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Abstract 

Background Grassland conversion to cropland is a prevailing change of land use in traditionally nomadic areas, 
especially in the Mongolian Plateau. We investigated the effects of grassland conversion followed by continuous culti-
vation on soil properties and microbial community characteristics in Horqin Sandy Land, a typical agro-pastoral transi-
tion zone of Northern China. Soil samples were collected from the topsoil (upper 20 cm) across a 60-year cultivation 
chronosequence (5, 15, 25, 35 and 60 years) and unconverted native grassland. Soil physico-chemical properties were 
determined and high-throughput sequencing was used to assess microbial community diversity and composition.

Results Grassland cultivation resulted in changes to soil properties in both the short and longer term. Initially, it 
significantly increased soil bulk density (BD), electrical conductivity (EC), soil total nitrogen (TN), available phosphorus 
(AP) and available potassium (AK) concentrations, while reducing soil water content (SWC) and soil organic carbon 
content (SOC). Over the next 35–55 years of continuous cultivation, the trend for most of these characteristics was 
of reversion towards values nearer to those of native grassland, except for SOC which remained highly depleted. 
Cultivation of grassland substantially altered soil microbial communities at phylum level but there was no significant 
difference in microbial α-diversity between native grassland and any cropland. However, soil bacterial and fungal 
community structures at phylum level in the croplands of all cultivation years were different from those in the native 
grasslands. Heatmaps further revealed that bacterial and fungal structures in cropland tended to become more similar 
to native grassland after 15 and 25 years of cultivation, respectively. Redundancy analysis indicated that SOC, EC and 
BD were primary determinants of microbial community composition and diversity.

Conclusions These findings suggest that agricultural cultivation of grassland has considerable effects on soil fertility 
and microbial characteristics of Horqin Sandy Land. Intensive high-yield forage grass production is proposed as an 
alternative to avoid further native grassland reclamation, while meeting the grazing development needs in the ethnic 
minority settlements of eco-fragile regions.
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Background
Grasslands occupy more than 40% of the world’s land 
surface and are highly susceptible to anthropogenic activ-
ity and climate change (Yang et al. 2022). In addition to 
supplying dairy products and meat for human consump-
tion, as a major biome in terrestrial ecosystem, they 
have a role in resisting desertification, regulating the cli-
mate change, and maintaining biodiversity (White et  al. 
2000; Wang et  al. 2021). In China, 313 million hectares 
of grasslands, accounting for 78% of the total area, are 
distributed across the northern arid and semi-arid tem-
perate zone (He et al. 2017). Conversion of grassland to 
cropland has become one of the most common land-use 
changes, due to rapid population growth, and is a crucial 
strategy to relieve the shortage of arable land (Ding et al. 
2013; Tang et al. 2019; Zhao et al. 2020). Around 20% of 
natural grasslands in Mongolia, Russia, and China have 
been converted to croplands (White et al. 2000). On the 
Mongolian Plateau, in particular, agricultural cultiva-
tion has gradually replaced native grassland to meet food 
demand and alleviate shortages of forage in winter, as tra-
ditional nomadic ways have given way to settlement.

When grasslands are converted to croplands, the 
removal of the natural vegetation and subsequent cul-
tivation management may decrease surface vegetation 
cover, destabilize the soils, and subsequently modify 
their characteristics (Zucca et al. 2010; Qiao et al. 2015; 
Tang et al. 2019; Okolo et al. 2020). He et al. (2017) has 
shown that transition of grassland to spring wheat in the 
Xilin River Basin of China increased aboveground plant 
biomass by 48%, but it decreased belowground biomass 
by 98%, and almost all of the aboveground crop biomass 
was harvested and removed. Qiao et al. (2015) reported 
that the upper 30  cm of topsoil lost 10% of its carbon 
storage when it was converted from pasture to farm-
land in Tibetan grasslands. A meta-analysis that com-
piled data from 81 studies around the world suggested 
that grassland conversion significantly decreased soil 
silt and clay contents, pH and available potassium (AK) 
contents, but increased soil sand contents, bulk density 
(BD), available phosphorus (AP) and moisture contents 
(Tang et  al. 2019). Numerous other investigations have 
also confirmed that unmanaged grasslands have lower 
BD and electrical conductivity (EC), and higher pH, than 
farmlands (Wang et  al. 2021; Zhang et  al. 2022). How-
ever, there is little consensus regarding the effects on soil 
characteristics, despite an abundance of documented evi-
dence, because differences will have arisen from diverse 
initial soil properties, climatic and environmental factors, 
agricultural managements including cropping systems, 
fertilization, irrigation and duration of cultivation.

Soil microbes are integral to the ecosystem functions 
that maintain plant productivity and soil fertility (Hu 

et al. 2021; Zhang et al. 2022), and they are sensitive to 
changes in their environment (Maron et  al. 2018; Ren 
et al. 2019). Therefore, changes in soil physico-chemical 
properties resulting from land use and management can 
have an impact on the composition and structure of the 
microbial communities (Ferreira et  al. 2016; Hu et  al. 
2021). Emerging studies on the impact of cropping have 
revealed that conversion to arable crops could alter the 
proportion of copiotrophs and oligotrophs and gener-
ally increase soil microbial diversity, as a result of ferti-
lization, irrigation and tillage (Fierer et al. 2012; He et al. 
2017; Dos Santos et al. 2019; Wang et al. 2019). On the 
other hand, tillage and continual fertilization in barren 
drylands may have opposite effects on the species com-
position of soil microbes (Wang et al. 2010b; Zhou et al. 
2016). Even though much previous work has focused on 
the impacts of human activities on semi-arid ecosystems 
with harsh environmental conditions around the world 
(Li et al. 2020b; Hu et al. 2021; Wang et al. 2021; Zhang 
et  al. 2022), there are limited taxonomically based data 
to help understand changes in soil microbial community 
structures in response to grassland cultivation, or their 
underlying drivers.

