality, hindering our 
ability to understand the sustainability of the rehabilitated ecosystems. To address 
this issue, we examined the impacts of 20 years of afforestation on soil bacterial com-
munity, co- occurrence pattern, and functionalities along vertical profile (0– 500 cm 
depth) in a semiarid region of China's Loess Plateau. We showed that the effects of 
afforestation with a deep- rooted legume tree on cropland were greater in deep than 
that of in top layers, resulting in decreased bacterial beta diversity, more responsive 
bacterial taxa and functional groups, increased homogeneous selection, and de-
creased network robustness in deep soils (120– 500 cm). Organic carbon and nitrogen 
decomposition rates and multifunctionality also significantly decreased by afforesta-
tion, and microbial carbon limitation significantly increased in deep soils. Moreover, 
changes in microbial community and functionality in deep layer was largely related to 
changes in soil moisture. Such negative impacts on deep soils should be fully consid-
ered for assessing afforestation's eco- environment effects and for the sustainability 
of ecosystems because deep soils have important influence on forest ecosystems in 
semiarid and arid climates.
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1  |  INTRODUC TION

In 2015, the United Nations initiated 17 Sustainable Development 
Goals (SDGs) for the sustainability of human societies and our nat-
ural resources. Thirteen of the 17 SDGs were directly or indirectly 
related to land development (Keesstra et al., 2016). Afforestation, 
converting degraded land to natural or secondary forests for the im-
provement of soil functions and the ecosystem services, plays a vital 
role in achieving land development related to the SDGs. Afforestation 
has been shown to significantly improve ecological and economical 
values of abandoned farmlands, including carbon sequestration, 
biomass production, hydrological regulation, climate regulation, and 
enhancing timber or food production (Knoke et al., 2014). For exam-
ple, the Grain- for- Green Project initiated on China's Loess Plateau 
in 1999, one of the world's largest ecological restoration programs, 
has successfully rehabilitated severely degraded ecosystems (Wang 
et al., 2016). This large- scale program significantly reduced runoff 
and sediment discharge into the China's Yellow River and protected 
soil resources from loss, contributing significantly to the improve-
ment of ecosystem services (Liu et al., 2020; Wang et al., 2016).

While the benefits of afforestation are well known, it can lead 
to increases in the interception of rainfall by plant canopies, as 
well as increases in evapotranspiration and root water uptake, re-
sulting in the depletion of soil moisture (Oliveira et al., 2005; Wang 
et al., 2009), particularly in deep soils under arid and semiarid cli-
mates (Chen et al., 2008; Jia et al., 2017; Schlaepfer et al., 2017). 
It has been widely reported that restoration of vegetation on 
China's Loess Plateau accelerated soil water consumption by plants 
and formed a dry layer in the deep soils (Jia et al., 2020; Shao 
et al., 2016). Recent studies have shown that vegetation greening 
intensified soil drying in some semi- arid and arid areas of the world 
(Deng et al., 2020; Schlaepfer et al., 2017). Moreover, it has been 
suggested that afforestation- induced desiccation will ultimately 
threaten the health, sustainability, and services of restored ecosys-
tems (Chen et al., 2008).

Soil microbes are essential for driving nutrient availability and 
biogeochemical cycles, supporting ecosystem evolution and func-
tionality (Crowther et al., 2019; Delgado- Baquerizo et al., 2016). The 
diversity, composition, and association of soil microbes are sensi-
tive to vegetation- related land- use changes. Afforestation has been 
shown to significantly increase soil microbial and functional diver-
sity in upper soil horizons in various ecosystems (Han et al., 2019; 
Hu et al., 2019; Mukhopadhyay & Joy, 2010; Zhong et al., 2020). 
Afforestation usually increases microbial functionality (increased 
decomposition and decreased microbial nutrient limitation) in sur-
face soils by directly or indirectly altering soil environments, such 
as nutrient availability, pH, porosity, soil moisture, and temperature 
(Cui et al., 2019; Yin et al., 2014; Zhong et al., 2020). However, our 
current understanding of the impact of afforestation on soil micro-
bial processes has only focused on surface soils (0– 40 cm depth), 
and most of the reported responses were largely dependent on 
nutrient changes following land- use changes. Given that soil mi-
crobes are sensitive to soil moisture (Barnard et al., 2013; Evans 

& Wallenstein, 2014; Meisner et al., 2021), a better understanding 
of the linkages between afforestation- induced soil desiccation and 
microbial community and functionality in deep soils is particularly 
important for the sustainability of restored ecosystems.

In this study, we evaluated the impact of afforestation on mi-
crobial community structure and functionality in soils to a 500 cm 
depth in a semiarid region of China's Loess Plateau. We also de-
termined how such changes are associated with soil nutrients and 
moisture changes. We hypothesized that the driving factors of af-
forestation impacts on the microbial community would shift with 
soil layers (top vs. deep layers) because this land- use change often 
increases nutrients in top soil, but decreases moisture in deep soils 
(Deng et al., 2017; Jia et al., 2020), while both factors determine mi-
crobial community in semiarid and arid climates (Chen et al., 2020; 
Malik et al., 2020). We also hypothesized that the diversity, stabil-
ity, and functionality of the microbial community would increase in 
the top soils but decrease in deep soils after afforestation, due in 
large part to their dependence on soil nutrients and moisture (Chen 
et al., 2020; Wu et al., 2021). To test these hypotheses, we collected 
soil samples from a cropland and an adjacent forest of the nitrogen- 
fixing Robinia species that had been established on similar cropland 
20 years ago due to the launch of the Grain for Green Project. We 
quantified bacterial diversity and composition by using 16S rRNA 
gene amplicon sequencing, and measured organic carbon and nitro-
gen mineralization and soil microbial nutrients metabolism limitation 
to assess microbial functionality, and also calculated soil multifunc-
tionality. We also examined the relationships of soil microbial diver-
sity, composition, robustness, and functionality to soil nutrients and 
moisture.

