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A B S T R A C T   

The carbon and nutrients in the soil microbial biomass (SMB) and their proportion in soil elements, namely soil 
microbial quotient (SMQ), are the key indicators of the soil quality and quickly respond to the shift in the land- 
use pattern. However, the degree of the land-use shift influences on the soil microbial biomass, and the soil 
microbial quotient in the meadow steppe is not well-understood. The soil microbial biomass carbon (MBC), 
nitrogen (MBN), phosphorous (MBP), and SMQ were determined separately in grassland, cropland, and aban
doned cropland in four sites within 50 km at a meadow steppe in northeast China. The results showed that the 
soil MBC, MBN, and MBP declined significantly as soil depth increased among the three land-use patterns. 
Agriculture has resulted in a significant decrease in the soil MBC, MBN, MBP, and SMQ compared to their 
corresponding values in grassland. The soil MBC content significantly was increased at the 0–10 cm soil layer 
after agriculture abandonment, but the SMQ had no significant improvement in the entire profile when 
compared to cropland. Besides, for the three types of land-use patterns, the C, N, and P stoichiometry of the soil 
microbial biomass was relatively stable, except for the stoichiometry in the relatively deep soil layer. Overall, the 
present agricultural abandonment (~ 19 years) got a certain of restoration in soil microbial biomass. Their 
corresponding values, however, were significantly lower than those found in native grassland. This highlighted 
that the restoration of the poor soil quality caused by the long term agriculture cultivation is a slow and hard 
process; it is important to maintain natural grasslands for protecting and maintaining soil microbial biomass and 
SMQ in the meadow steppe of northeast China.   

1. Introduction 

The soil-mediated roles of ecosystems are usually compromised 
when the use of land changes from natural to agricultural type of land. A 
number of negative effects on productivity, nutrients, biodiversity, and 
habitats have been observed. (Wall et al., 2012). Grassland agriculture 
induces the loss of soil organic matter (Mann, 1986; Guo and Gifford, 
2002; Wu et al., 2003), changes microflora (Allison et al., 2005; Zhang 
et al., 2020), cause nutrient depletion (Post and Kwon, 2000), and 
compacts the soil (Cotching et al., 2013). The conversion of cropland to 

grassland by abandoning agriculture has been a widely adopted and 
efficient approach for reversing the reduction in the functions of the soil 
that occurs due to continuous agriculture (Baer et al., 2002). The extent 
of soil recovery, which occurs after cropland abandonment, highly de
pends on the soil, vegetation, and climatic conditions, and knowledge of 
these is needed to determine whether conservation measures can miti
gate soil deterioration and recover the ecosystem functions (Dodds et al., 
2008; Baer et al., 2012). 

As an important component of the nutrient cycle and the food chain, 
soil microbial biomass (SMB) has a key function in maintaining critical 
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soil processes like organic matter decomposition (Coleman et al., 2003). 
Land-use shifts can significantly influence community composition and 
the mass of soil microorganisms by changing the biotic and abiotic 
conditions (Zhang et al., 2020). For example, the significantly different 
litter composition and litter quantity resulting from a shift in the 
land-use patterns directly alter the species composition and the abun
dance of microorganisms that act as decomposers (Cheng, 1993). 
Moreover, a change in the physical and chemical conditions of the soil 
due to a shift in the land-use pattern also has a profound impact on the 
composition, function, and biomass of soil microorganisms (Graham 
et al., 2021). Agriculture removes a portion of soil organic matter, which 
intensifies carbon or nitrogen limitation on soil microbes, and the 
nutrient contents of microbial biomass show a significant decrease due 
to nutrient stress (Yan et al., 2003; Wang et al., 2009; Sun et al., 2020). 
Conversely, abandonment of cropland generally increases soil microbial 
biomass due to an increase in the availability of the substrate and an 
improvement in the physical and chemical environment, such as soil 
porosity, soil pH, etc. (Hartman and Richardson, 2013; Rosenzweig 
et al., 2016; Zhang et al., 2020). 