The Horqin Sandy Land, the largest sandy land in China 
with an area of 5.23 ×  106 ha, is located in the southeast 
of the Mongolian Plateau. It belongs to the semi-arid, 
agro-pastoral transition zone and an ecologically frag-
ile area of Northern China (Tang et  al. 2016). Livestock 
production based on vast grasslands has historically been 
the primary source of income for local pastoralists (Miao 
et al. 2022). Some of these grasslands have potential for 
cultivation, with flat terrain, a shallow water table, and 
relatively high fertility—in contrast to the mobile and 
semi-mobile sandy areas in the same region. An increas-
ing area of grassland has been cultivated, primarily near 
nomad settlements to obtain more grain and forage, since 
animal husbandry cooperatives and the household con-
tract responsibility system, were successively established 
(Gongbuzeren et  al. 2015). The area of cultivated land 
has increased from 6.3 ×  105  ha in 1960 to 2.1 ×  106  ha 
in 2019, with 5.8 ×  105 hectares of grassland having been 
reclaimed between 2010 and 2019 (Du 2019). As a result, 
farmlands with different cultivation histories widely dis-
tributed in this region provide unique opportunities to 
examine chronosequences that can reveal long-term 
trends resulting from anthropogenic activities.

We investigated such a chronosequence using sites 
ranging from an uncultivated control of native grass-
land to some areas that had been cultivated continuously 
for 60  years in a representative region of Horqin Sandy 
Land. Basic soil physico-chemical properties were meas-
ured and soil microbial communities were assessed using 
Illumina MiSeq sequencing. We hypothesized that (1) 
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the conversion of natural grassland to cropland would 
degrade soil properties and modify microbial composi-
tion, and the extent of change would depend on the dura-
tion of continuous cultivation; (2) soil microbial changes 
were closely related to alterations of soil properties; and 
(3) soil organic carbon would be an important driver in 
shaping microbial community structure. This informa-
tion is aimed at evaluating current changes in grassland 
conversion to cropland of arid and semi-arid regions and 
informing development of sustainable management strat-
egies for the ethnic minority settlements of eco-fragile 
regions.

Materials and methods
Research site and soil sampling
The study was carried out in Ulanaodu village, Weng-
niute County, near the Desertification Ecological Exper-
imental Station of the Institute of Applied Ecology, 
Chinese Academy of Sciences, located in the Inner Mon-
golia Autonomous Region (43°02′ N, 119°39′E, 480  m 
a.s.l). The experimental area is situated at the south-
western fringe of Horqin Sandy Land, in an ecotone 
between typical cultivation and husbandry in China. It 
has a temperate continental climate, with a mean annual 
temperature (1980–2017) of 7.3  °C, representing a brief 
hot summer but a long cold winter. The average annual 
precipitation is 318 mm, with nearly 70% falling between 
June and August during the growing season. The annual 
potential evaporation is c. 2200  mm. The average wind 
velocity is 3.6 m  s−1, with the prevailing direction north-
west in the spring and winter, and southwest in the sum-
mer and autumn. The soil is classified as an aeolian sandy 
soil according to the soil taxonomy system of China and 
as an Orthi-sandic Entisol according to the FAO–UNE-
SCO classification. It is characterized by susceptibility to 
wind erosion due to its coarse texture (Cao et al. 2008). 
The undulating landscape supports native grassland with 
sparsely distributed trees of Ulmus pumila. The indig-
enous vegetation comprises a typical Mongolian flora 
of relatively high diversity. Dominant species include 
the shrubs Caragana microphylla and Salix flavida, 
and annual and perennial herbs, such as Chenopodium 
acuminatum, Artemisia scoparia, Artemisia wudanica 
and Bassia dasyphylla. The vegetation cover is 40–85% 
with 150–250 g  m−2 average standing dry biomass.

Maize (Zea mays L.) most commonly has been culti-
vated as a monoculture since native grassland was con-
verted to cropland. Seeds have been generally sown in 
early May using a mechanical drill, with plants spaced at 
0.50 m between rows and 0.30 m between plants. Chemi-
cal fertilizer and water irrigation have been applied dur-
ing the growing season since 1990. Between 1990 and 

2005, annual fertilizer application included 150  kg   ha−1 
of urea, 75 kg   ha−1 of diammonium phosphate and 35 t 
 ha−1 of sheep and cattle manure; after 2005, 350 kg  ha−1 
compound fertilizer (N 18% -   P2O5 6% -   K2O 6%) 
and 75  kg   ha−1 of urea and 20 t  ha−1 of manure were 
employed. Before 1990, extensive cultivation with no 
chemical fertilizer or manure as well as irrigation had 
been adopted. Fertilizers were applied simultaneously 
with maize sowing. Annual irrigation of 1800  m3   ha−1, 
pumped from groundwater, was applied to alleviate 
drought at the seedling, tasseling and spinning stages. 
Herbicide and pesticide applications were required for 
the control of weeds and pests. Maize cobs were har-
vested and nearly all of the stalks were removed for fod-
der at the beginning of October every year. In the control 
native grasslands, grazing was not permitted during the 
growing season from May to September, and around 70% 
of the aboveground biomass was harvested at the end of 
October each year for hay feed. No fertilizers, pesticides 
or irrigation were employed there. More details of the 
annual agricultural management in grassland and farm-
lands are shown in Table 1.