2  |  MATERIAL S AND METHODS

2.1  |  Study site and soil sampling

This study was conducted in Dingbian county, Yulin City, Shaanxi 
province, China (108°4′E, 37°7′N). The study region has a semi- arid 
temperate continental monsoon climate, with a mean annual tem-
perature of 7.9°C, mean annual precipitation of 312 mm, primarily 
occurring from July to September, and total annual potential evapo-
ration of >2500 mm. This region is at an average elevation of 1605 m, 
and the site is dominated by Huangmian soil (a Calcaric Cambisol 
in the FAO classification), with a texture of sandy loam, developed 
on wind- deposited loessial parental material. Vegetation restoration 
activities, mainly converting cropland to woodland, were carried out 
in this region, as part of the Grain for Green Projects launched in 
1999 (Cao et al., 2009).

In July 2020, we selected a typical sloping cropland site (ca. 
10 ha) as the control and an adjacent forest site (ca. 10 ha) as the af-
forestation treatment to examine the impact(s) of afforestation on 
soil microbiota. Both sites had similar elevations and slope gradients 
(ca. 5 degrees) and had been previously subjected to similar farm-
ing practices. The cropland site was grassland before 1900s and was 
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converted to agricultural field to grow potato (Solanum tuberosum L.), fox-
tail millet (Setaria italica [L.] P. Beauv.), and maize (Zea mays Linn.) after 
1900s. The crops were planted in June and harvested in September. 
The site started to receive chemical fertilizers after 1980, with rates 
of 110– 200 kg N ha−1 as ammonium bicarbonate or urea and 0– 80 kg 
P2O5 ha−1 as calcium superphosphate or triple superphosphate 
among years. The cropland was abandoned after harvest in fall 2019, 
and did not receive any fertilizer after this time. Previous studies 
had shown that chemical fertilization has minimum effect on soil nu-
trients in cropland in the northern Loess Plateau (Yao et al., 2019), 
therefore this cropland could be used as control. The adjacent forest 
site had the same land use and management history with the crop-
land site until 1999, when the black locust (Robinia pseudoacacia) was 
planted on the previous farmland as part of the Grain for Green proj-
ect. The forest site did not receive any fertilization and management 
measures since that time. The dominant species present was black 
locust, which in 2020 had an average height of 9.8 m and density of 
2600 stems ha−1.

On July 5, 2020, four replicate sampling plots (20 m × 20 m) were 
established in each of the cropland and forest sites. In each plot, 
five representative sampling points were randomly selected, and 
soils from these five points were combined into a composite sample 
for the plot. The sampling points in the forested land were located 
at least 1.0 m away from the stems of trees, and the organic and 
litter layers were removed from the soil surface prior to sampling. 
Soil samples from each plot were collected from the 0– 20, 20– 40, 
40– 80, 80– 120, 120– 180, 180– 240, 240– 300, 300– 360, 360– 420, 
and 420– 500 cm depths using a soil auger (diameter, 5 cm). In total, 80 
samples were collected (two land uses × four replicates × 10 depths). 
Soil samples were placed in an ice chest and transported to the lab-
oratory, passed through a 2- mm sieve, and divided into three sub- 
samples. One sample was stored at −80°C for the high- throughput 
DNA sequence analyses, one was used for the measurement of soil 
organic carbon and nitrogen mineralization, extracellular enzyme 
activity, available nitrogen and soil moisture, and the third was air- 
dried for the measurement of soil physicochemical properties.

2.2  |  Soil physicochemical properties, extracellular 
enzyme activities, and potential microbial 
decomposition

Soil physicochemical properties were measured using standard 
methods as described by Qiu et al. (2021). Soil moisture was meas-
ured by oven- drying soils at 105°C to constant weight. Soil organic 
carbon (SOC) content was determined using the Walkley– Black 
method, and total nitrogen (TN) content was determined using the 
Kjeldahl method. Soil nitrate (NO3

−) and ammonium (NH4
+) concen-

trations were measured using an Auto- analyzer 3 (SEAL Analytical, 
Norderstedt, Germany) after extraction with 2 mol L−1 KCl. Soil avail-
able phosphorus (OP) was determined by Olsen method. Soil pH was 
measured in a soil: water extract (1:2.5) with a pH meter (Mettler 
Toledo, Germany).

Activities of extracellular enzymes potentially involved in car-
bon, nitrogen, and phosphorous acquisition were measured by using 
a microplate- scale fluorometric method (Cui et al., 2019; Giacometti 
et al., 2014). The carbon- acquiring enzymes examined were β- 1,4- 
glucosidase (BG) and β- D- cellobiohydrolase (CBH), the nitrogen- 
acquiring enzymes were β- 1,4- N- acetylglucosaminidase (NAG) and 
L- leucine aminopeptidase (LAP), the phosphorous- acquiring enzyme 
was alkaline phosphatase (AP). The potential and relative microbial 
nutrient limitation was quantified using a vector analysis of soil en-
zymatic stoichiometry method by calculating vector length (relative 
carbon vs. nutrient limitation) and degree (relative phosphorous vs. 
nitrogen limitation) as follows (Moorhead et al., 2013):

where x represents the relative enzyme activities of carbon vs. nitro-
gen acquisition, i.e., (BG + CBH)/(BG + CBH + NAG + LAP); y represents 
the relative enzyme activities of carbon vs. phosphorous acquisition, 
i.e., (BG + CBH)/(BG + CBH + AP). Both x and y were calculated by the 
untransformed proportional enzyme activities.

Potential microbial decompositions (organic carbon and nitrogen 
mineralization) were determined by incubating 10 g soil samples at 
25°C and 60% field moisture capacity in a 250 ml jar for 30 days in the 
dark (Wei et al., 2016). The amount of CO2 released from soils after 
1, 3, 7, 14, 21, 28 days of incubation was captured by 1 mol L−1 NaOH 
and was measured by titration against 0.5 mol L−1 HCl. Cumulative 
organic carbon mineralization (Cmin, mg CO2 kg−1) was calculated 
by summing the total amount of CO2 released from soils during the 
incubation period. Net nitrogen mineralization (Nmin, mg kg−1) was 
calculated by subtracting the concentrations of mineral nitrogen 
(NO3

− + NH4
+) in soils before incubation from those after incubation. 

