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As global warming progresses, concerns also arise regarding the decline in agricultural
productivity and soil degradation. On the other hand, the demand for food is increasing
as the population grows, and the maintenance and enhancement of soil productivity to
support this demand are becoming important global issues.

Soil carbon (C), in particular, plays a crucial role not only in maintaining soil fertility
but also as a global C sink. Soil C is a complex product resulting from various biological,
physical, and chemical processes, and it is a fragile entity that is vulnerable to inappropriate
human activity and global climate change. Soil microbes with efficient C use help reduce
C losses and increase C storage. In this context, it is essential to understand the dynamic
nature of soil C and microbial processes in agricultural ecosystems.

To facilitate a deeper understanding of the dynamics of soil C and the microbial
processes that affect it, this Special Issue focuses on various aspects of C cycling and its
related microbial processes in agricultural ecosystems—from the molecular level to regional
or global scales. Topics of interest in this Special Issue include the spatiotemporal dynamics
of soil C, C balance, characteristics of soil organic C, C dynamics in plant–soil systems, and
various approaches to managing soil C maintenance and C sequestration.

Andosol, derived from volcanic ash, is one of the soils with the highest C content
in the world. Elucidating the factors that contribute to this C accumulation in soils will
provide the basis for the development of soil C sequestration technologies. Howlett et al. [1]
investigated the characteristics of soil C accumulation in Japanese Miscanthus grasslands
in terms of microtopography and estimated the accumulation rate of C based on δ13C and
14C dating. They found that the C accumulation in C4 grassland was lower than previously
thought. On the other hand, Komal et al. [2] investigated the soil C accumulation potential
of agroforestry in the eastern region of Pakistan, which is exposed to the major impacts
of climate change due to global warming. They found that C storage potential differed
among tree species and observed that woody vegetation C stock was comparable to soil C
stock. These results highlight the significance of tree-planting agendas on cultivated lands
in terms of climate-smart agriculture in Pakistan.

Agricultural activities, especially fertilization, have a significant impact on the balance
of elements in the soil, which in turn affects soil C cycling and accumulation. Liu et al. [3]
used a geographic information system to determine spatiotemporal changes in C, N, and
P in agricultural land around Taihu Lake in China. Due to years of fertilization, N and
P accumulated in areas with high agricultural activity. The results suggested that the
imbalanced C:N:P stoichiometry, characteristics of agricultural soil, may lead to decoupled
C, N, and P biogeochemical cycles, thereby having an adverse impact on soil C sequestration.
Matsuoka-Uno et al. [4] showed that the mineralization of organic matter in humus-rich
Andosol is greatly enhanced by liming and phosphorus fertilization, shedding light on the
importance of fertilizer management for C accumulation in agricultural land, similar to the
study by Liu et al. [3].

Agriculture 2023, 13, 1785. https://doi.org/10.3390/agriculture13091785 https://www.mdpi.com/journal/agriculture
1



Agriculture 2023, 13, 1785

Various soil amendments have been developed and used to promote soil C accu-
mulation and proper C cycling. Biofertilizers containing Trichoderma, known as plant
growth-promoting fungi (PGPF), are widely used to maintain crop growth and health.
Zhu et al. [5] studied the effect of Trichoderma-containing biofertilizer on the mineralization
characteristics of soil aggregates. They found that this material not only improves the
soil microenvironment but also maintains soil organic matter by retarding mineralization
in fine fractions of soil aggregates. Novotny et al. [6] investigated the effect of biochar
addition in vermicompost preparation and found that the simultaneous addition of biochar
and superphosphate enhanced the humification of compost and resulted in compost of
good quality. In the C cycle in agroecosystems, we cannot forget about methane, which
is produced by the anaerobic decomposition of C. Wang et al. [7] examined changes in
methane emissions from agricultural land in China from 2000 to 2019 based on land-use
maps and other data. They found that emissions have not changed significantly since 2006,
and the primary source of methane emissions is paddy fields.

Soil management in agricultural lands has a significant impact not only on sustainable
crop production but also on C accumulation in the soil by influencing the soil C cycle. The
relationship between soil management, soil microorganisms, and soil organic matter has
been studied from various angles. Wei et al. [8] focused on the effects of cover crops in
mango orchards and how they affect the soil microflora.

Liu et al. [9] focused on an autotrophic microbe that is usually overlooked in research.
Their studies indicate that the bacterial community structure, composition, and CO2-fixing
capability are highly regulated by soil management practices and that minimal disturbance
to the soil’s microenvironment, coupled with the retention of crop residues in the soil,
will improve bacteria-involved biological activities and increase nutrient cycling and soil
productivity.

Li et al. [10] compared Integrated Soil-crop System Management (ISSM) based on crop
models and nutrient management with conventional farming methods. They found that
ISSM not only increased yields but also made soil organic C more persistent and complex
within microbial networks.

Conflicts of Interest: The authors declare no conflict of interest.
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Temporal and Spatial Variations in Soil Elemental
Stoichiometry Coupled with Alterations in Agricultural Land
Use Types in the Taihu Lake Basin

Chonggang Liu 1,2,3,†, Jiangye Li 4,5,6,†, Wei Sun 1,2, Yan Gao 4,5,6,*, Zhuyun Yu 7, Yue Dong 8

and Pingxing Li 1,2,*
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Abstract: Soil elemental stoichiometry, expressed as the ratios of carbon (C), nitrogen (N), and phos-
phorus (P), regulates the biogeochemical processes of elements in terrestrial ecosystems. Generally,
the soil C:N:P stoichiometry characteristics of agricultural ecosystems may be different from those
of natural ecosystems, with distinct temporal and spatial variations along with the alterations of
agricultural land use types (LUTs). The balance of soil C, N, and P reflected by their stoichiometry
is primarily important to microbial activity and sustainable agricultural development. However,
information on soil stoichiometric changes after long-term alterations in land use is still lacking.
We characterized the temporal and spatial changes in soil elemental stoichiometry coupled with
alterations in agricultural LUTs in the Taihu Lake basin. By using the ArcGIS method and meta-data
analysis, our results showed that the C:N, C:P, and N:P ratios of agricultural soil in the Taihu Lake
basin were much lower than the well-constrained values based on samples from forest, shrubland,
and grassland at a global scale. Generally, these elemental ratios in soils increased from the 1980s
to the 2000s, after experiencing changes from agricultural to other land use. The soil C:N:P stoi-
chiometry may have maintained the increasing trend according to the meta-data analysis from the
341 peer-reviewed publications since 2010. Nevertheless, different regions showed inconsistent
change patterns, with the Tianmu Mountain area surrounding the downstream of the Taihu Lake
basin experiencing a reduction in those ratios. The changes in LUTs and their corresponding manage-
ment practices were the major drivers shaping the spatial and temporal distributions of soil C:N, C:P,
and N:P. Paddy soil generally achieved higher C sequestration potential due to more straw input
and a more rapid transfer of straw C into soil C in the upstream of the Taihu Lake basin than other
land use types. These results provide valuable information for the agricultural system of intensive
cultivation on how their soil elemental stoichiometry characteristics vary temporally and spatially
due to the alteration of agricultural land use types.

Keywords: temporal-spatial distributions; C:N:P stoichiometry characteristics; land use type changes;
sustainable agricultural development; C sequestration
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1. Introduction

Life in terrestrial ecosystems is supported by many macroelements, such as carbon (C),
nitrogen (N), and phosphorus (P). Their concentrations, especially their stoichiometry, not
only regulate the biodiversity and growth of plants and microorganisms but also determine
soil organic matter (SOM) decomposition-accumulation dynamics and C stocks, which
commonly support soil health [1–3]. These provide essential ecosystem functions and
services, such as the promotion of sustainable food production, maintenance of soil fertility,
regulation of greenhouse gas emissions, and regulation of water quality in watersheds [4].
Therefore, the soil elemental stoichiometry (e.g., C:N:P), which considers the balance of
energy (C) and nutrient elements (N, P), has attracted increasing attention.

Soil total organic carbon (TOC) dynamics are regulated by elemental stoichiometry [5,6].
As the dominant constituent of SOM, TOC represents one of the most commonly de-
termined soil attributes. The TOC/TN (total N) ratio (C:N) provides valuable informa-
tion concerning the status of decomposition and potential nutrient availability in organic
matter [7,8]. TN/TP (Total P) and TOC/TP have also been widely recognized and studied
because N and P are the main growth-limiting nutrients for plants and microorganisms
in soil [9]. The stoichiometry between C, N, and P (C:N, C:P, N:P) might regulate SOM
dynamics and soil microbial carbon use efficiency (CUE) [10–13]. Currently, most studies
mainly focus on the effect of different fertilization treatments on soil stoichiometry; the
effects of land cover and land use, however, have rarely been mentioned [14].

Alterations in land cover and land use, driven by anthropogenic activities, are a
global phenomenon that may affect the soil elemental stoichiometry [15,16]. Since the last
century, the growing demand for food has led to intensive agriculture in China due to the
surge in populations, and large numbers of forests or grasslands have been replaced by
agricultural land. Vegetation have been drastically modified as a result, and soils have been
exposed to radical changes, mainly in plant diversity, water balance, and C and nutrient
dynamics [17–20]. Moreover, agronomic practices involve many mechanical and chemical
disturbances that modify soil chemistry, physics, and its microbial communities [21–23]. It
is well documented that land-use changes for various agricultural purposes have resulted
in losses of 25~50% of soil organic carbon (SOC) in soil originating from forests [24,25],
shrublands [26], and grasslands [27]. Moreover, modern agriculture, with its imbalance in
the use of N and P fertilizer, may create an unprecedented human-induced imbalance of
C:N:P ratios in agricultural soil [28,29]. The combination of these factors could generate
dramatic stoichiometric shifts in soils due to land-use change (LUC). In addition, different
crops vary in the demand for fertilizer and management practices, which are bound to
induce the disparity of soil C:N:P stoichiometry and their C storage capacities between
different croplands [30,31]. However, the temporal and spatial changes in elemental
stoichiometry in agricultural soil and their relations with LUC remain unknown.

The Taihu Lake basin provides an excellent opportunity to study the temporal and
spatial changes in elemental stoichiometry in agricultural soil and their relations with LUT
changes due to its unique environmental and climatic characteristics and LUT changes
resulted from fast-growing socioeconomic conditions in China. The land surface in this
region undergoes annual disturbance and change through urbanization, logging of forestry
to grow trees of economic value, changing cropland to orchard or vegetable land, and
farming practices such as crop rotation and ploughing [32,33]. This region has been
regarded as one of the major grain-producing areas in China. Its warm weather and
sufficient water supply allow the growth of two crops a year, e.g., double-cropping of
rice or rice–wheat rotation. However, the agricultural land use types in this region are
experiencing unprecedented change due to the aim of higher profits. In 1985, the rice
and wheat planting area in this region was approximately 171.8 × 104 hm2 [34,35], while
the main crop planting area (115.5 × 104 hm2) was reduced by 32.8% in 2010 [36]. Much
SOC is at risk of being transferred to the atmosphere via deforestation, land clearing, and
other forms of land use type alteration driven largely by an increasing population [36,37].
Moreover, the unbalanced use of N and P fertilizers may aggravate the imbalance of

6
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soil C:N:P stoichiometry. As a result, this may lead to alterations in ecosystem function
and services.

In this study, our major objectives were (1) to characterize the temporal and spatial
changes in topsoil C, N, and P concentrations and their ratios, and (2) to further investigate
the correlations between the concentration of C, N, or P and the corresponding C:N or C:P
to reflect whether the ecological stoichiometry were still able to regulate the stocks of soil
C, N, or P, with alterations in land use types in the Taihu Lake basin from the 1980s to the
2010s. In the present study, one hypothesis was tested: the soil C:N, C:P, and N:P ratios
increased with time, especially in paddy fields. This research is critically important to learn
how land-use changes impact ecosystem services, and would provide practical significance
to proper land use for sustainable agricultural development.