Historically, the land of Ulanaodu village was 700 ha of 
intact native grassland with uniform soil conditions. Due 
to the farmland expansion around this village, grassland 
has been converted and subsequently cultivated continu-
ously. A mosaic of areas with different cultivation histo-
ries was chosen for space-for-time substitution analysis. 
Areas with specific cultivation durations of farmlands 
5, 15, 25, 35 and 60  years, respectively (CUL5, CUL15, 
CUL25, CUL35 and CUL60) were identified by field-
work and consultation with local pastoralists and staff 
from adjacent experimental station. Precise reclamation 
and continuity of cultivation history had been meticu-
lously recorded by annual survey since the station estab-
lishment and the organization of local desertification 
combating. Areas of native grassland (CUL0) were also 
taken as controls. Six areas were identified to represent 
each cultivation duration treatment, and a 1 ha plot was 
located randomly within each. In order to be representa-
tive as possible, the distance between replicates within a 
landscape mosaic of 300 ha farmland was at least 500 m. 
Thus, there were 36 plots (6 treatments × 6 replicates) in 
total in the experiment.

Soil samples were collected from each plot at a depth 
of 0–20  cm in late October 2020. Six soil cores were 
obtained using a spade at randomly selected loca-
tions at least 50 m apart and 20 m from the boundary 
(to prevent edge effects) in each plot. After manually 
removing surface debris, they were combined into one 
bulk sample. Subsequently samples were separated 
into two parts. The first was stored and transported 
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in a sterile polyvinyl chloride pipe on ice, for high-
throughput sequencing. The remainder was trans-
ported in a zip-top plastic bag to the lab, where it was 
air dried, visible roots and litter were removed, and 
then it was passed through a 2-mm sieve before chem-
ical analysis. Twelve additional undisturbed bulk soil 
samples were taken from the same depth in each treat-
ment using customized stainless-steel cutting rings. 
Half of these samples were used to determine bulk 
density, while the remainder were used to measure soil 
water content.

Measurements of soil characteristics
Soil bulk density was measured using the cores of 
known volume (Blake and Hartage 1986). Soil water 
content was determined by oven drying at 105  °C. 
Soil pH and electrical conductivity (EC) were meas-
ured in a soil–water aqueous extract (1:2.5 by mass) 
after 30  min shaking at low speed (Orion Star 310p, 
Thermo, USA). Soil organic carbon was determined by 
an external heating method using potassium dichro-
mate (Carter and Gregorich 2007). The total N was 
determined by titration of distillates after Kjeldahl 
digestion (Lu 1999). The molybdenum–antimony anti-
colorimetric method and flame atomic absorption 

spectrophotometry, respectively, were used to deter-
mine soil available phosphorus (AP) and potassium 
(AK) (Lu 1999).

Soil DNA extraction and microbial high‑throughput 
sequencing
Soil DNA extraction, purification and labeling were per-
formed as described by Zhang et  al. (2022). DNA from 
soil samples was extracted using an OMEGA Soil DNA 
Kit (Omega Bio-Tek, Norcross, GA, USA) in accordance 
with the manufacturer’s instructions and then stored at 
−  20  °C. A spectrophotometer (NanoDrop NC2000, 
Thermo Fisher Scientific, Waltham, MA, USA) and 1 
percent agarose gel electrophoresis were used to meas-
ure the extracted DNAs. All DNA samples were stored at 
– 80 °C prior to PCR amplification and sequencing. The 
bacterial V3–V4 region of 16S rRNA was amplified with 
forward primer 338F (5′-ACT CCT ACG GGA GGC AGC 
A-3′) and reverse primer 806R (5′-GGA CTA CHVGGG 
TWT CTAAT-3′). PCR amplification targeting the fungal 
ITS-V1 region was carried out using the forward primer 
ITS5 (5′-GGA AGT AAA AGT CGT AAC AAGG-3′) and 
the reverse primer ITS2 (5′-GCT GCG TTC TTC ATC 
GAT GC-3′) (Tang et al. 2022).

Table 1 Management history of native grassland and cropland plots of different periods of continuous cultivation in Horqin Sandy 
Land

Treatment Cultivation 
duration 
(years)

Fertilization (kg  ha−1  year−1) Managements

CUL0 0 No fertilization Native grassland without grazing

No irrigation and no tillage

No herbicide and pesticide application

70% of the aboveground biomass was mowed once a year 
for hay feed

CUL5 5 Compound fertilizer (350) and Urea (75) Zea mays monoculture

Irrigation with 1800  m3  ha−1

Conventional tillage within 25 cm and rotation with 15 cm

Herbicide and pesticide application

No maize stalk aboveground was left in the farmland

CUL15 15 The same as above The same as above

CUL25 25 Urea (150) and diammonium phosphate (75) before 2005 The same as above

Compound fertilizer (350) and Urea (75) after 2005

CUL35 35 No fertilizer application before 1990 The same as above

Urea (150) and diammonium phosphate (75) and 25 t 
 ha−1 of manure between 1990 and 2005 and compound 
fertilizer (350) and urea (75) after 2005