Previous studies reported the negative effect of agriculture on soil 
and microbial biomass as well as the restoration effect of agricultural 
abandonment. However, up to date, there are a few studies about the 
influence of agriculture and agricultural abandonment on soil microbial 
quotient (SMQ), which represents the fraction of microbial biomass to 
soil organic carbon and indicates how efficiently soil organic matter is 
being used by microbes (Pankhurst et al., 2002; Xu et al., 2013; Liu et al., 
2018). The microbial quotient can be regarded as an integrative measure 
of substrate quality and quantity, soil biodiversity, and edaphic prop
erties that expresses soil microbe stress adaptation and biomass pro
duction (Manzoni et al., 2012; Lee and Schmidt, 2014; Sinsabaugh et al., 
2016; Malik et al., 2018). Therefore, microbial quotient can be used as 
an early alert warning for microbial status during ecosystem succession 
caused by human disturbance or environmental stresses (Wardle and 
Ghani, 1995; Zhou et al., 2017; Bastida et al., 2008), including in
dicators for land deterioration and recovery during land use changes 
(Hart, 1989; Spading, 1992). Microbial quotient is influenced by biotic 
(e.g., plant root and microbial community) and abiotic (e.g., O2, soil clay 
content, pH, and nutrient) factors (Baer et al., 2002; Fierer and Jackson, 
2006; Matamala et al., 2008; Rosenzweig et al., 2016). Changes in soil 
aggregates and plant root distribution, for example, may influence soil 
physicochemical properties (e.g., substrates and pH) along with soil 
vertical profiles (Paul et al., 2008; Pietri and Brookes, 2008). Besides, 
changes in soil microbe preferential flows caused by land use changes 
also have an impact on SMQ (Jackson et al., 1996; Fterich et al., 2011; 
Malik et al., 2018; Gross and Harrison, 2019). Biotic and abiotic factors 
interact and thus strongly affect microbial quotient during land con
version from grassland to cropland or or vice versa. Exploring change in 
microbial quotient is critical for understanding the impact of land use 
changes on carbon and nutrient cycling (Powlson et al., 1987; Martiny 
et al., 2006). 

We chose a representative meadow steppe in northeast China as our 
study area to investigate the quantitative effect of land use change on 
soil microbial biomass and quotient. We predicted that the changes of 
soil microbial biomass nutrients would be similar to those of soil because 
substrates (in particular, the soil C and N contents) usually restrict the 
growth and activity of microorganisms in numerous ecosystems 
(Marschner et al., 2003; Teklay et al., 2006; Yoshitake et al., 2007). We 
also predicted that the change in the nutrients of soil microbial biomass 
after shifts in the land-use pattern would be even more intense than that 
of the soil and thus result in the difference in microbial quotient in 
different land use pattern. Due to soil microorganisms, as the driven 
factor of nutrients turnover, are more sensitive to environmental con
ditions (Powlson et al., 1987; Zhao et al., 2017; Soleimani et al., 2019). 

2. Methods 

2.1. Description of the study sites 

The study was conducted in Sertala Farm (N34◦49′-N34◦51′, 
E108◦10′− 108◦12′), Inner Mongolia, China. This area has a semi-humid 
and temperate climate. The average annual temperature and average 
annual frost-free days were − 0.53 ◦C (1980–2018) and 110, respec
tively. The major soil type in the study area is silt loam soil, which 
contains about 59% silt, 28% sand, and 13% clay. The warm season 
ranges from June to August, with an average daily temperature of 
18.98 ◦C. Additionally, the annual precipitation is mainly from July to 
September (80%); the average annual precipitation from 1980 to 2018 
was 352.9 mm. Temperate meadow steppe is the dominant vegetation 
type, mainly including Leymus chinensis, Filifolium sibiricum, and Stipa 
baicalensis. The history of agricultural management in this region dates 
back to the 1950 s. The croplands in our study have been converted from 
grasslands since the various time (1960–1989), and then a portion of the 
grassland-converted cropland was abandoned after 2000 for ecological 
recovery under the Chinese government’s “Grain for Green” project. 

In August 2019, for this study, four sites were selected simulta
neously with three land-use patterns, based on land-use history, i.e., 
native grassland, cropland converted from grassland, and cropland- 
derived abandoned lands, at random. Table 1 contains additional in
formation about each site’s background data (also see Wang et al., 
2021). All four sites were more than 5 km apart. 