2. Material and Methods

2.1. Study Area

The Taihu Lake basin (Figure 1A), located on the east coast of China (119◦3′1′′~121◦54′26′′ E,
30◦7′19′′~32◦14′56′′ N), is one of the most developed regions of China and it was where
the land use types experienced a dramatic change from 1980 to 2016 with the development
of the economy (Figure 1B). Taihu Lake (2238.1 hm2) is the largest lake in this region and
the third largest freshwater lake in China. The basin has a typical subtropical monsoon
climate, with an annual mean temperature of 15~17 ◦C and annual mean precipitation of
1010~4000 mm. The dominant soil types were yellow brown soil and paddy soil.

Figure 1. The site of the Taihu Lake basin (A) and land use type changes from 1980s to 2000s in Taihu
Lake basin (B).

7
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Generally, there was a net increase in woodland area for these two periods (11.42 hm2

from 1980 to 2000; 137.72 hm2 from 2000 to 2016), which was mainly converted from dry land
during 1980–2000 and from paddy fields, dry land, and grassland during 2000–2016 (Table S1).
However, there was a net decrease in grassland area for these two periods (3.8 hm2 from 1980
to 2000; 81.18 hm2 from 2000 to 2016), which was mainly converted to construction land during
1980–2000 which was then converted to woodland during 2000–2016.

2.2. Data Collection

We collected soil TN, TP, and SOC data for Taihu Lake basin in 1980 from the second
Chinese Soil Survey, and the data for the year 2000 from Soil Series Survey for Jiangsu and
Zhejiang Province. These two surveys used the same sampling sites. There was a total
of 1451 data for each parameter of TN, TP, and SOC in each survey. In this study, only
the surface (0 to 20 cm) soil data were used as it directly recorded the impact of land-use
changes in the time scale of decades. We collected the data after 2010 from peer-reviewed
papers published in both Chinese and English journals with regard to major ALUTs in Taihu
Lake region, e.g., one season rice, rice–wheat rotation, orchard, tea plantation. Studies in
Chinese were collected from the China National Knowledge Infrastructure (CNKI) database
and those in English from ISI-Web of Science. The key words used for searching were soil
organic matter, soil organic carbon, total nitrogen, total phosphorus, paddy field, wheat,
orchard (e.g., grape, peach, pear), tea plantation. Papers published were only included if
they met the following criteria: (1) studies had to report at least two variables including soil
organic matter/soil organic carbon, total nitrogen, total phosphorus in order to calculate
C:N, C:P, and N:P stoichiometry; (2) any studies lacking replication were not considered;
(3) only the experimental data obtained between 2015 and 2020 were considered to represent
more recent soil characteristics. A total of 341 peer-reviewed publications (204 observations
for paddy field, 62 observations for rice–wheat rotation, 46 observations for Orchard,
29 observations for tea plantation) were selected for our analysis.

Among them, a total of 108 samples were measured in laboratory in 2018. TOC,
TN, and TP contents were determined by a CHNS elemental analyser (Carlo Erba model
EA1108, Italy Vario). The total P (TP) content in the soil was measured using perchloric
acid digestion [38]. Additionally, the soil stoichiometry was calculated by the ratio of TOC
to TN (C:N), TOC to TP (C:P), and TN to TP (N:P).

2.3. Data Processing and Calculation
2.3.1. Mapping Method for Spatial Distribution and Variation of Soil C:N, C:P, and N:P
in 1980~2000

Based on the 1451 data that we obtained from China’s second soil survey (1980) and
the Soil Series Survey for Jiangsu and Zhejiang Province in 2000, the 1451 sampling points
were generated according to the latitude and longitude in ArcGIS 10.8. The mass ratio of
C:N, C:P, and N:P was calculated based on the concentrations of soil TOC, TP, and TN. The
changing rates for these parameters between 1980 and 2000 were calculated according to
their differences in 2000 and 1980. The Kriging method was used to interpolate and obtain
the spatial distribution of C:N, C:P, N:P, and their changing rates in the Taihu Lake basin,
respectively. The Kriging method weighed the area between multiple sampling points
to derive an estimate of the unmeasured position. This method is similar to the inverse
distance weighting method, which consists of a weighted sum of the data:

Ẑ(s0) =
N

∑
i=1

λiZ(si) (1)

where Z(si) represents the measured value at the position of the i-th sample point, λi
represents the unknown weight of the measured value at the position of the i-th sample
point, and the weight λi depends on the distance between the sample point, the predicted
position, and the predicted position A fitted model of the spatial relationship between the
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measured values of the sample points; s0 represents the predicted position; N represents
the measured value of the sampled point.

The “nature break” method was selected to cluster the spatial interpolation. These
classes were based on natural groupings inherent in the data. ArcMap 10.8 identified break
points by picking the class breaks that best grouped similar values and maximized the
differences between classes. The features were divided into classes whose boundaries were
set where there were relatively big jumps in the data values.

2.3.2. Computation Method of Proportion of Different Land Use Types in Each
Index Interval

The changes of C:N, C:P, and N:P between 1980 and 2000 were intersected with land-
use changes in 1980 and 2000, respectively. The intersected layers were recalculated while
different land use types and their areas in 1980 and 2000 were extracted according to the
divided intervals as described in Section 2.3.1. Through the comparison of the land use
data between the two periods, we could obtain the main land use type changes in different
C:N, C:P, and N:P changing intervals, and then analyze the correlations between them.
These classes were based on natural groupings inherent in the data. ArcMap identified
break points by picking the class breaks that best grouped similar values and maximized
the differences between classes. The features were divided into classes whose boundaries
were set where there were relatively big jumps in the data values.

2.3.3. Statistical Analysis

The ratios of soil C:N, C:P, and N:P in 1980 and 2000 in the Taihu Lake basin were also
shown in box plots conducted by Origin 9.1. The differences of C:N, C:P, and N:P between
1980 and 2000 were measured by paired-sample t-test in SPSS 20.0 with a 95% confidence
interval. Linear regression analysis was conducted after the Pearson product-moment
correlation analysis by two-tailed test in SPSS 20.0. Correlations between topsoil C:N, C:P,
or N:P and corresponding C, N, or P concentrations were conducted in Excel 2016 and the
statistical analysis was conducted using a t-test in SPSS 20.0.

3. Results

3.1. Temporal and Spacial Changes in Soil C:N:P Stoichiometry in the Taihu Lake Basin

In the 1980s (Figure 2A), the soil C:N in most areas of the Taihu Lake basin ranged
from 9 to 10 and 10 to eleven, accounting for 42.6% and 26.5% of the total area, respectively.
A total of 19.8% of the area showed a soil C:N ratio lower than 9, while only 11.1% of the
area showed a soil C:N ratio higher than 11. In the 2000s (Figure 2B), the area with soil C:N
ranging from 10 to 11 greatly increased when compared to the 1980s, with 42.4% of the area
showing soil C:N ranging from 10 to 11. Only 4.76% of the area presented a soil C:N ratio
lower than 9, while 15.61% of the area showed a C:N ratio higher than 11.

In the 1980s (Figure 2C), the soil with C:P lower than 28 accounted for 61.88% of the
total area (20.9% of the total area had C:P < 18; 27.3% of the total area had C:P ranging from
18 to 24; 12.4% of the total area had C:P ranging from 24 to 28). In the 2000s (Figure 2D), the
soil C:P ratio in the Taihu Lake basin was generally enhanced, with the area of soil C:P > 28
accounting for 67.0% of the total area.

In the 1980s (Figure 2E), the soil N:P ratio in the Taihu Lake basin was mainly dis-
tributed in the ranges of ≤2, two~three, and 2~4, which accounted for 24.7%, 38.1%, and
28.0% of the total area, respectively. Soil with N:P ≥ 4 accounted for only 9.3% of the total
area in the Taihu Lake basin. In the 2000s (Figure 2F), the area with soil N:P ranging from 2
to 3, 3 to 4 and ≥4 increased to 46.0%, 30.9%, and 13.1% of the total area, respectively, while
the area with soil N:P ≤ 2 decreased to 10.1% of the total area.
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Figure 2. Temporal and spatial distribution of topsoil C:N, C:P, and N:P in 1980s (A,C,E) and 2000s
(B,D,F), respectively, in Taihu Lake basin.

According to Figure 2 and relevant calculations, in the 1980s, the soil C:N ranged from
9 to 10 was mainly from paddy fields (87.8%), while the soil C:N ranged from 10 to 11 was
from both some paddy fields (59.2%) and woodlands (32.2%). Most of these areas were
evenly distributed in the central Taihu Lake basin. A total of 19.8% of the area showed a
soil C:N ratio lower than 9 and was mainly scattered in the northwest Taihu Lake basin.
Only 11.08% of the area showed a soil C:N ratio higher than 11 and was mainly scattered in
the region surrounding the southwestern Taihu Lake basin, especially in the mountainous
area (44.8%) in Anji and Lin’an of Zhejiang Province.

In the 2000s, the area with soil C:N ratios ranging from 10~11 was mainly distributed
in paddy fields (85.7%) between Nanjing and Shanghai located in the northern Taihu Lake
basin. A total of 15.6% of the total area showed C:N higher than 11 distributed in Wuxi and
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Changzhou, where both industry and agriculture are well developed. In contrast, 4.8% of
the area with soil C:N lower than nine was mainly distributed in the mountainous area of
Anji and Lin’an of Zhejiang Province, which used to have high soil C:N in the 1980s.

In the 1980s, the soil with a C:P ratio lower than 28 was mainly distributed in paddy
fields (86.9~88.8%) located in the region surrounding the downstream Taihu Lake basin
along the Yangtze River. The soil with a C:P higher than 28 was mainly distributed in
woodland areas and paddy fields located in the mountainous regions surrounding the
upstream of the Taihu Lake basin.

In the 2000s, the soil C:P ratio in the Taihu Lake basin was generally enhanced,
especially in the region surrounding the downstream of the Taihu Lake basin along the
Yangtze River, in some areas surrounding large- and medium-sized cities (e.g., Suzhou and
Wuxi), which used to have low C:P in the 1980s. The area with soil C:P ranging from 28 to
34 was mainly distributed in the paddy field (69.8%), while soil with C:P > 34 was mainly
distributed in both the mountainous area (41.1%) and some paddy fields (50.9%).

In the 1980s, relatively high soil N:P, e.g., N:P ranged from three to four and ≥four,
was mainly distributed in the woodland area and some paddy fields located in the region
surrounding the downstream Taihu Lake basin along the Yangtze River. Relatively lower
soil N:P, e.g., N:P ranged from 2 to 3 and ≥2, was mainly distributed in some paddy fields
located in the mountainous regions surrounding the upstream Taihu Lake basin. In the
2000s, higher soil N:P was also mainly distributed in woodlands and some paddy fields,
while lower soil N:P was mainly distributed in some paddy fields.

The box plots showed that the median values of soil C:N, C:P, and N:P in the 2000s
were consistently higher than those observed in the 1980s (Figure 3, p < 0.05). The mean
C:N, C:P, and N:P mass ratios of the surface layer (0~20 cm) soil in the Taihu Lake basin
were 9.6, 21.9, and 2.3 in the 1980s and 10.4, 30.1, and 2.8 in the 2000s, respectively, and
the differences in the same elemental stoichiometry between the 1980s and 2000s were all
significant (p < 0.05).

Figure 3. The vertical box plot of topsoil C:N, C:P, and N:P ratios in 1980s and 2000s, respectively, in
Taihu Lake basin. The boundary of the box closest to zero indicated the 25th percentile, a solid line
within the box marked the median, and the boundary of the box farthest from zero indicated the 75th
percentile. Whiskers (error bars) above and below the box indicated the 90th and 10th percentiles.
“*” indicates the difference was significant at 5% level.