CUL60 60 The same as above The same as above except no herbicide and pesticide 
application before 1990



Page 5 of 14Tang et al. Ecological Processes           (2023) 12:18  

The amplicons were analyzed by paired-end sequenc-
ing based on the Illumina platform by the Personal Bio-
technology Company, Shanghai, China. With minor 
modifications, microbiome bioinformatics were car-
ried out using QIIME 2 2019.4 in accordance with the 
official tutorials (https:// docs. qiime2. org/ 2019.4/ tutor 
ials). The quality of raw high-throughput sequences was 
evaluated. Trim-paired primer sequence fragments and 
mismatched primer sequences were eliminated using 
cutadapt. Selected sequences were quality-filtered, 
denoised, merged, and chimeras were eliminated through 
the use of Divisive Amplicon Denoising Algorithm  2 
(DADA2) techniques (Callahan et  al. 2016). DADA2 
deduces the sequences and produces amplicon sequence 
variations (ASVs) that are identical. Only de-replication 
or grouping based on 100% similarity was performed 
for DADA2. At that sequencing depth, each sample and 
its relative abundance would predict ASVs. The SILVA 
Release 132 (http:// www. arb- silva. de) and UNITE 
Release 8.0 (https:// unite. ut. ee) databases were used to 
classify ASVs as bacteria or fungi (Bokulich et al. 2018). 
Sequences were rarefied for data analyses. Raw sequenc-
ing files were deposited in the National Centre for Bio-
technology Information Sequence Read Archive (SRA) 
with the accession number “PRJNA885802”.

Statistical analysis
The ASV table in QIIME 2 was used to calculate the 
microbial alpha-diversity parameters including Chao1 
richness, Observed species, Shannon diversity index, 
and Simpson index. Nonmetric multidimensional scal-
ing (NMDS), based on Bray–Curtis distance and hier-
archical clustering, was carried out using the Vegan 
package within the statistical software R 3.6.1 to examine 
the similarity and variation of community composition 
across different treatments. Soil properties and micro-
bial community characteristics were tested for significant 
differences by one-way ANOVA with the Holm–Bonfer-
roni test, or by the nonparametric Kruskal–Wallis test, 
depending on whether data were normally distributed 
or not. Redundancy analysis was employed to assess the 
relationships between soil properties and microbial char-
acteristics using Canoco 5.0 software. Additional statis-
tical tests were performed and graphs visualized using 
OriginPro 2019b (Origin Lab Inc., Northampton, MA, 
USA).

Results
Changes in soil properties after cultivation
The chronosequence showed that cultivation of the 
grassland considerably changed soil properties, in both 
the short and longer terms (Table  2). The initially low 
bulk density (BD) in native grassland (CUL0) increased 

significantly after the first 5 years of cultivation and then 
declined steadily to become not significantly different 
from its original value after 60 years. Electrical conduc-
tivity (EC) peaked after 15 years, but it had also returned 
to near its initial value after 60 years. Soil water content 
(SWC) showed the inverse trend, dropping rapidly after 
5 years and then progressively increasing again. Soil pH 
varied little ranged from 7.73 to 8.06, with no obvious 
trend over time.

The most striking effect on nutrient status was a reduc-
tion in soil organic carbon (SOC) by 60% after 5 years of 
cultivation (Fig. 1A). It reached a minimum after 25 years 
and subsequently showed a trend of slow recovery. In 
contrast, total nitrogen (TN), available phosphorus (AP) 
and available potassium (AK) contents had increased 
after 5  years, dramatically by 179% in the case of AK 
(Fig.  1B–D). The content of all three of these essential 
nutrients had dropped again sharply after 15 years of cul-
tivation; subsequently there was another slow increase 
with cultivation period, which resulted in TN and AP 
approaching the values in uncultivated grassland again 
after 60 years. However, the content of AK with 60 years 
of cultivation was about twice the value in uncultivated 
native grassland (Fig. 1D).

Changes in microbial community after cultivation
Across all soil samples, bacterial communities at phy-
lum level were dominated by Actinobacteria, which 
accounted for 28–45% of relative abundance, followed by 
Proteobacteria and Acidobacteria (Fig. 2A and Additional 
file 1: Table S1). When grasslands were transformed into 
croplands, the mean relative abundances of  Actinobac-
teria and Acidobacteria significantly decreased. After 
5 years of cultivation, they were reduced by 23% and 19%, 
respectively. Actinobacteria and Acidobacteria reached 
a minimum after 35  years and 15  years, respectively. 
There were no appreciable changes in the mean relative 

Table 2 Main soil physico-chemical properties in response to 
different periods of continuous cultivation

BD represents bulk density, SWC represents soil water content and EC represents 
electrical conductivity. Values represent means of six replicates, with standard 
errors shown in parentheses. Different lowercase letters indicate significant 
differences at p < 0.05

Treatments BD (g  cm−3) SWC (%) pH EC (mS 
 cm−1)