We also constructed the multifunctionality index related to nutrient 
cycling, including SOC, TN, C/N, OP, NH4

+, NO3
−, BG, CBH, LAP, 

NAG, AP, Cmin, and Nmin. These variables were the most commonly 
selected indicators for multifunctionality studies, and were consid-
ered to be key determinants of soil function in dryland ecosystems 
(Delgado- Baquerizo et al., 2013, 2016; Hu et al., 2021). The mul-
tifunctionality index based on these variables (z- scores) was calcu-
lated by using getStdAndMeanFunctions function in the multifunc 
package (https://github.com/jebyr nes/multi func).

2.3  |  High- throughput DNA sequencing and 
bioinformatics analysis

Total soil DNA was extracted using FastDNA Spin Kits (MP 
Biomedicals, Solon, OH, USA), following the manufacturer's in-
structions. The primers 341F (5′- CCTAYGGGRBGCASCAG- 3′) and 
806R (5′- GGACTACHVGGGTWTCTAAT- 3) (Muyzer et al., 1993; Yu 
et al., 2005) were used to amplify the V3- V4 regions of the 16S rRNA 
gene. All PCR reactions were carried out using 15 μl of Phusion® 

Vector length =
√

x2 + y2

Vector Degree = atan2(y, x) × 180∕π

https://github.com/jebyrnes/multifunc
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High- Fidelity PCR Master Mix (New England Biolabs), 0.2 μM of 
forward and reverse primers, and about 10 ng template DNA. The 
samples were amplified by the following conditions: initial denatura-
tion at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C 
for 10 s, annealing at 50 °C for 30 s, extension at 72°C for 30 s, and 
a final extension at 72°C for 5 min (Liang et al., 2020). Amplicons 
from triplicate reactions were pooled together for each sample and 
subjected to electrophoresis detection in a 2% (w/v) agarose gels. 
PCR products were purified using Qiagen Gel Extraction Kit (Qiagen, 
Germany). Sequencing libraries with sample index tags were gener-
ated using TruSeq® DNA PCR- Free Sample Preparation Kit (Illumina, 
USA) following manufacturer's recommendations. The library qual-
ity was assessed by the Qubit® 2.0 Fluorometer (Thermo Scientific) 
and Agilent Bioanalyzer 2100 system. Sequencing was performed 
on the Illumina NovaSeq platform to generate 250- bp paired- end 
reads at the Novogene Company, Beijing, China.

Sequences were trimmed, quality filtered, dereplicated, and gen-
erated amplicon sequence variants (ASVs) by using DADA2 program 
(Callahan et al., 2016) based on default settings in QIIME2- 2020.11 
pipeline (Bolyen et al., 2019). Amplicon reads of forward and re-
verse were trimmed to 220 and 220 bases, respectively. Sequences 
were taxonomically classified using the scikit- learn naive Bayesian 
classifier against the weighted SILVA 138 database. MAFFT and 
FastTree were used to align and construct the phylogenetic tree, 
respectively (Katoh & Frith, 2012; Price et al., 2010). The potential 
functional annotation and metabolic prediction were conducted by 
Tax4Fun2 package (https://github.com/bwemh eu/Tax4Fun2). After 
singletons, chloroplast and mitochondrial sequences were removed, 
a total of 2,632,653 high- quality sequences (range 22,754- 45,026; 
median 32,877 sequences per sample) were retained. Rarefaction 
curves indicated that the sequencing depth has reached saturation 
(Figure S1). All samples were rarefied to minimum sequences for 
downstream analysis.

2.4  |  Statistical analyses

All statistical analyses were done using R environment (v4.0.5, http://
www.r- proje ct.org/). Our preliminary analysis showed that the re-
sponse patterns of most measured parameters (soil nutrients, mois-
ture, microbial diversity, composition, functionality, dominant phyla 
and families) to afforestation (forest vs. cropland) were markedly 
different between the 0– 120 cm and 120– 500 cm layers (Figures S2 
and S3). However, although soil metrics varied with depth in the 
0– 120 cm layer, the responses of most parameters to afforestation 
were not significantly affected by sampling depth within 0– 120 cm 
or 120– 500 cm layer as suggested by the less significant interactions 
between afforestation and sampling depth in either layer (Table S1). 
Consequently, and hereafter, we grouped the soils at various depths 
into top (0– 120 cm) and deep (120– 500 cm) layers, rather than each 
sampling depth, to assess the differences in afforestation effects.

To examine the dissimilarities in bacterial communities 
among soil layers, principal coordinate analysis (PCoA) based on 

Bray- Curtis distance, permutational multivariate analysis of vari-
ance (PERMANOVA), and homogeneity of multivariate dispersions 
(PERMDISP) were performed using the vegan package (https://
github.com/vegan devs/vegan). The beta- diversity (Bray– Curtis dis-
similarity) was partitioned into the abundance gradient (richness) 
and the balanced variation (turnover) using the bray.part function 
of the betapart package (https://github.com/cran/betapart), and its 
relationships to soil factors was evaluated by Mantel test. The rela-
tionships between community composition and soil properties were 
assessed using distance- based redundancy analysis (dbRDA) with 
Bray- Curtis dissimilarities, and individual effect of each soil factor 
was examined by rdacca.hp package (Lai et al., 2022).

Differential abundance analyses were done to examine the 
afforestation- responsive ASVs for each soil layer using the DESeq2 
negative- binomial Wald test on non- rarefied reads (https://github.
com/mikel ove/DESeq2). The significance was evaluated at a 
false discovery rate (FDR)- corrected p value of <.05 (Benjamini & 
Hochberg, 1995). Phylogenetic distributions and relative abundance 
of the responsive taxa were constructed using ggtree package 
(https://github.com/YuLab - SMU/ggtree). Additionally, the Wilcoxon 
test was used to determine effects of afforestation on bacterial 
taxa of dominant phyla, orders, families, and genera as well as pre-
dicted metabolic functions. Heatmaps were used to display the rel-
ative abundance of taxa and their Spearman correlation with soil 
properties.