2.2. Soil sampling and analysis 

In every selected site and for every land-use pattern, we demarcated 
three blocks (30 m × 30 m) at random, with a mutual distance of over 
100 m. There were 12 replicated blocks for every land-use pattern (4 
sites × 3 replicates). We collected soil samples at five levels of soil depth 
(0–10, 10–20, 20–30, 30–40, 40–50 cm) from each block at three 
random positions using a 6-cm stainless steel corer, then mixed the 
samples by separate soil depth to form a composite sample for each soil 
layer for each block. We used soil samples from three blocks as replicates 
to determine the soil characteristic indicators in each land-use pattern 
for each selected site. Furthermore, regardless of site differences, we 
considered all soil samples for each land-use pattern as replicates in 
order to determine the soil characteristic indicators in each land-use 
pattern. Every soil sample was separated into two parts, one part was 
subjected to air-drying under ambient temperature and filtration using 
the 2-mm-mesh sieve to measure soil pH, SOC, and nutrients. In 
contrast, the other part was taken to the laboratory and stored in the 
refrigerator at − 18 ◦C to determine microbial nutrients and C levels. 

The dichromate oxidation method was used to measure soil organic 
carbon (SOC) level. The semi-micro Kjeldahl method was used to mea
sure total nitrogen (TN) level, and molybdenum antimony resistance- 
colorimetry was used to determine the total phosphorus (TP) level 
(Bao, 2000). The pH of the soil-water suspension (deionized 
water-to-air-dried samples in the ratio of 2.5:1) was determined by a pH 
meter (Bao, 2000). The MBC, MBN, and MBP contents were determined 
by the chloroform fumigation-extraction method (Brookes et al., 1984, 
1985; Vance et al., 1987). 

2.3. Statistical analyses 

We used data from each land-use type (averaged from the blocks 
data) of four selected sites to calculate the change ratios of the contents 
of microbial biomass nutrients due to land-use change at each site, then 
averaged the change ratios of the four sites to obtain the change ratio 
when site differences were ignored (Wang et al., 2021). The change 
ratios of the contents of microbial biomass nutrients are presented 
below: 
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RGC =
(Xgrassland − Xcropland)

Xgrassland
× 100%  

RCA =
(Xabandoned land − Xcropland)

Xcropland
× 100% 

RGC and RCA indicate the cropland-to-grassland and cropland-to- 
abandoned land content change ratio (%), respectively. Xgrassland, 
Xcropland, and Xabandoned land indicate the levels of soil carbon nutrients in 
grassland, cropland, and abandoned land, respectively. The soil micro
bial quotients were calculated as follows: 

SMQX = SMBX/SX  

where SMQ stands for soil microbial quotient, SMB stands for soil mi
crobial biomass nutrients, and S stands for soil nutrients. X is an 
abbreviation for organic carbon, total nitrogen, or total phosphorous. 

The SPSS software (V. 17.0) was used for statistical analysis, and 
α = 0.05 was set as the significance level. Differences in soil parameters 
across the three land-use patterns as well as five levels of soil depth were 
tested by constructing general linear models and performing univariate 
analysis. The land-use pattern or soil depth was considered as a fixed 
factor, while the different sites were considered random factors. Thus, 
an exponential growth equation was chosen to fit the relationship be
tween MBC and SOC, MBN and STN, and MBP and STP for the three 
land-use types. 

3. Results 

3.1. Soil pH 

Soil depth variation showed no consistent trend across land-use types 
in soil pH. In grassland and abandoned land, the pH of the soil increased 
significantly with depth (p 0.05) but not in cropland (p > 0.05). 

(Supplementary material, Fig. S1). There were significant differences in 
soil pH between land-use types (Fig. 1). Cropland had significantly 
higher (p < 0.05) soil pH than abandoned land and grassland in the 
0–10 cm soil layer, but soil pH did not differ significantly between the 
three land-use patterns in the 10–20, 20–30, 30–40, and 40–50 cm soil 
layers. 