CUL0 1.36 (0.05)d 2.94 (0.42)c 7.93 (0.16)ab 335 (26.0)d

CUL5 1.67 (0.07)a 0.97 (0.06)f 8.06 (0.19)a 773 (73.8)b

CUL15 1.63 (0.07)a 1.78 (0.15)e 7.73 (0.10)b 902 (59.9)a

CUL25 1.53 (0.05)b 2.34 (0.13)d 7.91 (0.11)ab 500 (46.9)c

CUL35 1.46 (0.05)bc 3.92 (0.64)b 7.88 (0.09)ab 328 (35.5)d

CUL60 1.42 (0.03)cd 4.87 (0.26)a 8.04 (0.13)b 353 (32.4)d

https://docs.qiime2.org/2019.4/tutorials
https://docs.qiime2.org/2019.4/tutorials
http://www.arb-silva.de
https://unite.ut.ee


Page 6 of 14Tang et al. Ecological Processes           (2023) 12:18 

abundance of Proteobacteria in the chronosequence. 
Native grassland (CUL0) had the lowest representations 
of Chloroflexi, Firmicutes,  Gemmatimonadetes and Bac-
teroidetes, at 7.6%, 1.7%, 2.9% and 2.0%, respectively. All 
cultivation treatments increased the proportions of these 
phyla to varying degrees. The treatment with 60 years of 
cultivation yielded the highest values of  Chloroflexi and 
Gemmatimonadetes, significantly higher than CUL0 and 
CUL5, whereas Firmicutes and Bacteroidetes were great-
est after 15 years, only significantly higher than CUL0.

The phylum Ascomycota dominated the fungal com-
munity in the soil samples, accounting for 70–88% of 
relative abundance across all cultivation periods, with 
Basidiomycota the next most abundant (Fig.  2B and 
Additional file  2: Table  S2). The relative abundance 
of  Ascomycota was significantly increased by cultiva-
tion, with abundances after 5 and 60  years greater by 
26% and 19%, respectively. The mean relative abundance 
of Mortierellomycota also increased significantly as a 
result of cultivation, reaching a maximum of 4.1% after 
60 years. Cultivation decreased the relative abundance of 

Basidiomycota, although there was no significant differ-
ence among treatments with various cultivation years.

There was no statistically significant difference among 
any index of alpha diversity along the chronosequence 
for either bacteria or fungi (Table  2). However, nearly 
all of the diversity indices tended to be lower after cul-
tivation than in the native grassland soils. Fungi were 
more sensitive to the effects of grassland cultivation 
than bacteria. For fungi, the Shannon and Chao1 indi-
ces in the CUL5 treatment were lower by 15.8% and 
6.4%, respectively, than for native grassland (CUL0). 
The lowest Pielou index value for fungi was obtained 
after 35  years of cultivation, whereas the minimum 
Simpson index value was after 5  years of cultivation 
(Table 3).

The beta diversity of bacteria and fungi was rep-
resented in NMDS ordinations, with stress values of 
0.0955 and 0.112, respectively (Fig. 3). For both groups, 
the first axis clearly differentiated the communities 
observed in native grassland from those of various cul-
tivation periods. Plots with the same cultivation period 
tended to cluster together, but there was no clear trend 
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with cultivation duration. Heatmaps further revealed 
that soil bacterial structures at phylum level in the 
uncultivated grassland were most similar to those after 
15  years of cultivation and least similar to those after 

25 years of cultivation (Fig. 4A). For fungal community 
structures, uncultivated grassland was most similar 
to those after 25  years and least similar to those after 
60 years of cultivation (Fig. 4B).

Relationships between soil properties and microbial 
characteristics
Redundancy analysis revealed that the composition of 
the soil bacterial community at phylum level and all the 
alpha diversity indices were strongly linked with SOC 
(p = 0.002), EC (p = 0.006), and BD (p = 0.01), account-
ing for 19.7%, 7.8%, and 8.8% of the total community 
variation, respectively (Fig.  5A). The first and second 
ordination axes explained 26.7% and 15.4% of the over-
all variation, respectively. SOC and AK were significantly 
and positively related to the abundance of Actinobacteria 
and Pielou index, while BD and EC were significantly and 
positively correlated with Proteobacteria and Simpson 
index. Fungal alpha diversity indices and main commu-
nity composition at the phylum level were closely linked 
to BD and SOC, accounting for 13.0% and 10.1% of varia-
tion, respectively. The first and second axes, respectively, 
described 29.7% and 11.5% of the entire variation in the 
fungal community, collectively accounting for 41.2% of 
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Fig. 2 The relative abundances of primary bacterial (A) and fungal (B) communities at phylum level in response to different periods of continuous 
cultivation

Table 3 Microbial alpha diversity indices in response to different 
periods of continuous cultivation

Treatments Chao1 Shannon Simpson Pielou

Bacteria

 CUL0 3699 (473.6) 10.59 (0.29) 0.9987 (0.0002) 0.9096 (0.0006)

 CUL5 3364 (555.9) 10.48 (0.18) 0.9987 (0.0001) 0.9061 (0.0003)

 CUL15 2887 (327.0) 10.22 (0.28) 0.9980 (0.0007) 0.8989 (0.0013)

 CUL25 3534 (303.4) 10.47 (0.15) 0.9984 (0.0009) 0.9008 (0.0009)

 CUL35 3283 (394.7) 10.33 (0.35) 0.9975 (0.0024) 0.8922 (0.0025)

 CUL60 3473 (413.9) 10.53 (0.12) 0.9978 (0.0001) 0.9058 (0.0031)

Fungi

 CUL0 500.3 (63.11) 5.82 (0.65) 0.9288 (0.0424) 0.6496 (0.0064)

 CUL5 468.8 (130.5) 4.90 (1.25) 0.8461 (0.1201) 0.5512 (0.0118)

 CUL15 499.4 (58.95) 5.97 (0.55) 0.9508 (0.0241) 0.6664 (0.0054)

 CUL25 392.7 (90.62) 4.92 (0.98) 0.8674 (0.0875) 0.5705 (0.0926)

 CUL35 396.3 (54.80) 4.60 (0.35) 0.8684 (0.0384) 0.5331 (0.0333)

 CUL60 399.5 (57.28) 5.47 (0.55) 0.9190 (0.0356) 0.6331 (0.0052)
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it (Fig.  5B). SOC and AK were significantly, positively 
related to the abundance of Basidiomycota, whereas BD 
and SWC were similarly associated with Ascomycota, 
and EC with Mortierellomycota.