Null model analysis was used to evaluate the assembly processes 
of bacterial community (Stegen et al., 2012, 2013). Phylogenetic 
Mantel correlogram revealed a significant positive phylogenetic 
signal across short phylogenetic distances (Figure S4). In the model 
construction, β- nearest taxon index (βNTI) and the Bray- Curtis- 
based Raup- Crick (RCbray) were calculated to quantify the relative 
importance of deterministic processes (e.g., variable selection and 
homogeneous selection) and stochastic processes (e.g., disper-
sal limitation, homogeneous dispersal and non- dominant). When 
|βNTI| > 2, the community turnover is governed by variable or ho-
mogeneous selection. When |βNTI| < 2 and |RCbray| > 0.95, the 
community turnover is governed by homogeneous dispersal or dis-
persal limitation, while |βNTI| < 2 and |RCbray| < 0.95 indicate the in-
fluence of the non- dominant process (Stegen et al., 2015; Tripathi 
et al., 2018). Additional Mantel tests were done to assess variations 
in community assembly processes after afforestation by evaluating 
the relationship between βNTI values and the Euclidean distance 
matrices of soil variables.

Co- occurrence network analyses were done based on samples 
from cropland and forest of top and deep layers. Taxa that accounted 
for more than half of samples in each of the four groups were used 
to calculate Spearman correlations coefficient, and P- values were 
adjusted by using the Benjamini and Hochberg FDR test for false 
discovery correction (Benjamini & Hochberg, 1995). Statistically ro-
bust correlations were identified when Spearman's ρ > 0.7 and the 
FDR- adjusted p < .05, and were then incorporated into subsequent 
network construction. Erdös- Réyni random networks (1000 itera-
tions) in an equal size were constructed to compare with the real 

https://github.com/bwemheu/Tax4Fun2
http://www.r-project.org/
http://www.r-project.org/
https://github.com/vegandevs/vegan
https://github.com/vegandevs/vegan
https://github.com/cran/betapart
https://github.com/mikelove/DESeq2
https://github.com/mikelove/DESeq2
https://github.com/YuLab-SMU/ggtree
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network. Network topological parameters, including node number, 
edge, degree, betweenness centrality, closeness centrality, and ei-
genvector, were calculated using the igraph package (https://github.
com/igrap h/igraph). Network robustness was evaluated by natural 
connectivity (Fan et al., 2018; Mo et al., 2021; Peng & Wu, 2016) 
and cohesion index (Hernandez et al., 2021). Network with higher 
natural connectivity and absolute negative to positive cohesion ratio 
tends to be more stable (Hernandez et al., 2021; Mo et al., 2021).

Piecewise structural equation models (SEMs) were constructed 
to examine the direct and indirect effects of changes in soil nutri-
ents, moisture, and bacterial community composition in both top 
and deep soils on microbial functions (organic carbon and nitrogen 
mineralization, microbial nutrients limitations, and multifunctional-
ity) after afforestation. Shipley's d- separation test was used to ex-
amine whether any paths are missing from the model and the p > .05 
indicated that no paths were missing and the model was a good fit 
(Shipley, 2009, 2013). We reported the standardized coefficient for 
each path from each component model, and Fisher's C statistic and 
AIC values of the overall model by using the piecewiseSEM package 
(https://github.com/jslef che/piece wiseSEM).

3  |  RESULTS

3.1  |  Response of soil properties to afforestation

Afforestation in this semiarid region resulted in the accumulation of 
nutrients in the soil from the top layer, but soil desiccation in the 
deep layer (Figure 1a- c and Figure S5). The SOC, TN, and C/N were 
significantly greater in forest than cropland in the top layer, but were 
similar in the deep layer. The concentration of NH4

+ was increased 
by afforestation in both layers, and the increase was greater in top 
than in deep layers. The NO3

− and moisture were significantly de-
creased by afforestation in deep layer, but were not affected in the 
top layer.

3.2  |  Response of microbial diversity and 
composition to afforestation

The alpha diversity of the bacterial community was similar be-
tween cropland and restored forest in both the top and deep layers 
(Figure S6). Principal coordinate analysis showed that the bacte-
rial community was clustered by afforestation (forest vs. cropland) 
and soil layers (top vs. deep). The effect of afforestation (R2 = 0.16, 
p < .001) was greater than that of soil layer (R2 = 0.05, p < .001) 
(Figure 1d).

The beta diversity (Bray– Curtis dissimilarity) index and vari-
ation (distance to centroid) of the bacterial community were sim-
ilar between cropland and forest in the top layer, but significantly 
decreased by afforestation in deep layer (Figure 1e,f). The Mantel 
test showed that the bacterial composition in the top layer was 
influenced by carbon and nitrogen, while that in deep layer was 

influenced by soil moisture (Figure S7; Table S2). For example, the 
slope of the relationship between Bray– Curtis dissimilarity and 
Euclidean distance of soil nutrients was greater in the top (slope: 
0.003; R2 = 0.20; p < .001) than deep layers (slope: 0.001; R2 = 0.06; 
p < .001) (Figure S7a,c), while the slope of relationship between 
Bray– Curtis dissimilarity and Euclidean distance of soil moisture was 
greater in the deep layer (slope = 0.03, R2 = 0.38, p < .001) than top 
layers (slope = 0.01, R2 < 0.01, p = .118) (Figure S7b,d).

3.3  |  Differences in taxon abundance and related 
key drivers

Afforestation significantly shifted the bacterial community in this 
semiarid soil. The number of afforestation- responsive taxa was 
smaller in the top (268) than the deep soil layer (714). In addition, the 
responsive taxa in top layer were more sensitive to soil nutrients, 
while that in deep layer were more sensitive to soil moisture follow-
ing afforestation (Figure 2a,b). At the phylum level, the bacterial com-
munity comprised primarily of Actinobacteriota (42%), Proteobacteria 
(16%), Acidobacteriota (9%), Gemmatimonadota (8%), Chlorolexi 
(8%), and Bacteroidota (7%). The soils from forest had significantly 
greater relative abundances of Actinobacteriota, Gemmatimonadota, 
Myxococcota, and Verrucomicrobiota, but smaller abundances of 
Bacteroidota, Firmicutes, Gal15, and Nitrospirota than the soils from 
cropland. Most of these effects (except for the Gemmatimonadota) 
were greater in the deep than the top layer (Figure 2c,d). Moreover, 
the effects of afforestation on most bacterial taxa at order, family 
and genus levels were also greater in deep than top layer (Figure S8).