3.2. Soil microbial biomass C, N, and P contents 

Soil depth and land-use type both had a significant impact on soil 
microbial biomass C, N, and P. For the three land-use patterns, MBC and 
nutrient levels decreased significantly (p < 0.05) as soil depth increased 
(Supplementary material, Fig. S1). The soil MBC (at top 40 cm soil 
layers), MBN (at top 30 cm soil layers), and MBP (at top 20 cm soil 
layers) levels were the highest (p < 0.05) in grassland among the three 
land-use types. A significantly lower (p < 0.05) mean value of MBC in 
cropland compared to that in abandoned land only appeared in the 
0–10 cm soil layer. Differences in both soil MBN and MBP at whole soil 
layers were not significant (p > 0.05) between abandoned land and 
cropland (Fig. 1). 

3.3. 3.3 Soil microbial quotient 

The increase in the soil microbial C, N, and P levels was related to the 
exponentially increased SOC, STN, and STP levels, independently, with 
the most pronounced rate of increase observed in grassland among the 
three land-use patterns (Fig. 2). 

The soil microbial quotient (SMQ), including SMQC (SMBC: SOC), 
SMQN (SMBN: STN), and SMQP (SMBP: STP), showed a significant 
decrease (p < 0.05) with an increase in the soil depth across the three 
land-use patterns, except the soil SMQC in cropland (Supplementary 
material, Fig. S2). Grassland had the highest SMQC for all the soil layers 
and the highest SMQN and SMQP in the top 30 cm layer of soil among 

Table 1 
The background characteristics of different land-use types at the four sampling sites (see Wang et al., 2021).  

Sites Grasslanda Cropland Abandoned land 

Dominant speciesb agriculture 
duration (years) 

Crop type Management Dominant 
speciesb 

Land use historyc 

Site 1 
(49◦28′44′N, 
120◦21′38′E) 

Potentilla tanacetifolia, 
Leymus chinensis, 
Carex pediformis, 
Koeleria cristata  

59 Triticum 
aestivum 

Triticum aestivum－Brassica 
napus rotation 

Leymus 
chinensis, 
Artemisia 
commutata 

Abandoned for 13 years (Fenced) 
following a 
46-year agriculture Irrigation 

Fertilizationd 

Site 2 
(49◦27′47′N, 
120◦19′01′E) 

Leymus chinensis, 
Festuca ovina, 
Artemisia tanacetifolia, 
Koeleria cristata, 
Iris ventricosa  

49 Brassica 
napus 

Triticum aestivum－Brassica 
napus rotation 

Artemisia 
argyi, 
Cirsium 
esculentum, 
Artemisia 
commutata, 
Vicia amoena 

Abandoned for 5 years 
(Fenced) following a 
44-year agriculture Irrigation 

Fertilizationd 

Site 3 
(49◦22′24′N, 
119◦54′40′E) 

Leymus chinensis, Artemisia 
tanacetifolia, Carex pediformis  

30 Beta vulgaris Triticum aestivum－Brassica 
napus rotation 

Leymus 
chinensis, 
Carex 
pediformis 

Abandoned for 19 years (Mowed once 
a year) following an 11-year 
agriculture Irrigation 

Fertilizatione 

Site 4 
(49◦19′26′N, 
120◦03′01′E) 

Carex duriuscula, Koeleria 
cristata, 
Carex pediformis, 
Filifolium sibiricum, 
Artemisia tanacetifolia  

34 Medicago Triticum aestivum－Brassica 
napus and Medicago rotation 

Leymus 
chinensis, 
Potentilla 
bifurca, 
Carex 
pediformis 

Abandoned for 17 years (Mowed once 
a year) following a 17-year 
agriculture Irrigation 

Fertilizationc  

a Grassland mowing was conducted once a year, and the mowed plant matter was used as hay feed; no grazing occurred in the whole year. 
b The list of plant species was obtained from a field survey. For every land-use pattern at every position, the biomass of the dominant species comprised over 50% of 

the overall biomass. 
c The management during agriculture was the same as that for the corresponding cropland at a given site. 
d Fertilizers, including 50 kg ha–1 year–1 diammonium phosphate and 25 kg ha–1 year–1 urea were applied before 1980; fertilizers, including 70 kg ha–1 year–1 

diammonium phosphate and 37 kg ha–1 year–1 urea were applied during 1981–2000; fertilizers, including 100 kg ha–1 year–1 diammonium phosphate and 50 kg ha–1 

year–1 urea were applied after 2001. 
e Fertilizers, including 75 kg ha–1 year–1 diammonium phosphate and 37 kg ha–1 year–1 urea were applied before 2000; fertilizers, including 100 kg ha–1 year–1 

diammonium phosphate and 50 kg ha–1 year–1 urea were applied after 2001. 
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the three land-use types (Fig. 3). The difference in the SMQ was not 
significant between abandoned land and cropland for all measured soil 
layers (p > 0.05). 