3.2. Alteration of Soil C:N, C:P and N:P Coupled with Agricultural Land Use Type Changes
between 1980 and 2000

From the 1980s to the 2000s, paddy fields suffered dramatic changes, accounting for
80.8% of the total altered agricultural land area (the sum of paddy field, dryland, woodland,
grassland, and unused land). Nevertheless, paddy fields were still the major LUTs in this
region, consisting of 75.5% of the land area with the LUTs remained unchanged (Table 1).
Among the unchanged paddy fields, 69.0% of the fields experienced a substantial increase
in soil C:N (21.0% of paddy had an increase in C:N < 10%; 24.9% of paddy fields had
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an increase in C:N ranging from 10 to 20%; 15.9% of paddy fields had an increase in
C:N > 20%), whereas 31.0% of paddy fields experienced an obvious reduction in soil C:N
(21.6% of paddy fields had a decrease in C:N < 10%; 9.3% of paddy fields had a decrease
in C:N > 10%). Although the paddy fields were mainly occupied by construction land,
they were transformed to drylands and woodlands. Most of these agricultural soils (85.2%)
alternated from paddy fields showed an obvious increase in soil C:N (25.1% of paddy fields
had an increase in C:N <10%; 36.2% of paddy fields had an increase in C:N ranging from
10 to 20%; 23.9% of paddy fields had an increase in C:N >20%), whereas 14.8% of paddy
fields experienced an obvious reduction in soil C:N (13.4% of paddy fields had a decrease
in C:N < 10%; 1.3% of paddy fields had a decrease in C:N > 10%).

Table 1. Alteration of soil C:N, C:P, and N:P coupled with agricultural land use types changes
between 1980 and 2000.

Unchanged (hm2) Changed (hm2)

Paddy
Field

Dry
Land

Woodland Grassland
Unused

Land
Paddy
Field

Upland
Field

Woodland Grassland
Unused

Land

Changes
of soil
C: N (%).

≤−20 77,853.79 10,942.83 147,429.43 5874.96 16.65 620.08 1656.62 428.58 0.00 12.43
−20–−10 142,694.02 9422.41 108,912.23 1410.83 35.32 1796.95 1526.09 206.57 0.00 4.04
−10–0 513,178.59 22,414.50 164,748.59 4850.84 166.26 23,873.02 5031.70 983.25 374.41 30.41
0–10 668,724.27 49,357.48 80,318.71 2249.48 425.65 44,534.01 8460.33 1794.84 146.88 69.92
10–20 590,317.97 38,555.91 35,746.25 1130.68 623.65 64,177.17 9330.64 1363.75 99.41 157.47
≥20 377,667.73 57,929.54 24,923.92 1208.59 210.26 42,502.03 10,185.77 279.68 4.59 0.00

Changes
of soil
C: P (%)

≤−20 146,587.00 9108.14 26,910.83 1097.35 128.76 6902.43 1171.05 294.70 0.00 17.67
−20–0 438,790.96 30,831.96 196,993.76 3966.87 27.58 17,470.28 4686.35 656.82 368.63 20.93
0–20 528,502.10 40,372.40 199,546.41 6205.09 744.01 38,351.01 8139.33 1192.67 101.40 42.95
20–40 494,907.77 46,879.72 107,773.23 4412.91 341.55 53,162.51 11,567.71 2013.63 124.78 0.00
40–60 270,568.22 22,323.22 20,865.31 544.00 183.68 21,384.68 5624.71 581.01 5.29 157.43
≥60 491,080.22 39,106.73 9989.76 499.14 52.19 40,232.36 5001.80 317.86 25.18 35.30

Changes
of soil
N: P (%)

≤−20 81,472.90 9884.22 17,319.89 1310.53 131.83 5881.10 1017.75 101.06 11.12 23.29
−20–0 594,164.88 44,217.47 83,620.59 2435.38 257.54 39,964.58 8941.48 708.17 145.79 8.82
0–20 670,129.27 57,037.72 214,093.68 3548.60 616.37 60,134.29 12,003.25 1742.88 313.09 26.30
20–40 459,801.07 37,325.82 108,106.22 3976.50 354.78 32,614.62 7035.71 1818.24 130.10 174.64
40–60 228,020.72 20,451.19 55,808.84 2713.29 100.61 9792.92 2368.16 318.42 0.00 0.00
≥60 336,847.79 19,706.46 83,129.97 2741.06 16.65 29,115.76 4824.60 367.90 25.18 41.24

Except for the construction land, a large area of dry land was transformed to paddy
fields and woodlands. A total of 77.3% of the altered dry land had a dramatic increase in
soil C:N, e.g., 23.4% of dry land showed an increase of <10%; 25.8% of dry land showed
an increase in C:N ranging from 10 to 20%; and 28.1% of dry land showed an increase in
C:N > 20%. Meanwhile, 22.7% of the alternating dry land experienced a decrease in soil
C:N. The dry land that remained unchanged had a similar increasing trend for soil C:N,
with 77.3% of the unchanged dry land showing a substantial increase in soil C:N, but 22.7%
of the unchanged dry land showing an obvious decrease in soil C:N.

The woodland area generally experienced little change. However, there was a con-
trasting trend for soil C:N changes between woodland areas that underwent alteration and
remained unchanged. Among woodlands remaining unchanged, 74.9% of woodlands soil
experienced an obvious decrease in soil C:N, with 29.3% woodland area showing a decrease
in C:N < 10%; 19.4% woodland area showing a decrease in C:N ranging from 10 to 20%;
and 26.2% woodland area showing a decrease in C:N > 20%. In contrast, among woodlands
that has been transformed to other LUTs, 68.0% of woodland soil had an obvious increase
in soil C:N, with 35.5% woodland area showing an increase in C:N < 10%; 27.0% woodland
area showing an increase in C:N ranging from 10 to 20%; and 5.5% woodland area showing
an increase in C:N > 20%.

Most paddy fields, drylands and woodlands, regardless of their LUT changes, expe-
rienced increases in soil C:P and N:P. A total of 75.3% and 71.5% of the paddy fields that
remained unchanged increased in soil C:P and N:P, respectively. Meanwhile, 86.3% and
74.2% of the altered paddy field experienced a substantial increase in soil C:P and N:P as
well, respectively. In addition, 78.8% and 71.3% of the dry land that remained unchanged
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had increases in soil C:P and N:P, respectively. Similarly, 83.8% and 72.5% of the alternated
dry land experienced a substantial increase in soil C:P and N:P, respectively.

3.3. Responses of Soil Elemental Stoichiometry to the Changes in the C, N, and P Pools in Soil
between the 1980s and 2000s

In the 1980s, topsoil C:N was significantly positively correlated with soil TOC, whereas
it had no significant correlation with soil TN (Figure 4). In contrast, in the 2000s, topsoil
C:N did not show a significant correlation with soil TOC, but it was significantly negatively
correlated with soil TN. The topsoil C:P in the 1980s and 2000s was significantly positively
correlated with soil TOC, while it was significantly negatively correlated with soil TP. The
topsoil N:P in the 1980s and 2000s were all negatively correlated with soil TP, while they
showed a positive correlation with soil TN in the 1980s but a negative correlation with soil
TN in the 2000s. Extremely similar correlation patterns between topsoil N:P or C:P and TP
were observed for both the 1980s and 2000s, showing a decrease in N:P or C:P accompanied
by an increase in soil TP concentrations.

Figure 4. Correlations between topsoil C:N, C:P, or N:P and corresponding C, N, or P concentrations.

3.4. Meta-Analysis of Soil C:N, C:P, and N:P under Different Land Use Types after 2000s

The topsoil C:N, C:P, and N:P ratios under the major ALUTs (paddy fields, paddy-
wheat rotation, orchard) in the Taihu Lake basin during different periods (1980s, 2000s,
2015–2020) are shown in Table 2 according to data collected from published literature.
Overall, the median values of C:P for rice fields, fields with rice–wheat rotations, and or-
chards increased from the 1980s and 2000s to the present (2015~2018), which was consistent
with the data obtained from the soil survey, as shown in the previous section. The median
values of C:N for rice fields also showed an increasing trend from the 1980s to the present
(2015~2018). The median values of C:P derived from the published papers were higher
than the values obtained from the soil survey for the 1980s and 2000s.
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Table 2. Topsoil C:N, C:P, and N:P ratio under different agricultural land use types (ALUTs) in Taihu
Lake basin according to meta-data analysis.

Land Use Type
Data

Number

C:N C:P N:P

Mean
Mid-

Value
Min-
Max

Mean
Mid-

Value
Min-
Max

Mean
Mid-

Value
Min-
Max

1980s

Rice-Field 25 9 10 5–11 57 49 14–106 3 4 1~6
Rice–Wheat Rotation 6 12 13 10–13 41 40 34–48 3 3 2~3

Orchard 3 14 14 13–17 55 54 48–63 4 4 3~4
Tea Plantation 4 5 5 5–6 24 23 17–31 5 5 3~6

2000s

Rice-Field 97 11 10 6–35 53 48 13–103 5 5 1~13
Rice–Wheat Rotation 26 11 10 9–19 31 26 13–49 3 3 1~5

Orchard 17 15 15 8–26 45 48 17–59 3 3 1~6
Tea Plantation 10 11 11 10–13 38 31 19–94 3 3 2~7

2015–2020

Rice-Field 26 13 10 6–38 50 43 13–101 5 4 5~12
Rice–Wheat Rotation 14 10 10 6–13 41 42 22–56 4 4 3~6

Orchard 11 12 9 9–23 25 23 7–60 2 2 1~4
Tea Plantation 6 5 5 4–7 45 45 19–57 8 8 4~13

4. Discussion

4.1. The General Soil C:N:P Stoichiometry Characteristics in Taihu Lake Basin

The stoichiometry of C, N, and P is used to reveal the transitions in nutrient limitations
for microorganisms and plants. Moreover, soil C:N:P stoichiometry characteristics also
reflect the soil health condition. The soil C:N ratio has been widely recognized as a good
indicator of the degree of SOC decomposition and accumulation processes. A previous
study showed lower and less variable mass C:N ratios ranging from 9.8 to 12.4 in the
0~20 cm depth, compared with our results which showed that the mass C:N mean value
was 9.7 in the 1980s; the C:N mean value was 10.7 in the 2000s; C:N mean value was 13
for paddy field and 10 for the field with rice–wheat rotation from 2015 to 2020 in the Taihu
Lake basin [39].

In a recent global meta-data analysis, Cleveland and Liptzin [10] stated a remarkably
constrained soil C:N:P ratio of 186:13:1 (molar ratio) on the global scale. This corresponded
to soil C:N, C:P, and N:P molar ratios of approximately 14.3, 186, and 13, respectively.
However, their analysis was mainly based on samples from forest, shrubland, and grassland.
Our results revealed that the soil mean C:N, C:P, and N:P molar ratios in the Taihu Lake
basin were 11.4, 61.8, and 5.4 in the 1980s and 12.5, 74.7, and 6.0 in the 2000s, respectively.
Generally, the soil mean molar C:N ratio in the Taihu Lake basin was slightly lower than
the above constrained values, while the soil mean C:P and N:P molar ratios were far lower
than the constrained values. The major reason for these differences was probably that a
large amount of C was removed after harvest in the agricultural field, causing a reduction
in plant C input such as above litter, rhizodeposits, and root mass [40]. Afterwards, a
nationwide meta-analysis for soil elemental stoichiometry across various soil groups in
China was conducted by Tian et al. based on the second Chinese soil survey (National
Soil Survey Office 1993, 1994a,b, 1995a,b, 1996) [40]. From the frequency distribution of
soil C, N, and P ratios, they found that most C:N, C:P, and N:P ratios were in the range
of 6~12, 24~48, and 3~6, respectively. The number-weighted mean soil C:N, C:P, and
N:P ratios were 11.9, 61, and 5.2, respectively, which were similar to the area-weighted
means (12.1, 61, and 5.0, respectively). Overall, our C:N:P stoichiometry values fell in the
above ranges. Tian et al. [41] also revealed that the C:N, C:P, and N:P molar ratios of the
surface organic-rich layer (0 cm~10 cm of A horizon) in China were 14.4, 136.0, and 9.3,

14



Agriculture 2023, 13, 484

respectively. This finding was similar to the well-constrained values observed by Cleveland
and Liptzin [10]. However, even in the mountainous area of the Taihu Lake basin, which
was believed to have high C:N ratios, the soil mean C:N, C:P, and N:P ratios were lower
than the well-constrained values (soil C:N:P ratio of 186:13:1). Typically, a C:N ratio above
12~14 is considered indicative of a shortage of nitrogen in the soil. The C:N ratios between
nine and twelve reflect a lower degree of decomposition of the organic materials present in
the Taihu Lake basin [42].