Discussion
Soil properties in response to grassland conversion
An increasing number of farmers and nomads have cho-
sen to reclaim grasslands, woodlands, bare lands and 
even desert lands to expand crop production areas and 
meet their food demands, worldwide (Szoboszlay et  al. 
2017; Wang et  al. 2021; Zhang et  al. 2022). Conversion 
of grassland for agricultural cultivation involves changes 
to both plant species composition and land management 

practices (Wang et al. 2021). In our experiment, indige-
nous perennial plants were replaced by an annual grass 
crop (maize), and agricultural practices such as irrigation, 
fertilizer and tillage were implemented during cultiva-
tion. Our hypothesis that these changes would be linked 
to significant alterations in soil properties was amply 
supported by the results, even though the interpretation 
of the chronosequence might be confounded to an extent 
by the evolving management of cultivated plots over the 
60 years (cf. Table 1). The management had been consist-
ent across plots of all cultivation ages for the last 20 years 
(since 2005) and effects on current measurements are 
likely to have been minor.

Fig. 3 Dissimilarity of soil microbial communities shown by nonmetric multidimensional scaling (NMDS): A bacteria and B fungi
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The chronosequence certainly demonstrated differ-
ences between different cultivation history treatments 
that implied substantial changes over varied timescales, 
some of which were highly persistent. For most soil 
characteristics, there were significant changes within 
the first 5 years, followed by a slow return to conditions 
more similar to those of undisturbed grassland over 
the next 30–55  years. Previous work has demonstrated 

that long-term cultivation could lead to a considerable 
increase in soil bulk density (Wang et al. 2021) and such 
increases in Chernozem soils might result from compac-
tion by agricultural operations (Wang et  al. 2010a). The 
initial increase in BD and loss of SWC in the current 
experiment might involve a similar cause but the con-
comitant loss of soil organic carbon (SOC) was probably 
more important, as it would reduce carbon sequestration 

Fig. 4 Cluster heatmaps of bacterial and fungal communities at phylum level: A bacteria; B fungi. Only the 20 phyla with highest average 
abundance in any soil sample are shown

Fig. 5 Redundancy analysis (RDA) of the relationships between soil microbial community composition, alpha diversity indices at the phylum level 
and physicochemical properties. A Bacteria; B fungi
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in topsoil and influence carbon recycling processes. In 
contrast, no significant difference was found in the top-
soil BD of Mollisols and Entisols in Northeast China after 
pasture had been reclaimed for cultivation (Ding et  al. 
2013). However, comparisons are complicated by dif-
ferences in soil type, soil texture, and tillage frequency 
between research areas. Irrigation and fertilization are 
necessary to sustain good crop yield in dry and relatively 
barren soils (Hu et al. 2021). In the long term, grassland 
conversion tends to enhance topsoil moisture because 
croplands generally receive irrigation by pumping ground 
water, unlike the rain-fed grassland in this region (Guo 
and Gifford 2002; Tang et  al. 2019). Large-scale crop 
farming has resulted in a major decline in groundwater 
levels and a depletion of water resources due to plant 
evapotranspiration, exacerbating environmental prob-
lems in arid and semi-arid land. In addition, alkaline 
materials could accumulate in the topsoil as a result of 
high irrigation, causing the pH to rise after cultivation 
(Rozema and Flowers 2008). However, we found no varia-
tion in pH between native grasslands and croplands, sug-
gesting little impact in buffered, alkaline soil settings. The 
application of chemical fertilizers would have enhanced 
concentrations of exchangeable base cations in the soil, 
explaining the large, persistent increase in EC (Luneberg 
et  al. 2018; Hu et  al. 2021). After long-term cultivation 
(CUL35 and CUL60), however, an equilibrium appears to 
have been reestablished, with EC similar to that of native 
grassland.

As noted previously, there was a dramatic loss of SOC 
in the early years after cultivation, and only small signs 
of recovery after 60  years. Anthropogenic disturbances 
typically are detrimental to the organic carbon in topsoil 
(Chen et  al. 2020). Recurrent ploughing and harrowing 
disrupt the aggregate structure of soil, leading to min-
eralization and decomposition of organic matter, a pro-
cess only aggravated by fertilization and irrigation (Six 
et al. 1998; Dos Santos et al. 2019). Looser structure also 
allows significant losses of SOC by wind erosion in dry 
sandy soils, especially in windy winter and spring with-
out effective vegetation cover due to nearly all of the 
stalks harvested for fodder (Li et al. 2009). Guo and Gif-
ford (2002) also found that the greatest SOC depletion 
occurred shortly after crops were planted and Ding et al. 
(2013) suggested that cultivation was detrimental to SOC 
accumulation. We confirmed that long-term cultivation 
could not compensate for irreversible SOC losses from 
the land-use change represented by clearing grassland 
even though continuous sheep and cattle manure inputs 
after 1990. On the other hand, this implies that the agro-
ecosystem that developed on sandy soil has a significant 
potential for carbon sequestration and plays a key role in 

the regional carbon cycle process if appropriate manage-
ments were to be applied (Yang et al. 2022).