3.4. Stoichiometry of C, N, and P in soil and microbial biomass 

Differences in the MBC to MBN ratio were not significant across the 

Fig. 1. The mean ( ± SE) soil pH, MBC, MBN, and MBP at different soil depths for different land-use patterns. Different letters indicate significant differences across 
the land-use patterns for the specific soil depth (p < 0.05). 

Fig. 2. The relationship between (a) MBC and SOC, (b) MBN and STN, and (c) MBP and STP for the three land-use types (n = 180) (p < 0.0001). G, grassland; A, 
abandoned land; C, cropland. 

Fig. 3. The MBC to SOC (SMQC), MBN to STN (SMQN), and MBP to STP (SMQP) ratios (mean ± SE) at different soil depths for various land-use patterns. Different 
letters indicate significant differences across the land-use patterns for a specific soil depth (p < 0.05). 
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three land-use patterns in the top 20 cm of the soil layer. At the same 
time, cropland had a significantly lower (p < 0.05) MBC to MBN ratio 
compared to that in grassland for the 20–30, 30–40, and 40–50 cm soil 
layers, and there was no difference in the MBC to MBN ratio between 
abandoned land (p > 0.05) and cropland, except for that in the 
30–40 cm soil layer. Differences in the MBC to MBP ratio were not sig
nificant across the three land-use patterns in each soil layer, the 
30–40 cm soil layer being the only exception, where grassland had the 
highest mean value (p < 0.05). Differences in the MBN to MBP ratio 
were not significant across the three land-use patterns in each soil layer, 
the 20–30 cm soil layer being the only exception, where cropland 
showed the highest mean value (p < 0.05) (Fig. 4). 

The MBC to MBN ratio in cropland did not change (p > 0.05) with an 
increase in soil depth. Still, the ratio in grassland increased significantly 
(p < 0.05) with an increase in the soil depth, and the ratio in abandoned 
land at a soil depth of 30–40 cm was significantly greater than that at the 
0–10 cm depth. Additionally, the MBC to MBP ratios increased signifi
cantly (p < 0.05) across the three land-use patterns as the soil depth 
increased. The MBN to MBP ratio in cropland showed a significantly 
increasing (p < 0.05) trend with soil depth, while the ratio in grassland 
and abandoned land did not change significantly (p > 0.05) with soil 
depth (Fig. S4). 

3.5. Change ratio of C, N, and P in soil and microbial biomass 

The average grassland-to-cropland (RGC) change ratios in soil mi
crobial C, N, and P decreased significantly (p < 0.05) as soil depth 
increased and were positive except for the RGC of N at 40–50 cm soil 
layer (Supplementary material, Table S1). Microbial biomass had 
significantly higher RGC-C (RGC of C level) and RGC-P (RGC of P level) 
(p < 0.05) compared to those at a depth of 0–40 cm of soil, while the 
difference in the RGC of N was not significant (p > 0.05) between mi
crobial biomass and soil (Fig. 5a). Additionally, the average RCA-N (RCA 
of N level) and RCA-P (RCA of P level) in SMB were significantly higher 
(p < 0.05) than that at a soil depth of 10–20 cm, while the RCA of N was 
significantly lower (p < 0.05) than that at a soil depth of 20–30 cm. The 
difference in the RCA of C was not significant (p > 0.05) in the soil 
compared to that in the microbial biomass (Fig. 5b). 

The grassland-to-cropland (RGC) change ratios of MBC, MBN, and 
MBP showed varying degrees of fluctuation with time since agriculture, 
and the RGC of MBC and MBP were generally positive values. The RGC of 
MBN appeared to be a single valley trend and had the lowest value in all 
the soil layers at the site, which was cultivated for 49 years, except at the 

30–40 cm depth (Fig. 6a). On the contrary, the cropland-to-abandoned 
land (RCA) change ratios of MBC, MBN, and MBP in the different soil 
layers fluctuated inconsistently with time since abandonment. However, 
most of them had positive mean values (Fig. 6b). 