4.2. Temporal Changes in Soil Elemental Stoichiometry in the Taihu Lake Basin

From the 1980s to the 2000s, the soil C:N, C:P, and N:P ratios generally experienced
consistent increases in the Taihu Lake basin, although few specific areas experienced
obvious reductions in these ratios (Figure 2). The increase in the soil C:P and N:P ratios was
supposed to be due to a more dramatic increase in soil TOC by 18.9 and TN by 13.5% with
slow-growing TP by 7.5% from the 1980s to the 2000s in the Taihu Lake basin (Figure S1).
According to the Statistics Yearbook of China, the amount of P fertilizer consumption in
China increased by approximately 1.5 times from 2.73 million tons in 1980 to 6.91 million
tons in 2000, N fertilizer consumption increased by 1.3 times from 9.34 million tons in 1980
to 21.82 million tons in 2000, while compound fertilizer with a ratio of N:P2O5 ranging
from two to five increased by 31 times from 0.27 million tons in 1980 to 8.64 million tons
in 2000, which may have induced the increases in both soil TN and TP content, and a
greater increase in TN content than TP [43]. N addition could reduce C mineralization
rates [44], which indicated the increase in N fertilizer application rate in favor of soil C
storage. Although there were major missing N or P fertilizer consumption data for Jiangsu
and Zhejiang Provinces in the Taihu Lake basin before 1990, relevant research revealed
that the consumption of N fertilizers was higher than that of P fertilizers during 1980 and
2000 [45]. In addition, the correlation analysis revealed that soil C:P ratios were regulated by
both soil TOC and TP. On the one hand, the increase in TOC in the soil was supposed to be
closely related to the straw return practice. Since 1990, the Chinese government has forced
the return of crop straw to the field nationwide. From 1980 to 2000, the yields of rice, wheat,
and corn increased approximately 34%, 80%, and 69%, respectively [34]. Increasing primary
productivity involves the increased input of organic C into the soil, especially in soils with
rice–wheat rotations in southern China [43,45,46]. It was reported that the C sequestration
potential of paddy soils had reached 10,148 Tg C since straw return was implemented in
subtropical areas of China [34,47]. Meanwhile, organic fertilizer substituting for partial
chemical fertilizers and other agronomic measures that are beneficial for C sequestration
were encouraged in that time [48,49], which would further enhance soil C sequestration.
Moreover, chemical fertilizer application rates have been required to be reduced in the
most recent 10 years and will be kept in the reduced rate in the future. This resulted in the
enhanced soil C:N (10.34 in 2000s compared with 9.79 in 1980s) and C:P ratios (29.12 in
2000s compared with 24.38 in 1980s).

Similarly, the increase in soil C:N ratios was believed to be due to a more dramatic
increase in soil TOC relative to a slower increase in TN. In the 1980s, the soil C:N ratios
were mainly regulated by the decomposition of soil organic matter, indicating significant
positive correlations with soil TOC content. However, in the 2000s, such a correlation
disappeared when the soil C:N ratios in the Taihu Lake basin experienced a slight increase
as a whole. This may indicate decoupled cycles of soil C and N in the Taihu Lake basin due
to the exogenous input of inorganic N fertilizers as well as organic materials, e.g., straw.
According to the meta-data analysis from the published paper, the soil C:N and N:P ratios
may maintain an increasing trend in most regions of the Taihu Lake basin [41].

4.3. Spatial Changes of Soil Elemental Stoichiometry in Taihu Lake Basin

The Taihu Lake basin presented obvious spatial differences in soil C:N:P stoichiometry
characteristics. Generally, the region surrounding the downstream Taihu Lake basin experi-
enced a great reduction in soil C:N, C:P, and N:P between the 1980s and 2000s, especially
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the Tianmu Mountain area located in northeast Zhejiang Province, e.g., Anji and Lin’an city.
The sharp reduction in soil C:N mainly resulted from the dramatic increase in exogenous
N input between 1980 and 2000 due to the development of economic forests (e.g., walnut
trees, Chinese chestnut trees, tea-oil trees, and bamboo forests) and tea plantations in those
regions. Although there was a major lack of statistical data for the tea plantation area before
2010, the data thereafter clearly showed an increase in the tea plantation area in Zhejiang
Province from 13,567 ha in 2011 to 198,524 ha in 2017. Such enhanced forestry output
implied the combination of the increasing economic forest area and the production that is
accompanied by increased N fertilizer input. The N fertilizer amount used in northeastern
Zhejiang Province (total is 24.81 tons in 2017), where Anji, Lin’an, and Jiaxing (Tianmu
Mountain area) are located, was higher than that in southwestern Zhejiang Province (the
total was 18.09 tons in 2017). At the same time, this region (e.g., surrounding Lin’an city)
experienced a slight decrease in soil TOC content. As a result, the soil C:N ratios in the
region underwent a dramatic decrease. Similarly, the decrease in soil C:P in some regions
of the Tianmu Mountain area was also mainly due to the increase in P input but a slight
decrease in soil TOC. The increase in soil TN was greater than that in soil TP, resulting in
the increase in soil N:P at the same time.

Moreover, the regions with fast economic growth, e.g., Kunshan, Wujiang, Changsu,
and Tangcang, upstream of the Taihu Lake basin generally experienced an increase in soil
C:N, C:P, and N:P between 1980 and 2000. The obvious increase in C:P in these regions was
mainly due to a sharp decrease in soil P (Figure S2). Moreover, the increase in C:N in these
regions mainly resulted from the decrease in soil N. The extent of the decrease in soil TP
was larger than that of soil TN, resulting in the increase in soil N:P. In these developed areas
with the rapid development of small- and medium-scale factories and tourist agriculture,
the traditional agriculture that required large exogenous N and P inputs was reduced. As a
consequence, soil C:N, C:P, and N:P experienced obvious increases.

As the spatial distribution of soil elemental stoichiometry was closely correlated with
LUTs in different regions of the Taihu Lake basin, the changes in LUTs in these regions in
the future will further shape the spatial distribution pattern.

4.4. The Effect of Agricultural Land Use Types on the Variation in Soil Elemental Stoichiometry

In the Taihu Lake basin, the variations in soil C:N, C:P, and N:P were mainly related
to ALUTs and their corresponding management methods. Although a large area of agri-
cultural land was transformed to construction land, the national soil surveys for soil C, N,
and P were derived from agricultural lands, e.g., paddy fields, drylands, grassland, and
woodlands. Paddy fields were the major ALUTs in this region, most of which experienced a
substantial increase in soil C:N from the 1980s to the 2000s. Meanwhile, some paddy fields
underwent a decrease in soil C:N. Normally, mechanical tillage was widely employed,
which could accelerate SOC and N mineralization of agricultural land [50], thereby lower-
ing C:N ratios as C losses as CO2 have been expectedly higher than those for N. This trend
can be even stronger as N fertilization or biological fixation adds more N to the system,
which can also enhance SOC depletion by priming effects [51]. Similarly, low C:N ratios
have been reported for soils under leguminous crops where N fixation is efficient and SOC
decomposition is accelerated or in acidic soils [52]. However, an increase in the soil C:N of
agricultural soil can occur when the supply of organic material (e.g., straw) substantially
exceeds the increase in N fertilizer use. Similarly, most dry land area saw an increasing
trend for soil C:N.

The changes in paddy fields and dry land were mainly transformed to each other
or woodlands. Most of the transformed fields underwent an obvious increase in soil
C:N, whereas some of them had a substantial decrease in soil C:N. This means that the
agricultural soils generally experienced an increase in soil C:N after the rotation pattern
changed. We speculate that the decrease in soil C:N was mainly from the alteration of
paddy fields or drylands to economic forests that generally received excessive exogenous
N input but without the simultaneous input of a large quantity of organic material (e.g.,
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straw), as we discussed in the previous section [39]. The total woodland area experienced
little change during 1980–2000. However, there was a contrasting trend for soil C:N changes
between woodland areas that underwent alteration and remained unchanged. Among
woodlands that had been transformed to other ALUTs, 68.0% of woodland soil had an
obvious increase in soil C:N, as they were mainly transformed to paddy fields and dry land.
In addition, most paddy fields, drylands soils, and woodlands, regardless of their LUT
changes, experienced an increase in soil C:P and N:P. This is mainly because the exogenous
input of organic materials and N fertilizer contributed to the increase in soil C:P and N:P,
which exceeded the increase in P input.

5. Conclusions

The C:P (11:1~59:1) and N:P (1.2:1~7.6:1) ratios of agricultural soil in the Taihu Lake
basin were far lower than the well-constrained values (C:N:P = 186:13:1) based on samples
from forest, shrubland, and grassland at a global scale. The soil C:N was slightly lower
than the well-constrained values, which were comparable to the values of the published
average C:N ratios values across the world in the 1990s (C:P = 13:1~60:1, N:P = 0.9:1~5:1).
Generally, the soil C:N and C:P ratios experienced consistent increases in the Taihu Lake
basin from the 1980s to 2000 due partly to the continuous straw return practices. The
regions with fast economic growth in the upstream of the Taihu Lake basin generally
experienced increases in soil C:N, C:P, and N:P due to the reduction in agricultural land.
The changes in LUTs and their corresponding management practices shaped the spatial
and temporal characteristics of soil C:N:P in the Taihu Lake basin. The results suggested
that the imbalanced C:N:P stoichiometry characteristics of agricultural soil may lead to
decoupled C, N, and P biogeochemical cycles, thereby having an adverse impact on soil
carbon sequestration.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agriculture13020484/s1, Table S1: Agricultural land area changes in different
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and spatial distribution of top soil C, N and P in 1980s and 2000s, respectively, in Taihu Lake basin;
Figure S2. Changes of top soil C:N, C:P and N:P ratio between 1980s and 2000s in Taihu Lake basin. The
expression unit of the changes is “%”.
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Abstract: Sustainable agricultural production is essential to ensure an adequate food supply, and
optimal farm management is critical to improve soil quality and the sustainability of agroecosystems.
Integrated soil–crop management based on crop models and nutrient management designs has
proven useful in increasing yields. However, studies on its effects on the chemical composition
of soil organic carbon (SOC) and microbial community composition, as well as their linkage with
crop yield, are lacking. Here, we investigated the changes in SOC content, its chemical functional
groups, and bacterial communities, as well as their association with crop yield under different
farmland management based on four farmland management field trials over 12 years (i.e., FP: farmer
practice; IP: improved farmer practice; HY: high-yield system; and ISSM: integrated soil–crop system
management). The crop yield increased by 4.1–9.4% and SOC content increased by 15–87% in ISSM
compared to other farmland management systems. The increased proportion of Methoxy C and
O-alkyl C functional groups with a low ratio of Alkyl C/O-alkyl C, but high Aliphatic C/Aromatic
C in ISSM hints toward slow SOC decomposition and high soil C quality. The relative abundances
of r-strategists (e.g., Firmicutes, Myxobacteria, and Bacteroidetes) was highest under the ISSM. Co-
occurrence network analysis revealed highly complex bacterial communities under ISSM, with greater
positive links with labile SOC functional groups. The soil fertility index was the main factor fueling
crop yields, as it increased with the relative abundance of r-strategists and SOC content. Our results
indicated that crop yield advantages in ISSM were linked to the high C quality and shifts in bacterial
composition toward r-strategists by mediating nutrient cycling and soil fertility, thereby contributing
to sustainability in cropping systems.