The total nitrogen (TN), available phosphorus (AP) and 
available potassium (AK) contents in topsoil were much 
higher after 5  years of cultivation than that in native 
grassland. These findings could again be attributed to 
greatly stimulated mineralization of organic matter and 
residues in native grassland, as a result of disturbance, in 
combination with the use of chemical fertilizers (Wang 
et  al. 2010a). In the longer term, the persistent removal 
of maize cobs and stalks would restrict inputs of organic 
matter but could instead promote wind erosion, lead-
ing to more topsoil nutrient losses (Abegaz et al. 2016). 
Additionally, the diversity of residues incorporated into 
the soil would be reduced after monoculture maize 
replaced native vegetation (Wang et  al. 2010a). There is 
evidence that steppes maintain higher root biomass than 
croplands (Hu et al. 2021; Wang et al. 2021) and accord-
ing to Whalen et al. (2003), the plant community of the 
steppe absorb more nitrogen than crops, due to its dense 
and abundant fibrous root systems. However, we did not 
discriminate between the specific agricultural manage-
ment effects of fertilizer, tillage, irrigation, and changing 
plant species on soil parameters; further studies would be 
required to understand their separate roles and possibly 
synergistic effects.

Microbial community characteristics
Soil microorganisms play key roles in regulating matter 
and energy flow (Li et al. 2019), and can be highly sensi-
tive to changes in soil properties (Szoboszlay et al. 2017; 
Hu et al. 2021). Conversion of native grassland to crop-
land and continuing cultivation clearly altered micro-
habitats to affect the microbial community composition, 
which supported our hypothesis. Actinobacteria and Pro-
teobacteria  are the typically predominant bacterial phyla 
found in grassland and farmland, respectively (Luneberg 
et  al. 2018; Zhang et  al. 2022). They colonize nutrient-
rich habitats and are responsible for nitrogen fixation as 
well as cellulose and lignin breakdown (Bao et al. 2021). 
Our results revealed that grassland cultivation facilitated 
soil organic matter depletion and nutrient loss, and led 
to relatively low Actinobacteria  abundances, but no 
discernible variation in proportions of  Proteobacteria 
was identified across the chronosequence. These results 
contrasted with findings for vineyard reclamation in 
deserted land of Ningxia, China, where  Actinobacteria 
and Proteobacteria abundances were markedly enhanced 
(Zhang et al. 2022). The difference may be due to initial 
soil nutrient contents, plant species and environmen-
tal factors.  Acidobacteria perform great adaptability to 
environments that have a wide range of carbon sources 
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(Xu et al. 2016) and so an increase in soil organic carbon 
benefits  Acidobacteria abudance (Navarrete et al. 2013).

Ascomycota can adapt to harsh conditions and become 
the dominating phylum because of their rapid prolifera-
tion (Francioli et  al. 2016). They are significant decom-
posers of lignocellulose in the fungal community (Wang 
et al. 2015).  Ascomycota was found to be the prevalent 
phylum, comprising up 70–88% of the total abundance 
in plots of all cultivation periods. Mortierellomycota 
are capable of decomposing polysaccharides and other 
carbohydrates in the soil (Li et  al. 2020a). Agricultural 
conversion of grassland promoted the proportions of 
Ascomycota and Mortierellomycota, which suggested 
that this land-use change provided soil organic mat-
ter and nutrient availability for specific microbial spe-
cies. Pathogenic fungal species that cause crop disease 
are typically found among Basidiomycota (Li et al. 2014; 
Hu et al. 2021). Compared to natural grassland, cultiva-
tion decreased the abundance of Basidiomycota. Possible 
explanations for this include the changes of C/N ratio 
and SOC.

Microbial community composition and its propor-
tional representation determine microbial diversity (Fer-
reira et  al. 2016; Francioli et  al. 2016), and more stable 
ecosystems are frequently associated with higher levels of 
microbial diversity (Maron et al. 2018). Our results sug-
gested that grassland cultivation merely altered microbial 
community composition but had little effect on alpha 
diversity. Li et al. (2018) found that farming in the desert 
did not always lead to an increase in the diversity of the 
microbial community but did cause changes in the abun-
dant species, which was similar to our findings. Earlier 
research had indicated that long-term farming might 
affect soil microbial community structure (Li et al. 2014, 
2020b; Hu et al. 2021). NMDS and hierarchical clustering 
revealed a considerable difference in bacterial and fun-
gal community structures between native grassland and 
cultivated soils. Additionally, with the increase of culti-
vation duration, bacterial composition tended to resem-
ble that of native grassland soil, whereas fungi displayed 
the reverse trend. Possibly, bacteria had an advantage 
over many fungi in severe environments when it came 
to acquiring nutrients (Schmidt et  al. 2014), but fungi 
were more responsive to changes in land use than bacte-
ria in semi-arid grassland (Hu et al. 2021). Replacement 
of diverse, native vegetation by monospecific maize and 
frequent tillage could have generated a relatively homog-
enous soil environment, which is thought to play a major 
role in determining the architecture of microbial com-
munities (Mendes et  al. 2011). This also suggested that 
microbial structure might be used as a potential indica-
tor to evaluate the stability of agricultural ecosystem in 
grassland.