4. Discussion 

4.1. The relationship between soil pH and land-use shift 

Soil pH increased significantly after grassland agriculture (Fig. 1), 
mainly attributed to a decrease in the organic matter in cropland 
compared to grassland, which further reduced the release of organic acid 
produced by the decomposition of soil organic matter (Zhang et al., 
2012; Deng et al., 2016). In contrast, agricultural abandonment had the 
opposite effect on soil pH due to increased soil organic matter (Wang 
et al., 2021). In our study, soil pH was negatively correlated with soil 
organic matter, which supported the above explanation (Fig. S3). 
However, the variation in soil pH with soil depth in grassland dis
appeared after agriculture, probably due to the mixing of soil from 
different depths through stirring and plowing (Six et al., 1998). 

4.2. The relationship of soil microbial C, N, and P with land-use shift 

Based on our results, prolonged agriculture dramatically decreased 
SMC, SMN, and SMP levels in the surface soil layers compared to the 
levels in grassland (Fig. 1). This could be the result of each land-use 
type’s integrative response to human management practices. The 
composition of vegetation and the amount of organic matter vary by 
land-use type change, influencing soil microbial biomass (Lepcha and 
Devi, 2020). On a global scale, Xu et al. (2013) discovered that soil 
microbial C, N, and P were significantly lower in cropland than in 
grassland. These reductions were mainly due to the lower availability of 
organic matter in cropland than in grassland (Lepcha and Devi, 2020; 
Wang et al., 2021). This is because soil organic matter, as a substrate, 
directly influences soil microbial biomass (Chen et al., 2006). This was 
shown by the significantly positive correlation of soil microbial biomass 
nutrients and soil nutrients in our study (Fig. 2), as well as shown in 
other studies (Chen et al., 2017; Padalia et al., 2018). The change ratio of 
microbial biomass in the various soil layers from grassland to cropland 
was relatively stable (e.g., SMBC) or showed a certain degree of fluc
tuation (e.g., SMBN, SMBP) with time (30–59 years) since land-use shift 
(Fig. 6a). This indicated that the effect of agriculture for 30 years (the 
shortest duration of agriculture in this study) on soil microbial biomass 

Fig. 4. The MBC to MBN ratio, MBC to MBP ratio, and MBN to MBP ratio (mean ± SE) at different soil depths for the three land-use patterns. Different letters 
indicate significant differences across the land-use patterns for a specific soil depth (p < 0.05). 
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had reached a relatively stable state. 
Our study indicated that the C and nutrients in microbial biomass 

generally had greater change ratios than that in the soil during 
grassland-cropland conversion (Fig. 5a). These results implied that mi
crobial biomass is more sensitive to environmental changes than soil 
organic matter (Follett and Schimel, 1989; Shao et al., 2019); therefore, 
agriculture might damage the microbial community and reduce micro
bial biomass in the process of consumption of soil organic matter 
(Graham et al., 2021). In addition, it is worth noting that we found a 
diametrically opposite change in P content in soil microbial biomass and 
in the soil during grassland-cropland conversion (Fig. 5a). Specifically, 
the soil P increased significantly due to long-term agriculture. This in
crease was mainly due to fertilizer inputs in cropland; moreover, phos
phorus is easier to be preserved in soil because soil particles have a 
higher adsorption potential for P, and there are lesser ways to lose P than 
lose N (Newman, 1997; McLauchlan, 2006; Wang et al., 2021). How
ever, contrary to the STP, the soil MBP showed a significant decrease 
when grassland was converted to cropland (Fig. 1), which indicated that 
P was not a limiting element for microbial growth in the study area. 
Thus, the increase in the P element in the environment did not result in 
an increase in microbial biomass P. This was also supported by our 
observations of a relatively stable C, N, and P stoichiometry of microbial 
biomass across the three land-use patterns in most soil layers examined 
in this study (Fig. 4). 