Keywords: SOC functional group; bacterial community structure; crop yield; soil fertility; integrated
soil–crop management system

1. Introduction

Soil organic matter (SOM) supports multiple ecosystem functions and is closely linked
to consistently high crop yields and sustainable agriculture [1,2]. Therefore, maintaining
and enhancing SOM content in agricultural fields is important, especially within the context
of food security and climate change mitigation [3,4]. Although agricultural land covers
38% of the Earth’s land surface, large areas of agricultural land suffer from medium to
strong degradation [5]. Therefore, improving soil organic carbon (SOC) is an efficient way
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to increase C sinks, reduce greenhouse gas (CO2) emissions, and improve crop productivity
in carbon-depleted agricultural soils [6,7].

Inappropriate management has depleted 25–75% of SOC in global cropland [8], result-
ing in a growing interest in optimizing agricultural management. Current optimization
techniques include judicious use of fertilizer, adding manure, or returning straw to the
field [9–13]. Straw returns maximize the use of natural resources, improve soil structure,
and increase the SOM content, providing an ideal environment for crop plantations [14,15].
Organic fertilizers are rich in organic matter and beneficial microorganisms [16]. Many
field trials have shown that long-term organic fertilization can increase the conversion of
organic and inorganic materials in the soil, which is conducive to improving soil fertility
and promoting crop growth and development. [12,17–19].

SOM is chemically diverse and consists of pools with various availability and turnover
rates [20,21]. The chemical composition of SOM, which defines its decomposability and
stability, is receiving attention in the context of research on soil fertility and quality [22,23].
Intensive management has a direct and indirect impact on the quality and quantity of
organic C entering agricultural soils. For instance, organic fertilization generally increases
Alkyl C and aromatic C, while decreasing O-alkyl C in soil [23,24]. On the contrary,
combined mineral NPK fertilizers (combined with organic manure) increase the O-alkyl
group levels but decrease the levels of Alkyl and aromatic groups and the ratio of Alkyl-
C/O-alkyl-C (A/O-A) groups [25,26]. The inconsistent compositions of SOM chemical
functional groups could be attributable to site-specific soil conditions, input types, climate,
and the complexity of the microbial decomposition processes [27–30].

SOC is considered an overarching edaphic factor that shapes bacterial diversity [12,31,32].
This is because heterotrophic soil microorganisms rely on increased SOC to obtain their
nutrients [33–35]. After long-term organic matter input, greater SOC is observed, and it is
accompanied by greater microbial activity [36,37]. Specifically, when SOC increases, there
tends to be a shift in microbial community composition; the community moves toward
having more r-strategists compared to unfertilized plots [38]. Beyond determining life
history strategies, SOC also determines which bacterial phyla are present in the soil [31,32];
this may result from the ability of the microbial groups to utilize SOC pools [39]. Long-
term organic amendments (e.g., sewage sludge and chicken manure) increase the dissolved
organic carbon content and support an indicative shift of bacterial community to r-strategist
taxa such as Proteobacteria and Actinobacteria [40]. This is because the r-strategists have
high nutrient requirements and can maximize their reproductive outputs when resources
are abundant [31]. The application of organic fertilizers mitigates the negative effects of
mineral fertilization on microbial diversity, and the shift of microbial communities toward
r-strategists is owing to the efficient input of C that characterizes organic fertilizers [36–38].
All these studies suggest that SOC quality is vital for adjusting microbial community
composition and life history.

To increase crop production while minimizing impact on the environment, the inte-
grated soil crop system management (ISSM) strategy was recently introduced. The strategy
is based on a Hybrid-Maize simulation model and a seasonal root zone nitrogen manage-
ment strategy (IRNM) to determine the most appropriate combination of planting date, crop
density, and fertilizer application rate at the trial site [41]. ISSM has been shown to increase
yields (maize, rice, and wheat) by an average of 10.8–11.5% from 2005–2015 [41–43].

Northeast China is considered the “first granary”, with grain production accounting
for a quarter of the country’s total grain production [44]. SOC levels in Northeast China
have declined by 22% over the past three decades [2,45], and the decrease is mainly due
to intensive cropping and inefficient fertilization [46,47]. Therefore, it is crucial to identify
appropriate soil management practices that are conducive to soil C sequestration and
sustainable development of agricultural ecosystems in this region. In this study, we aimed
to (i) compare the changes in total SOC content, chemical functional groups, and bacterial
community composition across various farmland management systems; and (ii) explore
changes in SOC quantity and quality in relation to bacterial communities and their impact

22



Agriculture 2023, 13, 134

on crop yield. We hypothesize that (1) compared to farmer practice (FP), ISSM will increase
SOC, especially the labile functional pools, because of the direct input of nutrients associ-
ated with this strategy [48]; (2) changes in SOC quantity and quality in the ISSM system are
important factors shaping microbial community composition, with increasing r-strategist
bacteria ascribed to preferentially exploit labile organic compounds [49,50]; (3) changes in
SOC quantity and quality impact crop yield via regulating bacterial community composi-
tion and enhancing soil fertility [18].

2. Materials and Methods

2.1. Study Site

The field experiment was initiated in April 2009 using a maize monoculture, in Zhuling
Gong County (43◦12′ N, 124◦66′ E, 206 m elevation), Ji Lin Province, Northeast China. The
site has a temperate continental monsoon climate, an annual precipitation of 595 mm, and
an annual mean temperature of 6.3 ◦C. The soil in this region is classified as Phaeozem
(equivalent to Hapudoll as per USDA Soil Taxonomy). At the start of the experiment, the
topsoil (0–20 cm) had the following basic characteristics: pH, 6.7; SOC, 16 g kg−1; total N
(TN), 1.6 g kg−1; available P (AP), 7 mg kg−1; and available K (AK), 151 mg kg−1. Four
farmland management systems were established: (1) farmer practice (FP)—set up based on
a survey of various production management systems that local farmers are accustomed
to applying; (2) improved farmer practice (IP)—a model based on farmer practice by
optimizing the combination of existing techniques (e.g., planting density and fertilizer
application) to increase crop yields by 15–20%; (3) high-yield system (HY)—a management
model intended to increase crop yield by 30%, regardless of the associated environmental
costs; and (4) integrated soil–crop system management (ISSM)—a sustainable integrated
program to increase crop yield and resource use efficiency by optimizing planting density,
fertilizer application, and tillage systems with the aim of achieving an ultrahigh yield while
lowering resource and environmental costs.

The field trial design was a randomized complete block design with four farmland
management treatments and four replications, for a total of 16 plots. The size of each
plot was 6 m × 23 m. For each farmland management system, details of the fertilization
rate, planting density, and straw management are shown in Table 1. Maize (ZhongDan99
cultivar) was sown in late April and harvested in early October. The straw was returned
to the field based on the amount of maize root and shoot (leaf and stem) residues after
above-ground harvesting in each plot, representing 30% of the total dry matter weight.

Table 1. The detailed field management information for four farmland management systems.

Management
Systems

N
(kg·ha−1)

P2O5

(kg·ha−1)
K2O

(kg·ha−1)
Organic Fertilizers

(kg·ha−1)
Straw

Management
Planting Density

(Plants·ha−1)

Farmer practice (FP) 300 120 120 - 30% 50,000

Improved farmer practice (IP) 195 90 90 - 30% 60,000

High-yield system (HY) 300 120 120 - 30% 70,000

Integrated soil–crop system
management (ISSM) 195 90 90 10,000 30% 70,000

FP: farmer practice; IP: improved farmer practice; HY: high-yield system; ISSM: integrated soil–crop system
management. Straw management: amount of straw returned to the field.

2.2. Soil Sampling and Analysis of Physicochemical Properties

Five topsoil cores (0–20 cm depth, 5 cm diameter) were collected at random from each
plot in October 2020 and pooled together to form one composite sample per plot, for a
total of 16 soil samples. After that, the composite samples were passed through a 2 mm
sieve to remove any roots or stones. Each soil sample was stored in three parts: one part
was air-dried and stored at room temperature for the determination of various chemical
properties, e.g., SOC, TN, pH, AP, and AK; the second sample was stored in a refrigerator at
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−20 ◦C for the determination of ammonium (NH4
+) and nitrate (NO3

−) content; the third
part was stored at −80 ◦C and then subjected to DNA extraction and microbial community
analysis. Soil samples were collected from 0–20 cm depths using cutting rings of 100 cm3

volume to calculate soil bulk density (BD). All maize plants in each plot were collected at
the ripening stage, and the crop yield was analyzed as the dry weight of grains.

The SOC and TN contents were determined through combustion using a Vario EL III
Elemental Analyzer (Elementar). Soil available phosphorus (AP) and available potassium
(AK) were measured according to Hanway and Heidal (1952) and Olsen (1954) [51,52],
respectively. Soil pH was measured using a pH electrode (FE20-FiveEasy pH, Mettler
Toledo) with a soil-to-deionized-water ratio of 1:2.5 (w/w). Soil mineral N, including
NO3

− and NH4
+, was extracted with 0.01 mol L−1 KCl solution and analyzed using an

auto-analyzer (TRAACS-2000, Bran+Luebbe).
The SOC stock was calculated using the following equation [53]:

SOC stocks
(

Mg C ha−1
)
= SOC

(
g kg−1

)
× BD

(
g m−3

)
× H(cm)

100
(1)

where BD and H represent bulk density and soil depth (0–20 cm), respectively.
The soil fertility index was determined using the averaging approach as follows: to

prevent the differences in data scale, TN, AP, AK, NO3
−, and NH4

+ estimated in this
investigation were normalized from 0 to 1 using the “max–min” approach, and the soil
fertility index was then calculated as follows [54]:

Fertility index = (−xi,min)/(xi,max − xi,min) (2)

where xi is the measured soil properties, xi,min is the minimum of soil properties I, xi,max is
the maximum of soil properties i.

2.3. Solid-State 13C NMR Spectroscopy

The chemical composition of SOM was investigated by determining the relative
abundance of functional groups using solid-state 13C cross-polarization and magic-angle-
spin (CPMAS) NMR. Soil samples were treated with a 10% hydrofluoric acid (HF) solution
to concentrate the organic matter and remove paramagnetic minerals [55]. The 13C-CPMAS
NMR spectra were acquired using an AVANCE III 400 WB spectrometer (Bruker, Billerica,
MA, USA) at 100 MHz for 13C and 400 MHz for 1H with a spinning rate of 5 kHz, an
acquisition of 20 ms, a recycle time of 1 s, and a contact time of 1 ms.