Prior studies have demonstrated conclusively that dif-
ferential responses of bacterial and fungal properties 
depended on the changes in soil structure and nutrients 
(Francioli et al. 2016; Ren et al. 2019). We found that after 
grassland conversion for maize, alterations in microbial 
communities were linked to those of soil organic carbon 
and bulk density, which supports our hypothesis. For 
the majority of terrestrial microbial communities, SOC 
is a critical source of carbon and energy (Sarathchandra 
et al. 2001). Cheng et al. (2019) demonstrated that SOC 
controlled the composition of the bacterial population 
in semi-arid agricultural ecosystems. Moreover, BD was 
significantly positively correlated with Proteobacteria 
and Ascomycota, while negatively with Actinobacteria. 
This might be accounted for by the fact that tillage and 
irrigation altered soil macro-aggregation and compac-
tion, which in turn might have affected dominant bacte-
rial proliferation by modulating soil oxygen availability 
(Kihara et al. 2012; Lu et al. 2019). The dominant micro-
bial phyla and alpha diversity indices were shown to be 
significantly correlated, and their correlations with SOC 
and BD further demonstrated the significance of these 
soil factors as key determinants in shaping microbial 
community structure.

Implications of grassland reclamation in traditional 
pastoral regions
Intensive agricultural practices yield relatively high 
aboveground biomass for feeding livestock and human 
food demands when grassland is converted to arable 
land, albeit at the expense of massive inputs of water, 
chemical fertilizer, and pesticides. SOC and other nutri-
ent changes were expected to occur primarily during the 
initial decade following grassland cultivation (Tang et al. 
2019; Wang et al. 2021). Even though SOC depletion and 
soil nutrient loss were partially restored by decadal-scale 
periods of grassland cultivation, they did not recover to 
their original conditions, meaning that grassland cultiva-
tion for crop production had an irreversible impact on 
soil characteristics in Horqin Sandy Land. In addition, 
some negative effects of cultivation, such as reduced lit-
ter biomass inputs, and frequent tillage after harvest and 
an potential increase in soil wind erosion and soil degra-
dation, need to be taken into account from the perspec-
tive of sustainable development in these ethnic minority 
settlements of ecologically fragile regions (He et al. 2017; 
Hu et al. 2021). For sustainable development of this arti-
ficial ecosystem, appropriate agricultural management 
strategies, such as organic material inputs (manure or 
harvest residue), fallowing, or even acceptable amounts 
of abandonment may be proposed if cultivation is neces-
sary. Moreover, patterns of intensive, high-yield, forage 
grass production should be explored as an alternative to 
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further cultivation, to reconcile minimizing the grassland 
area reclaimed with supporting the traditional livelihood 
of local ethnic minorities.

Although no discernible differences in microbial 
diversity were discovered between native grassland 
and cultivated land, there were very clear differences in 
the bacterial and fungal community structures. These 
findings suggested that the microbial community had 
a degree of resilience in its capacity to maintain diver-
sity in response to grassland conversion to cropland (Lu 
et  al. 2019). On the other hand, it was established that 
differences in soil characteristics between grassland and 
cultivated land affected the structure of the microbial 
communities, and that ongoing cultivation weakened 
community heterogeneity. It is likely that, this could 
involve irreversible loss of ecological functions. Con-
sequently, a thorough evaluation of how this delicate 
ecosystem responds to anthropogenic disturbances is 
indispensable to understanding the structure of microbial 
communities. Furthermore, the main limitation in our 
experiment is that soil samples for each treatment were 
collected only once. There might be seasonal changes in 
the soil microbial community and soil properties (Gil-
bert et al. 2010). Therefore, additional evaluation of soil 
microbial communities from multi-seasonal sampling 
that reflected soil changes more comprehensively would 
be valuable.

Conclusion
Conversion of native grassland to cropland and its con-
tinuous cultivation for 60  years had profound effects 
on soil fertility and microbial characteristics in Horqin 
Sandy Land. Initially, cultivation of grassland changed 
soil nutrient contents rapidly (AP, AK, TN and SOC), 
and similarly influenced soil physical properties (BD, 
EC and SWC). The most persistent effect was the deple-
tion of SOC, which only recovered partially in 60  years 
of cultivation, whereas other available nutrients tended 
to show better recovery in the long term (albeit still at 
lower concentrations than in native grassland), mostly as 
a result of agricultural management practices. This indi-
cates that further grassland cultivation would disturb 
nutrient cycling on a greater scale and exacerbate soil 
degradation. There were discrepancies in microbial com-
position at phylum level and their community structures 
between native grassland and croplands of all ages, but 
the fact that there were no significant differences in their 
α-diversity indices suggests a degree of microbial resil-
ience and stability. SOC and BD were demonstrated to 
be of fundamental importance in determining microbial 
community composition and diversity. In consequence, 
appropriate agricultural strategies to increase organic 

material inputs after cultivation are recommended. In 
addition, the intensification of forage grass production is 
proposed as an alternative cultivation to expanding the 
area of the cultivation, in order to minimize the culti-
vated grassland area and better coordinate cropping and 
animal husbandry in dry agro-pasture ecotones.
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