Results from both RDA and variation partition analysis showed 
that the variations in bacterial community at either ASV level or 
phylum, order, family, or genus level were all determined by affor-
estation and SOC and TN in the top layer, but by afforestation and 
soil moisture in the deep layer (Figure 3 and Figure S9). Therefore, 
this land- use change induced shifts in bacterial community struc-
ture were significantly related to the changes in soil nutrients for top 
soils, but related to the changes in moisture for deep soils.

3.4  |  The deterministic and stochastic processes of 
microbial community

Homogeneous selection (59.4%– 90.6%) contributed the largest 
fraction of bacterial assembly across the land uses and soil layers 
(Figure 4a). Afforestation had limited effects on bacterial assembly 
in the top layer, but increased homogeneous selection and decreased 
dispersal limitation in the deep layer (Figure 4a). Soil nutrients (i.e., 
SOC, TN, C/N, NO3

−) and moisture were the best predictor of as-
sembly processes (i.e., βNTI and RCbray) of bacterial communities in 
the top and deep layers, respectively (Table S2). Specifically, there 
was a continuous transition from βNTI < −2 when the C/N in the 
top layer or moisture in deep layer was most similar between sam-
ples toward −2 < βNTI < +2 at intermediate differences, respectively 

https://github.com/igraph/igraph
https://github.com/igraph/igraph
https://github.com/jslefche/piecewiseSEM
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(Figure 4b,c). Hence, afforestation- induced nutrients change in the 
top layer and moisture changes in the deep layer likely contributed 
to the shift from homogeneous selection to stochasticity in the as-
sembly of bacterial communities for both layers.

3.5  |  Bacterial co- occurrence network

The degree of nodes in all the bacterial co- occurrence networks 
followed a power- law distribution (Figure S10), indicating a non- 
random distribution pattern. Afforestation had limited effects on 
the complexity of bacterial co- occurring network in the top layer, 
but increased the complexity in deep layer (Figure 5e– j). For the 
top layer, only the betweenness centrality and closeness centrality 
were significantly smaller in the forest than cropland, while for the 
deep layer, the examined parameters (degree, betweenness central-
ity, closeness centrality, and eigenvector) of the co- occurrence net-
work were all significantly greater in the forest than the cropland 
soils (Figure 5g– j), indicating that the bacterial network in the deep 
layer was less robust in the forest than cropland. When examined for 
both layers, the effects of afforestation on bacterial co- occurrence 
network were closely associated with community composition and 

responsive taxa. For instance, changes in node, edge, degree, and 
betweenness centrality after afforestation were significantly and 
positively correlated with Bray– Curtis dissimilarity of bacterial 
community (Figure S11). Moreover, the afforestation- responsive 
taxa were highly centralized and connected in the bacterial co- 
occurrence network, regardless of whether these were enriched or 
depleted taxa (Figure S12).

The natural connectivity was increased by afforestation in the 
top layer, but decreased in the deep layer (Figure 6a). Additionally, 
the negative/positive cohesion, a network property for predicting 
stability in co- occurrence networks, was also significantly decreased 
by afforestation in the deep layer (Figure 6b). Therefore, afforesta-
tion increased robustness of the bacterial co- occurring network in 
the top layer, but decreased the robustness in the deep layer.

3.6  |  Linking environmental variables, bacterial 
community, and microbial functionalities

Forty- six potential metabolic functional groups of bacterial com-
munities, analyzed via KEGG pathway (level 2), were predicted by 
the Tax4Fun2 package (Figure 7a,b). Afforestation resulted in the 

F I G U R E  1  Variation in soil properties and bacterial communities induced by afforestation. (a– c) Variation in soil organic carbon (SOC), 
total nitrogen (TN), and moisture, respectively, along vertical profile of 0– 500 cm depth after afforestation. (d) Principal coordinates 
analysis (PCoA) plot based on bray– Curtis distance. (e) Variation in beta diversity (bray- Curtis distance) in top (0– 120 cm) and deep layers 
(120– 500 cm) after afforestation. (f) Permutational analysis of multivariate dispersions (PERMDISP) showing dispersion among bacterial 
communities from different soil layers after afforestation. Box plots display the first (25%) and third (75%) quartiles, and median (bold line), 
and the maximum and minimum observed values. Asterisks denote significant differences based on the Wilcoxon test. *p < .05, **p < .01, and 
***p < .001. [Colour figure can be viewed at wileyonlinelibrary.com] 
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decline in most bacterial metabolic functional groups. While 7 and 8 
functional groups increased, 23 and 24 functional groups decreased 
in both top and deep layers, respectively (Figure 7c). For example, 
the relative abundances of groups related to carbohydrate metabo-
lism, amino acid metabolism, and lipid metabolism decreased after 
afforestation, while those involved in xenobiotics biodegradation 
and metabolism increased. Moreover, most of these bacterial func-
tional groups were significantly correlated with SOC and TN in the 
top layer, but were more influenced by soil moisture than nutrients 
in the deep layer (Figure 7d,e).

Effects of afforestation on microbial functionality also var-
ied with soil layers. For the top layer, afforestation did not affect 
microbial decomposition, decreased metabolic limitation, and 
increased multifunctionality (Figure 8a). However, for the deep 
layer, afforestation significantly reduced decomposition of organic 

carbon and nitrogen, increased microbial carbon limitation (vector 
length), but decreased microbial phosphorous limitation (vector 
angle) and multifunctionality (Figure 8a). The measured soil mi-
crobial functionalities were closely related to SOC, TN, and avail-
able N for the top layer (Figure S13a), but were closely related 
to SOC, available N, moisture, and microbial community for the 
deep layer, respectively (Figure S13b). Structural equation mod-
eling showed that changes in microbial functionality in the top 
layer were mainly affected by afforestation- induced nutrients 
changes (Figure 8b), while these in deep layer were not only af-
fected by nutrients changes, but also largely determined by soil 
moisture or its induced bacterial community composition changes 
(Figure 8c). Moreover, the impacts of nutrients on microbial func-
tionality were smaller in the deep than in the top layer. Taken to-
gether, afforestation- induced soil desiccation can contribute to 