Bruker TopSpin (v4.1.1) was used to compare the 13C-CPMAS NMR spectra of different
samples; peak areas were calculated and integrated to estimate their relative proportions.
The methods outlined by Bonanoni et al. were used to select spectral regions and identify
C functional groups (chemical structures) [56]: 0–50 ppm, Alkyl C; 50–60 ppm, Methoxyl
C; 60–95 ppm, O-alkyl C; 95–110 ppm, Di-O-alkyl C; 110–145 ppm, Aryl C; 145–160 ppm,
Phenolic C; and 160–190 ppm, Carboxyl C. In this study, the Methoxyl C, O-alkyl C, Di-O-
alkyl C, and Carboxyl C groups were classified as labile C groups, whereas Alkyl C, Aryl C,
and Phenolic C groups were classified as recalcitrant C groups [57,58]. Different indices of
SOM stability were calculated as follows [59,60]:

The A/O-A (Alkyl C/O-alkyl C) represents the degree of decomposition and was calcu-
lated as follows:

A/O-A ratio =
Alkyl C

Methoxyl C + O-alkyl C + Di-O-alkyl C
(3)

The Aliphatic C/Aromatic C (Alip/Arom) indicates the degree of aliphaticity, and was
calculated using the following equation:

Alip/Arom =
Alkyl C + Methoxyl C + O-alkyl C + Di-O-alkyl C

Aryl C + Phenolic C
(4)
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The HB/HI (Hydrophobic C/Hydrophilic C) indicates the hydrophobicity degree, and
was calculated using the following equation:

HB/HI =
Alkyl C + Aryl C + Phenolic C

Methoxyl C + O-Alkyl C + Di-O-alkyl C + Carboxyl C
(5)

The Aromaticity response to soil SOC stability was calculated as follows:

Aromaticity =
Aryl C + Phenolic C

Alkyl C + Methoxyl C + O-alkyl C + Di-O-alkyl C
(6)

2.4. DNA Extraction and Amplicon Sequencing

DNA was extracted from fresh soil (0.25 g) according to the manufacturer’s in-
structions using a PowerSoil kit (MoBio Laboratories, Carlsbad, CA, USA). The DNA
extract was tested on a 1% agarose gel, and the concentration and purity of the DNA
were determined using a NanoDrop 2000 UV-vis spectrophotometer (ThermoScientific,
Wilmington, USA). The hypervariable region V3-V4 of the bacterial 16S rRNA gene was
amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5-
GGACTACHVGGGTWTCTAAT-3′) using an ABI GeneAmp® 9700 PCR thermocycler (ABI,
Carlsbad, CA, USA). The PCR amplification of the 16S rRNA gene was performed as
follows: initial denaturation at 95 ◦C for 3 min, followed by 30 cycles of denaturing at 95 ◦C
for 30 s, annealing at 55 ◦C for 30 s, and extension at 72 ◦C for 45 s, then single extension
at 72 ◦C for 10 min, and a final hold at 10 ◦C. The PCR mixtures contained 4 μL of 5X
TransStart FastPfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of forward primer (5 μM), 0.8 μL of
reverse primer (5 μM), 0.4 μL of TransStart FastPfu DNA Polymerase, template DNA 10 ng,
and finally ddH2O up to 20 μL. The PCRs were performed in triplicate. The PCR product
was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) according to the manufacturer’s instructions
and quantified using Quantus™ Fluorometer (Promega, Madison, WI, USA).

Raw amplicon sequences were subjected to quality control using the following criteria:
(1) the low-quality sequencing reads which had an average quality score of <20 or contained
ambiguous nucleotides were filtered using Mohur version 1.31.1 using the UPARSE (version
7.1) software [61]; and (2) only overlapping sequences longer than 10 bp were assembled
according to their overlapped sequence. The maximum mismatch ratio of the overlap region
was 0.2. Reads that could not be assembled were discarded; sequences with ≥97% similarity
were assigned to one operational taxonomic unit (OTU), and chimeric sequences were
identified and removed. Taxonomy was assigned to each OTU by the RDP (Ribosomal
Database Project) classifier [62]. The final sequencing products contained 43,750 sequences
with an average length of 415 bp per sample for downstream analysis.

2.5. Statistical Analyses

SOC chemical functional groups, bacterial community composition, and other vari-
ables were analyzed by SPSS 22.0 (IBM Corp., Armonk, NY, USA) using one-way ANOVA
with a randomized group design. Differences were considered significant at p < 0.05, and a
post hoc least-significant-difference test was carried out to compare the differences among
farmland management systems. The normal distribution of data was tested by using the
“Shapiro. test” function of the stats package in R v.4.1.2 (R Core Team, 2021).

Changes in bacterial community composition were evaluated by nonmetric multi-
dimensional scaling (NMDS), based on the Bray–Curtis distance calculation method. To
further determine significant differences in bacterial community structure for any pair
of samples, Adonis analysis was performed using NMDS and statistical analyses were
performed using R (version 4.1.2) with the vegan package (R Core Team, 2021).

Linear discriminant analysis (LDA) effect size (LEfSe) was applied to determine if
there were significant differences in bacterial taxa among the four farmland management
systems [63]. We performed LDA in combination with Kruskal–Wallis (KW) test to identify
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species with significant differences in abundance between management systems setting log
LDA scores > 2.0 (http://huttenhower.sph.harvard.edu/galaxy/, accessed on 16 November
2022). Circus (https://hiplot.com.cn/, accessed on 16 November 2022) was used to aid in
the identification and analysis of similarities and differences resulting from phyla relative
abundance comparisons [64], which emphasizes the statistical significance and biological
relevance [63].

The co-occurrence networks of bacterial communities with SOC chemical functional
groups and bacterial co-occurrence networks under each management system were com-
pared by setting the same metrics (dissimilarity threshold for KLD matrix maxima and
Spearman correlation threshold of 0.6) and running the networks using all OTU taxa for
the four farmland management systems. For each edge and measure, the reciprocal and
bootstrap distributions were generated with 100 iterations. The p-value of the measure
was calculated as the area of the mean of the bootstrap distribution and the standard
deviation generated by the mean of the Gaussian curve under the reciprocal distribution.
The p-values were adjusted using the Benjamini–Hochberg procedure [65,66]. Only the
most significant interactions with strong linear connections (r > 0.6) are shown in the net-
work diagram. The nodes in the constructed network represent genus and SOC chemical
functional groups, and the edges represent strong and significant correlations between the
nodes. Network visualization was conducted using Gephi (version 0.9.2) and Cytoscape
(version 3.8.2)(Ideker, 2011). The topological characteristics of the calculated network in-
clude positive and negative correlations, nodes, edges, network density, closeness centrality,
and betweenness centrality (Tables S4 and S5).

To further elucidate the pathways through which all factors regulate crop yield, partial
least-squares path modeling (PLS–PM) and Pearson correlations were performed. Model
evaluation was performed based on the goodness of fit (GOF), with a GOF > 0.7 considered
an acceptable value. The models were constructed using R (version 4.1.2) (R Core Team,
2021). Ordinary least-squares regression was performed to test the correlation between
the factors.

3. Results

3.1. Soil Organic Matter, Soil Fertility, and Crop Yield

Compared with that in the FP, the SOC content increased by 15% in IP, 33% in HY, and
87% in ISSM (p < 0.05; Figure 1a). Correspondingly, the SOC stock increased by 11%, 31%,
and 77% under IP, HY, and ISSM, respectively, compared to that in FP (p < 0.05; Figure 1b).
Compared to the other three farmland management systems, ISSM increased TN, AP, AK,
and NO3

− contents (p < 0.05; Table 2). Consequently, ISSM increased the soil fertility
(p < 0.05; Figure 1c) approximately four times than FP. The highest crop yield was obtained
under ISSM, with a 9.4% increase than FP (Figure 1d).

Table 2. Effects of management systems on soil physicochemical properties in a 12-year field experiment.

Management
Systems

pH TN (g/kg) SOC/TN
AP

(mg kg−1)
AK

(mg kg−1)
NO3

−
(mg N kg−1)

NH4
+

(mg N kg−1)
BD

(g m3)

FP 5.04 ± 0.07 b 1.58 ± 0.10 b 10.6 ± 0.46 a 85.7 ± 3.08 b 223 ± 13.5 c 3.57 ± 0.39 b 6.32 ± 0.49 bc 1.23 ± 0.00 a
IP 5.27 ± 0.22 ab 1.69 ± 0.03 b 11.4 ± 0.31 a 84.6 ± 3.76 b 241 ± 16.1 bc 14.4 ± 0.59 a 8.94 ± 0.44 a 1.21 ± 0.03 a

HY 5.02 ± 0.12 b 1.96 ± 0.06 b 11.4 ± 0.31 a 105 ± 3.99 b 309 ± 8.35 b 11.1 ± 1.28 a 7.79 ± 0.38 ab 1.18 ± 0.01 a
ISSM 5.70 ± 0.10 a 2.87 ± 0.24 a 11.0 ± 0.59 a 175 ± 20.7 a 457 ± 18.8 a 14.8 ± 0.69 a 5.22 ± 0.55 c 1.16 ± 0.01 a

Error bars indicate standard errors of the mean (n = 4). Letters within the same row indicate significant differences
among farmland management systems at p < 0.05. SOC: soil organic carbon; TN: total nitrogen; AP: available
phosphorus; AK: available potassium; NH4

+: ammonium N; NO3
−: nitrate N; BD: soil bulk density. FP: farmer

practice; IP: improved farmer practice; HY: high yield system; ISSM: Integrated soil–crop system management.

3.2. Soil Organic Matter Functional Groups Depending on Management Systems

Across all farmland management systems, the proportion of O-alkyl C (27–30%) was
the largest, followed by Alkyl C (24–26%), Aryl C (16–21%), and Carboxyl C groups
(7.9–9.2%). These four functional groups dominated SOM, accounting for more than 70% of
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the total functional group spectrum across all management systems (Table S1). Compared
with FP, the ISSM increased the levels of Methoxyl C and O-alkyl C groups by 17% and
8.1%, respectively, and decreased Aryl C group levels by 21% (p < 0.05; Figure 2c,d). In
general, the ISSM system increased the labile C groups (p < 0.05; Figure 2a). The A/O-A
was similar in the FP and IP (0.55–0.60) and lower in ISSM (0.52) (Figure 2e). Among all
management systems, the highest Alip/Arom was under ISSM (3.4) (p < 0.05; Figure 2e).

Figure 1. (a,b) Soil organic carbon content and stock (0–20 cm) under four farmland management
systems, (c,d)soil fertility index, and crop yield after 12 years under four farmland management
systems: FP: farmer practice; IP: improved farmer practice; HY: high-yield system; ISSM: integrated
soil–crop system management. Letters represent significant differences (p < 0.05) among management
systems. Error bars indicate standard errors of the mean (n = 4). The fertility index was calculated
based on the standardized “max–min” approach of five soil properties.

3.3. Bacterial Community Structure Depending on Management Systems

The Shannon index of the bacterial community increased more in ISSM than in FP
and HY (p < 0.05; Figure 3a). Management systems changed the soil bacteria community
structure, as indicated by NMDS and Adonis tests (p = 0.01; Figure 3b). The pairwise
comparison revealed that the soil bacterial community under ISSM was different from that
under FP and HY (Table S3). A Mantel test revealed that the major factors shaping bacterial
community structure were soil pH (r = 0.74, p < 0.05), AP (r = 0.67, p < 0.05), AK (r = 0.55,
p < 0.05), SOC (r = 0.54, p < 0.05), TN (r = 0.40, p < 0.05), and O-alkyl C (r = 0.34, p < 0.05)
(Table S4).
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Figure 2. 13C CPMAS NMR spectra of functional groups of SOC (a), and their proportions (b–d)
and ratios (e) under four farmland management systems: FP: farmer practice; IP: improved farmer
practice; HY: high-yield system; ISSM: integrated soil–crop system management. Letters represent
significant differences (p < 0.05) among farmer practices. Error bars indicate standard errors of the
mean (n = 4). A/O-A, Alkyl C/O-alkyl C; Alip/Arom, Aliphatic C/Aromatic C; HB/HI, Hydrophobic
C/Hydrophilic C.
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Figure 3. Bacterial community profiles in soil under four farmland management systems: FP: farmer
practice; IP: improved farmer practice; HY: high-yield system; ISSM: integrated soil–crop system man-
agement. (a) Bacterial alpha-diversity (Shannon), (b) nonmetric multidimensional scaling (NMDS)
analysis of bacterial community structure based on Bray−Curtis distance, (c) relative abundances
of bacterial taxa at the phylum level, (d) the linear discriminant analysis effect size (LEfSe) analysis
showed the significantly different taxa of bacterial communities. Letters represent significant differ-
ences (p < 0.05) among four farmland management systems. Error bars indicate standard errors of
the mean (n = 4).