Contrary to agriculture, agricultural abandonment elevated the 
levels of SMB in this study (Fig. 1); there was a 50.9%, 37.1%, and 17.1% 
increase in SMBC, SMBN, and SMBP, respectively, in the surface soil 
(0–10 cm) in the abandoned land compared to that in the cropland 
(Fig. 5b). This increase could be due to more suitable conditions, e.g., 
greater substrate availability for soil organic matter, plant litter, and 

lower compaction of the abandoned soil, relative to that in cropland 
(Rosenzweig et al., 2016). The change ratio of microbial C and nutrients 
for the entire soil profile from cropland to abandoned land did not show 
an expected increase with time since abandonment except for the 
10–20 cm soil layer. Still, they showed an inconsistent fluctuation 
(Fig. 6b). There could be two plausible but not exclusive explanations for 
this result. First, the restoration of soil microbial biomass is a relatively 
slow process, where the number of years of abandonment (5–19 years) 
was not sufficient to yield a noticeable difference (Wang et al., 2011). 
Second, the difference in planting history and management after aban
donment, for example, mowing once a year, might have slowed down 
the SOC and microbial biomass accumulation in the two treatments with 
longer abandonment years (17 and 19 years) (Table. S1). 

4.3. Relationship between the soil microbial quotient and land-use shift 

Soil microorganisms play a critical role in mediating soil organic 
matter by regulating the formation and decomposition of soil organic 
matter (Sun et al., 2020). The soil microbial quotient, i.e., the proportion 
of soil elements in the SMB, is extensively used to reflect soil quality and 
could be a latent regulator of the dynamics of soil organic carbon and 
nutrients (Carter et al., 1991; Sparling, 1992; Joergensen, 1999;). Our 
results showed that agriculture significantly reduced soil microbial 
quotient compared to the microbial quotient in the natural grassland 
(Fig. 3). The exponential increase in SMB was associated with increased 
soil nutrients, and grassland had the highest rate of increase among the 
three land-use types (Fig. 2). This implied that the soil microbial biomass 
was lower for the same soil C and nutrients levels in cropland compared 
to grassland. 

Many previous studies have found disproportionate levels of 

Fig. 5. The mean ( ± SE) change ratios of C, N, 
and P levels in soil microbial biomass at 
different soil depths due to the alteration of 
land use. (a) RGC indicates grassland-to- 
cropland change ratio, and (b) RCA indicates 
cropland-to-abandoned land change ratio; As
terisks on the side of each pair of points indicate 
significant differences between soil microbial 
biomass and soil for change ratios of C, N, and 
P. One asterisk indicates significant at p < 0.05, 
double asterisks indicate significant at 
p < 0.01.   
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nutrients and C content in soil and the SMB (Franchini et al., 2007; Zhou 
et al., 2017; Yan et al., 2003; Raiesi, 2012). It is most likely because the 
living conditions (e.g., soil porosity, soil pH, root vertical distribution) 
as microbial growth control factors are more favorable in grassland than 
in cropland. First, soil compaction, associated with inappropriate tillage 
affects the physical properties of the soil due to a decrease in porosity 
and an anoxic environment, which suppresses microbial activities and 
biochemical processes and reduces microbial biomass (Li et al., 2002; 
Jiao et al., 2018). Second, alkalization after agriculture might result in 
the microbial community shifting toward copiotrophic life strategies to 
alleviate alkalinity-related stress. The microbial carbon use efficiency 
generally decreases and leads to wasteful metabolism, causing microbial 
biomass to decrease. Therefore, a lower proportion of substrate allo
cated to biosynthesis in cropland causes a decrease in the soil microbial 
quotient (Malik et al., 2018). Additionally, the negative effects of these 
changes in soil conditions on plant growth also suppress microbial 
growth by weakening the mutually beneficial relationship between 
plants and soil microorganisms. For example, a decrease in the supply of 
root exudates directly reduces the availability of C, which is used for 
microbial growth (Li et al., 2002; Zak et al., 2000). 