F I G U R E  2  Responses of microbes to afforestation. Phylogeny of differentially abundant amplicon sequence variants (ASVs) between 
cropland and forest in top (0– 120 cm) (a) and deep soil layer (120– 150 cm) (b). These ASVs were identified using DESeq2 package using 
cropland as a control. “Enriched” and “depleted” ASVs mean they were more and less abundant, respectively, in the forest than in the 
cropland. The outer rings show the log- transformed relative abundance of each ASV (the outermost ring) and their Spearman's correlation 
to soil physicochemical properties (from inner to outer rings: SOC, TN, C/N, OP, NH4

+, NO3
−, moisture, and pH). Bar plots show the number 

of ASVs that were significantly correlated with specific soil physicochemical properties. The relative abundance of dominant phyla in 
cropland and forest in top (c) and deep soil layers (d), respectively. Significant changes in relative abundance of dominant phyla induced by 
afforestation in top and deep layers based on Wilcoxon test at p < .05 level. Legend: SOC, soil organic carbon; TN, soil total nitrogen; C/N, 
ratio of carbon to nitrogen; OP, available phosphorus; NH4

+, ammonium; NO3
−, nitrate; pH, soil pH; and moisture, soil moisture. Asterisks 

denote significant correlation. *p < .05, **p < .01, and ***p < .001. [Colour figure can be viewed at wileyonlinelibrary.com]
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the decrease of microbial functionality in deep soils in this semi-
arid region.

4  |  DISCUSSION

4.1  |  Afforestation resulted in desiccation in deep 
soil

In this study, we showed that converting cropland to legume for-
est resulted in the accumulation of SOC and nutrients in top soils, 
but decreased moisture in the deep soils (below 120 cm), consist-
ent with previous observations in various climates (Jia et al., 2017; 
Laganiere et al., 2010). The increase of SOC and nutrients in top 

soils was mainly due to the accumulation of organic materials in 
the forest, which released SOC and nutrients into surface soils 
(Richter et al., 1999; Wei et al., 2012). The leaching of this added 
SOC and nutrients was very limited because of few and sparse 
rainfall events. Although root biomass could contribute to SOC 
and nutrients in deep soils (Davidson et al., 2011), the relatively 
lower moisture in deep soils may restrict the decomposition of root 
biomass because this process is largely dependent on soil moisture 
(Balogh et al., 2011). In related studies, the canopy interception, 
evapotranspiration, and root water uptake by deep- rooted trees, 
such as Robinia pseudoacacia in this study, was much more than 
rates found in cropland, and enhanced the depletion of deep soil 
water (Jia et al., 2017; Oliveira et al., 2005; Wang et al., 2012), 
contributing to the decrease of moisture in the deep soils. Our soil 

F I G U R E  3  Variation in soil physicochemical properties induced by afforestation and their impacts on bacterial communities. Relationship 
between the community structures and soil properties in top (0– 120 cm) (a) and deep soil layer (120– 500 cm) (b), respectively, as assessed 
by distance- based redundancy analysis (dbRDA) based on bray– Curtis dissimilarity. The percentage in parentheses represents the variation 
explained by each axis. (c) Individual impact of each soil property is calculated based on rdacca.Hp package in top and deep layers. Legend: 
SOC, soil organic carbon; TN, soil total nitrogen; C/N, ratio of carbon to nitrogen; OP, available phosphorus; NH4

+, ammonium; NO3
−, nitrate; 

pH, soil pH; and moisture, soil moisture. [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  5 Bacterial co- occurrence networks for top soil layer in cropland (a), top soil layer in forest (b), deep soil layer in cropland (c), and deep 
soil layer in forest (d). Nodes in the network represent amplicon sequence variants (ASVs), and the color and size of each node show its phylum 
affiliation and the degree in the network. Red and green edges represent positive and negative interactions, respectively. Network properties, 
including node number (e), edge number (f), node connectedness (degree) (g), betweenness (h), closeness (i), and eigenvector (j). Asterisks denote 
significant differences based on the Wilcoxon test. *p < .05, **p < .01 and, ***p < .001. [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

(c) (d)

Acidobacteriota Ac�nobacteriota Bacteroidota Chloroflexi Firmicutes Gemma�monadota

Myxococcota Nitrospirota Proteobacteria Verrucomicrobiota

*

*** * **** **** ***

Top layer Deep layer

0.00

0.25

0.50

0.75

1.00

0e+00

2e−05

4e−05

6e−05

8e−05

0

2500

5000

7500

0

20

40

60

80

Cropland

Forest

Top layer Deep layer Top layer Deep layer

0

1000

2000

3000

4000

0

200

400

600

Ed
ge

Ei
ge

nv
ec

to
r

C
lo

se
ne

ss

D
eg

re
e

Be
tw

ee
nn

es
s

N
od

e

Top layer Deep layerTop layer Deep layer Top layer Deep layer

(e)
Cropland

Forest

(f) (g)

(h) (i) (j)



    |  6095KONG et al.

F I G U R E  6  Bacterial co- occurrence network robustness, including natural connectivity (a) and absolute negative to positive cohesion 
ratio (b) affected by afforestation and soil depths. Asterisks denote significant differences based on the Wilcoxon test. *p < .05, **p < .01 and 
***p < .001. [Colour figure can be viewed at wileyonlinelibrary.com]

0.00

0.01

0.02

0.03

0.04

0.05

0.00 0.25 0.50 0.75 1.00
Proportion of removed nodes

N
at

ur
al

 c
on

ne
ct

iv
ity

*

0.80

0.85

0.90

0.95

Top layer Deep layer

|N
eg

at
iv

e/
po

si
tiv

e 
co

he
si

on
|

Cropland

Forest
Top layer
Deep layer

(a) (b)

F I G U R E  7  Variation in metabolic functions of bacterial communities after afforestation. The relative abundance of the 46 functions 
predicted by Tax4Fun2-  KEGG pathway (level 2) in top (a) and deep soil layer (b), respectively. (c) Significant changes in relative abundance of 
predicted functions induced by afforestation in top and deep layers based on the Wilcoxon test at p < .05 level. The Spearman's correlation 
between predicted functions and soil physicochemical properties in top (d) and deep soil layer (e), respectively. Asterisks denote significant 
correlation. *p < .05, **p < .01 and ***p < .001. [Colour figure can be viewed at wileyonlinelibrary.com]
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moisture results from a single soil sampling after 20 years of af-
forestation was highly consistent with the 10 years measurements 
of 0– 4 m soil moisture under legume woodland on northern Loess 
Plateau (Jia et al., 2017).