29



Agriculture 2023, 13, 134

Across the farmland management systems, the bacterial community composition was
dominated by Actinobacteria (37%), Proteobacteria (26%), and Chloroflexi (10%) (Figure 3c,
Table S2). The similarities in the relative abundance of dominant phyla and classes among
farmland management systems were further investigated (Figure 3c, Table S2). The relative
abundances of r-strategists such as Firmicutes increased 4-fold, whereas those of Myxobac-
teria and Bacteroidetes (phylum level) increased 0.5-fold in ISSM as compared with those
of the other three systems (p < 0.05; Figure 3c, Table S2). The LEfSe also showed that the
relative abundances of Firmicutes and Myxobacteria were the highest in ISSM (p < 0.05;
Figures 3d and S1) than in other systems. At the class level, the relative abundances of
Bacteroidia, Polyangia, Clostridia, Chloroflexi, and Bacilli were higher in ISSM (p < 0.05;
Figure 3c, Table S2). Further comparisons revealed that the relative abundances of taxa
Clostridia (belonging to the phylum Firmicutes) and Paeniclostridium, Romboutsia, and
Terrisporobacter (belonging to the class Clostridia) were higher under ISSM than in other
farmland management systems (p < 0.05; Figures 3c and S1, Table S2).

3.4. Bacterial Network and Linkage with SOM Functional Groups Depend on
Management Strategy

The node and edge numbers of the bacterial co-occurrence network were high in
ISSM, indicating a greater complexity of bacterial communities (Figure 4). The positive
correlations between nodes were greater in the ISSM network (73%) than in the FP (16%),
IP (30%), and HY (29%) networks (Figure 4a,b). ISSM increased the average clustering
coefficient (avg CC), average closeness centrality (avg C), and average betweenness centrality
(avg BC), but decreased the average path length (GD) and modularity compared to FP
(p < 0.05; Table S5).

Figure 4. Co-occurrence networks of bacterial communities under four farmland management
systems: FP: farmer practice; IP: improved farmer practice; HY: high-yield system; ISSM: integrated
soil–crop system management. Node colors indicate phyla (a) and modularity classes (b). The size of
each node is proportional to the number of degrees. For visual clarity, co-occurrence networks only
show nodes with at least 10 degrees.

Co-occurrence network analysis provided evidence of the correlation between SOC
chemical functional groups and bacterial community composition (Figure 5). The net-
work pattern indicated that the correlation between labile C (O-alkyl C, Methoxyl C, and
Di-O-alkyl C) and bacterial genera was 1.4 times higher under ISSM than under FP. In
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particular, positive correlations increased by 34% and negative correlations decreased by
55% (Figure 5a,d; Tables S6 and S7). Notably, labile C and Aryl C were positively correlated
with Firmicutes (Clostridia and Bacilli) in ISSM and FP (p < 0.05; Figure 5, Table S7). Addi-
tionally, Paeniclostridium, Romboutsia (Clostridia), Psychrobacillus, and Solibacillus (Bacilli),
positively correlated with labile C (O-alkyl C, Methoxyl C, and Di-O-alkyl C), were stronger
in ISSM than in other systems (p < 0.05; Figure 5d, Table S2). The relative abundances of
Fluviicola (Bacteroidetes) and Anaeromyxobacter (Myxobecteria) were positively correlated
with Methoxyl C, and the relative abundance of Haliangium (Myxobecteria) was negatively
correlated with Aryl C (p < 0.05; Figure 5d, Table S2).

 

Figure 5. Network analysis revealing the associations between bacterial taxa and labile (a–d) and
recalcitrant (e–h) SOC functional groups. The co-occurrence network was constructed at the genus
level and colored according to the phylum classification. Seven functional groups of SOC functional
groups are indicated with red triangles. Red and green lines represent strong linear connections
(r > 0.6), respectively. FP: farmer practice; IP: improved farmer practice; HY: high-yield system; ISSM:
integrated soil–crop system management. Labile C groups: Methoxyl C, O-alkyl C, Di-O-alkyl C,
Carboxyl C. Recalcitrant C groups: Alkyl C, Aryl C, Phenolic C.

3.5. Linking SOM Quantity and Quality, Microbial Diversity, and Soil Fertility with Crop Yield

The relative abundance of Bacteroidetes, Firmicutes, and Myxobacteria were linked to
soil fertility and labile C (Methoxyl C, O-alkyl C, and Di-O-alkyl C), which were positively
correlated with SOC (p < 0.05; Figure 6a). PLS-PM analysis showed that crop yield was
directly dependent on soil fertility (path coefficient = 0.58; Figure 6b), which was also
supported by the Pearson correlations (Figure 6d). The SOC showed the largest effect on
fertility via direct (path coefficient = 0.57) and indirect effects (path coefficient = 0.28) on the
relative abundance of r-strategists and labile C pools (Figures 6c and S2). Soil fertility and
r-strategists increased with SOC and labile C content (Figure 6c). There were corresponding
strong positive correlations between the relative abundances of r-strategist bacteria and
the labile C groups (p < 0.05; Figures 6d and S3). The effects of labile C and r-strategists
on crop yield were indirect rather than direct (Figures 6b,c and S2). Specifically, crop yield
increases were directly dependent on soil fertility. The relative abundance of r-strategists,
SOC, and soil fertility positively correlated with crop yield (p < 0.05; Figure 6d). The SOC,
labile C, and r-strategists accounted for 75% of the soil fertility index, and the soil fertility
index explained 33% of the variance in total crop yield (Figure 6b).
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Figure 6. Correlations of crop yield, fertility index, soil properties, SOM chemical structure, and
bacterial communities (a). Partial least-squares path (PLS−PM) analysis for crop yield, showing the
relationships among soil fertility index, SOM chemical structure, and bacterial communities. GOF,
goodness of fit (b). Black and red solid arrows indicate positive and negative associations, gray
dashed arrows indicate insignificant correlations. Standardized total effects of each variable from
PLS−PM (c). Regression of multiple factors to study the correlation between the factors (d). The
solid line was fitted using ordinary least-squares regression and the shaded area corresponds to the
95% confidence interval. Significance codes: *** p < 0.001, ** p < 0.01, * p < 0.05. The fertility index was
calculated based on the standardized “max–min” approach of five soil properties. The r−strategists
are the first axis of the principal component analysis based on the three bacterial taxa (Support
Infographic Figure S3). SOC: soil organic carbon; TN: total nitrogen; AP: available phosphorus; AK:
available potassium; NH4

+: ammonium N; NO3
−: nitrate N.

4. Discussion

4.1. Integrated Soil–Crop Management System Increases SOM Quantity and Quality

The ISSM increased SOC by 15–87% compared to the other three systems (p < 0.05;
Figure 1a), particularly the labile C functional groups (Methoxy C and O-alkyl C)
(Figures 2c and 7). Methoxyl C and O-alkyl C are considered readily degradable com-
ponents [67]. O-alkyl C groups are usually derived from carbohydrates from fresh plant
material; for instance, the anomeric C is derived from cellulose and hemicellulose, whereas
Methoxyl C groups are derived from fresh lignin and carbohydrates [68]. The increase
in SOM, particularly labile functional C groups, may be caused by the following reasons.
First, the high planting density and crop residues in ISSM can provide high amounts of
labile C such as O-alkyl C [69–71]. This is consistent with the highest yield being recorded
under the ISSM system (Figure 1). Second, the addition of organic fertilizers in this system
resulted in a surplus of carbohydrates, including labile C [72]. Third, organic fertilizers
stimulate the degradation of Aryl C groups and consequently form new Methoxyl C and
O-alkyl C groups [73,74]. The high accumulation of labile C resulted in high SOC stock
(Figures 1b and 2c), supporting our first hypothesis. Additionally, a lower A/O-A ratio
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in ISSM than in FP (Figure 2e) indicates that the SOC decomposition was slow in ISSM,
resulting in more C being accumulated in the soil. These results confirm that the ISSM
system reduces CO2 emissions. Consistent with the results estimated by Cui et al. that the
CO2 emissions were reduced by 12.9% for the ISSM system-based interventions compared
to FP [43]. In addition, the lower A/O-A ratio and higher Alip/Arom (Figure 2e) indicate
that the ISSM system not only increases the SOC quantity, but also the quality [75]. In this
study, a large amount of organic fertilizer input in ISSM systems has increased the yield and
SOC content, but the problem of high nutrient losses to the environment, such as ammonia
emissions, nitrate leaching, and denitrification losses, is undeniable. According to previous
studies, the comprehensive results showed that ISSM system-based interventions reduced
reactive nitrogen losses by 13.3–21.9% and GHG emissions by 4.6–13.2%. The yield-scaled
nitrogen footprint averaged 4.6kg reactive nitrogen loss per Mg of maize produced, com-
pared to 6.1 kg Mg−1 without intervention. Similarly, yield-scaled GHG emissions were
328 kg compared to 422 kg CO2 equivalent per Mg for maize, respectively. Farmer practice
applied 300 kg−1 ha−1 of N fertilizer, while in ISSM we reduced the N fertilizer application
rate to 195 kg ha−1 [43]. According to unpublished data from our group, the N fertilizer
utilization rates of the four farm management systems were 37.3 kg kg−1, 59.7 kg kg−1,
39.4 kg kg−1, and 62.7 kg kg−1, respectively, showing that ISSM had the highest N fertilizer
utilization rate and relatively reduced N losses. Therefore, ISSM systems are beneficial to C
sequestration and environmental protection, and thus may serve as a sustainable farmland
management practice.

4.2. Integrated Soil–Crop Management System Links Labile SOC with r-Strategists

Bacterial community composition depends on a set of environmental factors [76]. As
shown in Figure 6, the relative abundances of Bacteroidetes, Firmicutes, and Myxobacteria
were highly correlated with soil pH, SOC, TN, AP, and AK (Table S5). Soil pH is a vital
edaphic factor affecting the diversity and composition of soil bacteria in agricultural and
forest soils [77–79]. In addition to SOC and pH, other edaphic factors (e.g., TN and AK
contents) strongly influenced bacterial diversity (Figure 6a); this is congruent with previous
studies [80–83].

The bacterial co-occurrence network was altered by management systems. The high
bacterial network complexity in ISSM (Figure 4, Table S5) is owing to the availability of a
diverse range of resources (e.g., increased availability of soil carbon and nutrients, Table 2
and Figure 1a). This is in agreement with the results of studies indicating that increased
soil microbial network complexity is tied to resource availability and diversity [84–86]. In
general, the increased positive correlation and the reduction in the average path lengths in
the ISSM co-occurrence network (Figure 4) were indicative of efficient interactions between
microorganisms, promoting a denser co-occurrence network [87].

The phyla Firmicutes and Bacteroidetes prefer substrates rich in available C [31,80].
The relative abundance of Firmicutes, Myxobacteria, and Bacteroidetes increased 0.5–4 times
more in ISSM than in FP (Figure 3c, Table S2). The higher relative abundance of r-strategists
was due to the 25% increase in labile C functional groups (Figure 6d). In particular, Paeni-
clostridium, Romboutsia (Firmicutes), and Bacteroidetes were positively correlated with labile
C (Methoxy C and O-alkyl C) (Figures 5 and 6a), confirming our second hypothesis. The
Bacillus (Firmicutes) dominates microbial communities under labile C and available P
inputs [88,89]. The relative abundance of r- (copiotrophs) strategists (e.g., Bacteroidetes)
increased when the available substrate content in the soil was high (Figure 6a,d). Therefore,
the enrichment of r-strategists under ISSM was influenced by substrate efficiency and
C quality (Figure 6b). Microorganisms considered “opportunists” (r-strategists) prefer-
entially exploit less-complex organic compounds [12,31,32]. This is also supported by
the positive correlations between labile C pools and abundances of r-strategies microbial
groups (Figure 6d).
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Figure 7. Concept of the effects of farmland management systems on the SOC content and composi-
tions, and bacteria community structure and yield of maize. La: labile C; Re: recalcitrant C; BAC:
bacterial community; SOM: soil organic matter; TN: total nitrogen; AP: available phosphorus; AK:
available potassium; NO3

−: nitrate N.