The soil microbial quotient decreased significantly with soil depth, 
except for the SMQC in cropland (Fig. S2). There could be several ex
planations for this. First, the decrease in the microbial quotient could be 
associated with a decrease in the distribution of roots with soil depth 
(Jackson et al., 1996; Xu et al., 2013). It is because the reduced roots 
directly caused a decrease in root exudates and rhizosphere conduits, 
limiting the energy source and oxygen supply required for microbial 
growth (Helal and Sauerbeck, 1986; Chapin et al., 2002). Additionally, 
other changes in soil conditions, such as compaction and alkalization 
with changes in soil depth, could also contribute to the decrease in soil 
microbial quotient (Li et al., 2002; Malik et al., 2018). 

4.4. Relationship of the stoichiometry of C, N, and P in soil microbial 
biomass with land-use shift 

Except for the deeper soil layer, the C, N, and P stoichiometry of the 
SMB was relatively stable across the three land-use types (Fig. 4). This 
result support to the idea of regional stoichiometric homeostasis of the 
soil microbial community (Hartman and Richardson, 2013; Moos
hammer et al., 2014a, 2014b). This homeostasis can be explained by 
nutrient co-limitation (e.g., soil phosphorus availability) to all microbial 
species in mixed communities, which is caused by niche partitioning, 
resulting in the coexistence of microorganisms with different nutrient 
use strategies (Hartman and Richardson, 2013). When distinguishing 
microbial species, element ratios vary greatly among different micro
organisms (e.g., fungi versus bacteria) (Mouginot et al., 2014). There
fore, differences in the responses of the deeper soil layers could be 
attributed to relatively simpler communities that were not stable enough 
to withstand environmental disturbances and were more sensitive when 
confronted with land-use changes (Jiao et al., 2021). 

Additionally, according to our results, there was, generally, an 
increasing trend in the MBC to MBN and the MBC to MBP ratios as the 
soil depth increased across the three land-use patterns, the MBC to MBN 
ratio of cropland being the only exception (Fig. 5). This increase could 
be ascribed to environmental stress, such as drier soils and higher de
grees of compaction in the deeper soil layers. Environmental stress 
might cause a shift in the life strategies of soil microorganisms from fast- 
growing copiotrophs (R-strategists) to slow-growing oligotrophs (K- 
strategists). Since the K-strategists have slower growth and demand 
lesser nutrients (N, P), the microorganisms can invest greater nutrients 
to produce extracellular enzymes to acquire elemental nutrients. This 
accounts for higher microbial C to P and C to N ratios compared to those 
in the surface microorganisms (Fierer et al., 2007; Liu et al., 2020). 

Fig. 6. The associations of the change ratios of the MBC, MBN, and MBP levels with the duration of land-use alteration. (a) RGC indicates the grassland-to-cropland 
change ratio, and (b) RCA indicates the cropland-to-abandoned land change ratio. 
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5. Conclusions 

Given the importance of soil microorganisms in regulating both soil 
organic matter decomposition and formation, understanding the 
response of soil microbial biomass and microbial quotient to land-use 
changes can help us better understand soil carbon and nutrient dy
namics in terrestrial ecosystems. Our research yielded three major 
findings. 1) Agriculture dramatically decreased the SMC, SMN, and SMP 
contents. The present abandonment (5–19 years) showed an increase 
(17.1%− 50.9%) in the levels of MBC, MBN, and MBP at the soil surface 
compared to the levels in cropland. Still, considerably lower levels of 
MBC, MBN, and MBP were observed in the abandoned land than that in 
the native grassland. 2) Overall, our results supported the notion of a 
large degree of stoichiometric homeostasis of soil microbial commu
nities. However, the homeostasis was affected by environmental stress, 
such as drier soils and greater degrees of compaction in deeper soil 
layers. 3) Agriculture significantly reduced the soil microbial quotient, 
the decrease ratio of C and nutrients in the microbial biomass was 
significantly greater than in the soil during grassland-cropland conver
sion. However, the microbial quotient did not significantly increase after 
cropland abandonment, indicating that the restoration effect of cropland 
abandonment on soil microbial biomass is a slow process, similar to soil 
nutrient restoration. These findings highlighted the significant negative 
impact of the grassland-cropland conversion on soil microbial biomass 
and quotient. As a result, more appropriate management practices, such 
as increasing organic matter return, should be implemented to promote 
the reversal of the negative effect on soil quality caused by agricultural 
activities. 
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