4.2  |  Soil moisture and nutrients influenced 
response of bacterial community to afforestation

We found that the changes in soil bacterial community in top layer 
were mainly related to soil nutrients, while that in deep soils was re-
lated to soil moisture. These results were expected because legumes 
typically increase soil N. The availability of SOC and nutrients can 
also shape microbial community composition in arid and semiarid cli-
mates, with higher nutrients availability inducing the growth of copi-
otrophs groups and inhibiting oligotrophic groups (Chen et al., 2020; 
Navarrete et al., 2015). In contrast, soil moisture can directly af-
fect microbial physiological stress, growth, and metabolic activity 

responses by changing osmotic pressure (Evans & Wallenstein, 2014; 
Kieft et al., 1987; Na et al., 2019; Schimel et al., 2007) and indirectly 
affect these parameters by changing resource/substrate availability 
(Na et al., 2019; Wang et al., 2018). Hence, the limitation of nutri-
ents to microbes might be enhanced in dry conditions (Fuchslueger 
et al., 2014; Meisser et al., 2019).

In this study, we also show that afforestation increased the rela-
tive abundance of the phylum Actinobacteriota and taxa belonging to 
this phylum such as MB- A2- 108 and Gaiella in deep layer (Figure 2d 
and Figure S8c). This change was most likely related to a decrease 
in soil moisture given that the relative abundance of this taxon in-
creases under soil moisture deficits (Banerjee et al., 2016; Naylor 
& Coleman- Derr, 2017; Ochoa- Hueso et al., 2018). Afforestation 
also resulted in a decrease in the relative abundance of the family 
Nitrospriaceae (Figure S8b). The Nitrospriaceae is more competitive in 
a low- nutrient environment (Frey et al., 2021; Schlatter et al., 2020) 
and has been found to be consistently enriched in deeper soil profiles 
(Schlatter et al., 2020; Upton et al., 2020). It has also been reported 

F I G U R E  8  Soil microbial functionalities affected by afforestation and their driving factors. (a) Variation in soil microbial functionality 
(soil organic carbon and nitrogen mineralization, and vector length and vector angle) after afforestation in top and deep layers. Vector 
length represents relative C vs. nutrient limitation, and the vector angle denotes the relative P vs. N limitation. Asterisks denote significant 
differences based on Wilcoxon test at p < .05 level. Piecewise structural equation model (SEM) assessing the direct and indirect effects of 
afforestation, soil nutrient (the first axis of the principal component analysis based SOC, TN, OP, NH4

+ and NO3
−), moisture, and community 

composition (first axis of principal coordinates analysis) on five soil functions in top (b) and deep soil layers (c), respectively. Numbers adjacent 
to arrows show standardized path coefficients. Solid and dashed lines indicate positive and negative relationships, respectively. Non- 
significant pathways were not shown in the models. The R2 values indicate the proportion of variance explained. Legend: SOC, soil organic 
carbon; TN, soil total nitrogen; C/N, ratio of carbon to nitrogen; OP, available phosphorus; NH4

+, ammonium; NO3
−, nitrate. Asterisks denote 

significant differences based on the Wilcoxon test. *p < .05, **p < .01, and ***p < .001 [Colour figure can be viewed at wileyonlinelibrary.com].
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0.68**

-0.91***

0.52*

Fisher’s C = 0.14, P = 0.99, AIC = 32.14 Fisher’s C = 1.98, P = 0.74, AIC = 33.98 Fisher’s C = 5.93, P = 0.20, AIC = 37.93 Fisher’s C = 0.60, P = 0.96, AIC = 32.60

Fisher’s C = 0.32, P = 0.85, AIC = 34.32 Fisher’s C = 4.38, P = 0.11, AIC = 38.38 Fisher’s C = 1.46, P = 0.48, AIC = 35.46 Fisher’s C = 3.92, P = 0.14, AIC = 37.92

Soil moisture
R2 = 0.00

Composition
R2 = 0.87

Multifunctionality
R2 = 0.94

Soil nutrients
R2 = 0.22

0.47**

0.31*** 0.22**

-0.99***

0.97***

Soil moisture
R2 = 0.84

Composition
R2 = 0.91

Multifunctionality
R2 = 0.28

Soil nutrients
R2 = 0.23

1.02**

0.28*

-0.66***

0.68**

-0.91***

0.66*

Fisher’s C = 4.05, P = 0.40, AIC = 36.05

Fisher’s C = 0.09, P = 0.96, AIC = 34.09

* **** * * * **** ** **
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that water stress induced by afforestation decreases N availability 
for soil microorganisms and inhibits the microbial metabolic activity 
(Na et al., 2019).

Our results showing a decrease in beta diversity in the deep layer 
by afforestation (Figure 1e) could be ascribed to the fact that the 
growth of deep- rooted trees reduced the niche heterogeneity by 
homogenizing resources (e.g., moisture, SOC, and nutrients) in deep 
soils (Figure 1a- c and Figure S2). The homogenized resource was 
found to decrease variation in beta diversity of soil bacterial com-
munities (Jiao et al., 2018; Leibold & McPeek, 2006). Additionally, 
we found that the homogeneous enrichment of bacteria in deep 
soils contributed a large fraction to bacterial community assembly 
(Figure 4a), which will ultimately result in lower beta diversity (Stegen 
et al., 2015; Xu et al., 2021). These explanations were supported by 
the strong dependence of beta diversity in deep layer on soil mois-
ture variation (Table S2) and by the significant correlation between 
Bray– Curtis dissimilarity and potential biotic interactions based on 
co- occurrence network observed in this study (Figure S11b) and pre-
vious studies (Wang et al., 2021; Xu et al., 2021).

4.3  |  Afforestation shift bacterial co- occurrence 
network and its robustness

In support of our initial hypotheses, we found a decrease in the ro-
bustness of the bacterial co- occurring network in deep soils after 
afforestation. We ascribed this decrease to afforestation- induced 
soil desiccation, as drought usually decreases bacterial robustness 
due to their lower resistance to abiotic stress (de Vries et al., 2018). 
This explanation is consistent with our current understanding that 
environmental stress (i.e., drought etc.) decreases microbial co- 
occurrence network robustness (de Vries et al., 2018; Hernandez 
et al., 2021; Shi et al., 2020; Wu et al., 2021). Additionally, the low 
stability of the bacterial co- occurrence network could also be char-
acterized by high connectivity (degree) and centrality (betweenness 
and eigenvector) (Figure 5g– j) (de Vries et al., 2018; Wu et al., 2021). 
In our current study, afforestation- responsive taxa were highly cen-
tralized and connected, regardless of whether these were enriched 
or depleted taxa (Figure S12). This suggested that these taxa might 
drive the changes in the bacterial co- occurrence network (de Vries 
et al., 2018) and its robustness after afforestation. Such responsive 
taxa in the top layer were sensitive to nutrients, while those in the 
deep layer were more sensitive to moisture (Figure 2a,b), provid-
ing an explanation for the divergent response of microbial robust-
ness in top and deep layers after afforestation. In contrast, the 
afforestation- induced increase in the robustness of the bacterial 
co- occurring network in top soils was likely due to the accumulation 
of organic material, which supply SOC and nutrients for the micro-
bial activities (Fan et al., 2018). Additionally, soil drought stress in 
top soils can be alleviated to some degree by rainfall even in semi-
arid and arid regions, and thus had minimum effects on microbial 
robustness in the top layer. Taken together, our results showed that 

soil desiccation in deep layers contributed to the decreased robust-
ness of bacterial co- occurring networks, while increases of soil SOC 
and nutrients in top soils contributed to increased robustness after 
afforestation.

4.4  |  Decreased microbial functionality in deep 
soils after afforestation

In this study, afforestation decreased the relative abundances of 
functional groups related to carbohydrate metabolism, amino acid 
metabolism, and lipid metabolism, probably due to the enhanced 
soil drought by these deep- root trees as such functional groups 
are sensitive to water stress (Bromke, 2013; Chen et al., 2012; 
Corrigan et al., 2015). However, afforestation increased the rela-
tive abundances of groups involved in xenobiotics biodegradation 
and metabolism, likely due to the input of organic materials from 
forest. We also found that afforestation in cropland increased soil 
microbial functionality in top soils, but resulted in a decrease in 
deep soils based on the measured values (Figure 8a), primarily be-
cause soil microbes were more limited by soil water conditions in 
such microclimates (Cui et al., 2019; Leizeaga et al., 2020). For the 
top soils, the increase in nutrients and seasonal rainfall may allevi-
ate the restriction of soil water on soil bacterial community struc-
ture and function. In contrast, for the deep soils, the decrease in 
soil moisture can cause drought stress to microbes and limit the 
availability of nutrients to bacteria by directly restraining the bac-
terial dispersion within physically protected soil pores (Giannetta 
et al., 2018). Additionally, a decrease in soil moisture resulted in 
disconnected resource islands, and thus created more severe car-
bon and nutrient limitations for soil microorganisms, compared 
with the environments that were not limited by water (Jansson 
& Hofmockel, 2020; Schimel, 2018). Therefore, in this semi- arid 
region, effects of afforestation- induced soil desiccation on soil 
microbial communities in deep soils were greater than those of 
nutrient enrichment in top soils (despite the N- fixation habit of 
the forest species).

5  |  IMPLIC ATIONS

In the current study, the relationships between soil bacterial com-
munity and soil nutrients and moisture after 20- year afforestation 
on cropland were examined with the same soil at the same site. 
This experimental system allowed exclusion of soil texture and cli-
mate impacts on soil microbiota. Our results showed that the driv-
ing factor(s) for the changes in soil microbial community induced by 
afforestation shifted with soil layers in this semiarid region. Such 
shifts should be carefully considered because the soils in most arid 
and semiarid climates have depths of more than 1 m (many are tens 
of meters) (Jia et al., 2020; Plaza et al., 2018). It was previously 
postulated that microbes in deep soils (deeper than 100 cm) are 
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rarely affected by environmental factors (e.g., temperature, pre-
cipitation, land surface disturbance) (Fierer et al., 2003), especially 
in arid and semiarid regions of the world. This hypothesis may not 
be always true, and results we present here showed that afforesta-
tion resulted in a decrease in soil moisture, and a significant shift 
in bacterial community structure and functionality in deeper soils 
(500 cm). Consequently, land- use changes may have a greater im-
pact than the environments on deep soil microbiota. Additionally, 
our results that afforestation had significant negative effects on 
microbial community structure and functionality in deep soils fur-
ther suggested that current assessment focusing only on the top 
layer may underestimate effects of afforestation on ecosystem 
functionality and services.

It is well known that soil moisture and nutrient availability in 
deep layers are essential for the growth of deep- rooted plants, 
particularly in semiarid and arid regions where the plant growth de-
pends more on deep soils moisture rather than rainfall water (Chen 
et al., 2008; Li et al., 2021; McGulley et al., 2004; Yang et al., 2012). 
Additionally, the drought- induced forest die- off observed in many 
regions (Goulden & Bales, 2019; Peng et al., 2011) is assumed to be 
closely related to soil drought. For example, it has been reported 
that multi- year deep soil drought in 2012– 2015 drought led to 
California forest die- off (Goulden & Bales, 2019). However, here we 
demonstrated that afforestation- induced desiccation in deep soils 
decreased microbial functionality. Given that microbes play essen-
tial roles in increasing nutrient availability and water accessibility 
to roots (Jiao et al., 2018; Stewart et al., 2017), this result suggests 
that the degradation (i.e., die- off and/or decrease in functionality) 
of rehabilitated or natural forest in many semiarid regions (Chen 
et al., 2015; Fu et al., 2017; Goulden & Bales, 2019; Peng et al., 2011; 
Wang et al., 2008) might not only be due to the reduction of soil 
moisture, but also to the drought- induced microbial function loss 
in deep soils. Consequently, converting cropland to deep- rooted 
woodland for the sustainability of ecosystems should be carefully 
considered in arid and semiarid regions.
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