4.3. SOM Quantity and Quality Increased Crop Yield by Regulating Bacterial Community
Composition and Enhancing Soil Fertility

Soil quality is the key to achieve high crop productivity, and soil quality is tied to
SOC content and composition [90]. ISSM improved soil fertility by increasing the SOC
content and abundance of r-strategists (Figure 6b,c), supporting the improvement of soil
quality, which is more commonly associated with a transformation of bacterial commu-
nity structure [91]. Therefore, the bacterial community structure is an effective biomarker
for assessing the environmental impact of a wide range of agricultural practices on soil
quality [92]. Specifically, significant positive correlations between SOC and soil chem-
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istry were observed (e.g., TN, AP, AK, and NO3
−), which is suggestive of the coupling

between C sequestration and nutrient cycling, a link that explains the increase in soil
fertility under ISSM (Figure 6a). Previous studies indicate that combining chemical fertil-
izers with organic matter such as straw and manure is an effective way to maintain soil
productivity [93,94]. Congruent with these results, mixing NPK fertilizer with manure
resulted in yields 25% higher than that when the NPK fertilizer was used alone. This result
is directly due to enhanced soil nutrients, which leads to increased bacterial diversity [95].

Soil fertility and crop yield were significantly positively correlated (Figure 6b). More-
over, crop yield directly depended on soil fertility, and SOC and labile C indirectly affected
crop yield by mediating r-strategists to enhance soil fertility (Figure 6b,c). Our results
demonstrate that bacterial communities in carbon-rich soil primarily consist of r-strategist
bacteria. These microorganisms are involved in soil nutrient cycling, which can regulate
soil fertility and indirectly improve crop yields. The decomposition of plant residues and
the soil’s own organic matter in the soil is a biochemical process, through which carbon
is returned to the atmosphere in the form of CO2; and nitrogen, phosphorus, sulfur and
trace elements are released into the soil in inorganic form for use by higher plants; some
nutrients are assimilated by soil microorganisms into microbial biomass and participate
in the rapid turnover process of soil microorganisms. The long-term substitution of straw
and manure not only accelerated nutrient cycling, but also increased soil quality and
crop yields by increasing bacterial diversity and changing the composition and chemical
functional groups, which equally support our results [3,96]. Thus, reasonable agricultural
management practices to improve soil fertility and C quality and further improve microbial
diversity can help maintain sustainable crop production in Northeastern China [97–99].

5. Conclusions

Integrated soil–crop system management changed SOC chemical functional group lev-
els, bacterial community structures, and their relationships with crop yield. ISSM enhanced
SOC content and improved its quality by increasing labile Methoxyl C and O-alkyl C groups,
resulting in a high Alip/Arom ratio. Optimization of farm management systems promotes
the correlations between SOC functional groups and bacterial communities, particularly the
labile Methoxyl C and O-alkyl C, with Firmicute. SOC content is one of the determinants of
soil fertility, while r-strategists and labile C increase with SOC. Crop yield depends directly
on soil fertility, while SOC and labile C indirectly affect crop yield by mediating r-strategists
to enhance soil fertility. In conclusion, ISSM changed SOC quantity and quality and altered
microbial community. Overall, the combined effects of these factors culminated in improved
soil quality and productivity. Therefore, it is essential to optimize management strategies to
maintain soil quality and long-term sustainability of agricultural production.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agriculture13010134/s1, Table S1: Effects of farmland management systems
on functional groups of SOC. Table S2: Relative abundance of soil bacteria at the phyla and class level.
Table S3: Results of Adonis test for bacterial communities under four farmland management systems.
Table S4: Spearman’s rank correlation (R-value) between soil chemical properties and chemical
structure of organic carbon and bacterial communities based on Mantel-test. Table S5: Topological
properties of the empirical molecular ecological networks (MENs) of bacteria communities at four
farmland management systems. Table S6: Topological properties of network of between bacterial
taxa and SOC functional groups parameters of soils. Table S7: Detailed network characteristics of
interactions between bacterial taxa and SOC functional groups parameters of soils. Figure S1: Linear
discriminant analysis (LDA) to identify the taxa leading to community differences for bacteria. FP:
farmer practice; IP: improved farmer practice; HY: high yield system; ISSM: Integrated soil-crop
system management. Figure S2: Standardized effects of each variable from the partial least squares
path analysis (PLS-PM). (a) and (b) represent the standardized direct effects to crop yield and fertility
index, (c) and (d) represent the standardized indirect effects. The fertility index was calculated
based on the standardized “Max-Min” approach of five soil properties. SOC: soil organic carbon.
Labile C: Methoxyl C, O-alkyl C, Di-O-alkyl C, Carboxyl C. The relative abundances of Firmicutes,
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Myxobacteria, and Bacteroidetes were chosen to r-strategists by principal component analysis.
Figure S3: Principal component analysis (PCA) analyzing. The scores of the first PCA axis were
used as r-strategists bacteria. The relative abundances of Firmicutes, Myxobacteria and Bacteroidetes
were chosen to r-strategists bacteria principal components for analysis. Shaded area is 95% of the
confidence interval.
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Abstract: Explaining the methane emission pattern of Chinese agriculture and the influencing
factors of its spatiotemporal differentiation is of great theoretical and practical significance for
carbon neutrality. This paper uses the IPCC coefficient method to measure and analyze the spatial
and temporal differentiation characteristics of agricultural methane emission, clarify the dynamic
evolution trend of the kernel density function, and reveal the key influencing factors of agricultural
methane emission with geographical detectors. The results show that China’s agricultural methane
emissions showed a first increasing and then declining trend. Agricultural methane emissions
decreased from 21.4587 million tons to 17.6864 million tons, with an upward trend from 2000 to 2005, a
significant decline in 2006, a slow change from 2007 to 2015, and a significant decline from 2015 to 2019.
In addition, the emissions pattern of the three major grain functional areas is characteristic; in 2019,
agricultural methane emissions from main producing area, main sales area, and balance area were
10.8406 million tons, 1.2471 million tons, and 5.599 million tons, respectively. The main grain
producing area is the main area of methane emissions, and the emission pattern will not change in
the short term. The variability of grain functional areas is the decisive factor for the difference in
agricultural methane emissions. The state of industrial structure is the key influencing factor for
adjusting the spatial distribution—the explanatory power of the industrial structure to the main
producing areas reached 0.549; the level of agricultural development is the most core influencing
factor of the spatial pattern of the main grain sales area—the explanatory power reached 0.292; and
the level of industrialization and the industrial structure are the core influencing factors of the spatial
pattern of the balance area—the explanatory power reached 0.545 and 0.479, respectively.

Keywords: agriculture; methane emission; spatiotemporal pattern; kernel density; influencing factors

1. Introduction

Climate change has become the biggest threat to global sustainable development [1–4]. The
Paris Agreement stipulates that the state parties should keep the global average warming
to 2 degrees Celsius higher than the pre-industrial revolution level and strive to limit it to
1.5 degrees Celsius [5]. The “climate critical points” of 1.5 and 2 degrees Celsius are the
key time points for catastrophic climate events but are also related to the threat of human
survival, which may produce a chain reaction once exceeded [6]. In addition, frequent
occurrence of global extreme climate caused by climate change has brought significant
economic and social losses to human beings [7]. How to mitigate and adapt to climate
change has become a major issue for countries all over the world. Carbon peaking and
carbon neutrality is a solemn commitment of China to address global climate change, and
a major declaration of the transformation of social and economic development mode [8].
To achieve carbon peaking by 2030 and strive to carbon neutrality by 2060 is not only
an essential part of China’s high-quality growth but also a reform requirement for major
adjustments in different industries [9].
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Methane is the second largest greenhouse gas responsible for climate change after
carbon dioxide [10]. Strengthening methane emissions reduction has become a necessary
item in the 21st century [11]. In 2020, global methane emissions were 570 million tons, of
which human activities produced 340 million tons. IPCC pointed out in Working Group I
of the Sixth Assessment Report that within 20 years after emission, the greenhouse effect
of 1 ton of methane is comparable to 84 tons of carbon dioxide and its warming effect is
still 28 times that of carbon dioxide even after 100 years [12]. In addition, since it is easier
to reduce methane than carbon dioxide, the International Energy Agency (IEA) notes that
75% of methane leaks in the global oil and gas industry can be controlled with existing
technologies, and 50% of methane emissions are reduced at net zero cost. [13]. Methane
has a shorter lifetime in the atmosphere than carbon dioxide and can be a priority for
emissions reduction. Emission reductions of non-carbon dioxide greenhouse gases such as
methane are essential for the goal of controlling global warming to 1.5 ◦C by the end of this
century [14–16].

As agriculture is the main source of methane emissions, it is of great significance
to clarify its spatial distribution and influencing factors [17]. Methane emissions from
agriculture account for about 1/5 of the total global emissions, and the main sources of
agricultural methane emissions are farming and animal husbandry. The carbon emissions
produced by the planting industry are mainly generated by paddy planting, while the
carbon emissions produced by the breeding industry are mainly generated by the intestinal
fermentation and manure management of livestock and poultry [18].

Scholars from all over the world have studied agricultural methane emissions from
different perspectives. Some scholars have estimated the intestinal methane emissions
of livestock and poultry in the Southern African Development Community (SADC) [19].
Some scholars have studied methane emissions from wetland rice fields [20]. In addition,
some researchers have compared the intestinal methane emissions of livestock and poultry
in Germany in the late 19th century with the current situation [21]. As a major agricul-
tural country, China’s methane emissions from agricultural activities account for 50.15%
of the country’s total emissions. Agricultural methane emission patterns and influencing
factors have become a hot topic in academic research [22–27]. After estimating the methane
emissions of various regions in China, it is indicated that the total methane emissions
from agricultural interaction in 2018 were 18.22 million tons, among which the intestinal
fermentation emissions from livestock and poultry were the largest, accounting for 50.69%,
the emissions from paddy were 35.17%, and the emissions from livestock and poultry
management were 14.14% [28]. By measuring methane and nitrous oxide emissions from
1980 to 2018, Li Yang pointed out that the methane missions generated from agriculture
increased from 0.56 × 109 CO2-eq to 0.73 × 109 CO2-eq, which were mainly affected by
efficiency factor, structure factor, and population size factor [29]. In addition, scholars’
research focused on the provincial level, and calculated the changes in Jiangxi, Guangdong,
Heilongjiang, and other provinces. Some scholars have also measured methane emissions
from lake farms and their response to ecological restoration [30], which provided a solid
foundation to study agricultural methane emissions. However, at present, there are rela-
tively few estimates based on the national level, and there is a lack of comparative studies
on the differences among main grain producing area, main sales area, and balance area;
thus, relevant influencing factors need to be further clarified. In this paper, the spatial
and temporal patterns of methane emission in China were analyzed by using the IPCC
method and the calculation method of the Provincial Greenhouse Gas Inventory Guide.
The influencing factors were calculated by using the analysis method of the geographic
detector, and the emission reduction countermeasures and suggestions were put forth to
provide some references for methane emission reduction in China.

42



Agriculture 2022, 12, 1573

2. Materials and Methods

2.1. Measurement Method of Agricultural Methane Emission

The CH4 emissions of the national agricultural system mainly come from paddy
fields and livestock and poultry manure management and intestinal fermentation [28].
Among them, the CH4 emissions from paddy fields generally follow the basic methods and
requirements determined by the IPCC guidelines, and the formula is calculated as:

ECH4rice = ∑ EFi × ADi (1)

where ECH4rice represents CH4 emissions from paddy fields (×104 t), EFi represents methane
emission factors from paddy fields (kg/hm2), and ADi represents the sown area of this
type of methane emission factor (×103 hm2),The methane emission factors of paddy fields
are listed in Table 1.

Table 1. Methane emission factors from paddy fields.

North China East China Central South Southwest Northeast Northwest

Single-cropping rice 234.0 215.5 236.7 156.2 168.0 231.2
Double-cropping early rice — 211.4 241.0 156.2 — —
Double-cropping late rice — 224.0 273.2 171.7 — —

The calculation formula of CH4 generated by livestock and poultry manure manage-
ment is calculated as follows:

ECH4,manure,i = EFCH4,manure,i × APi × 10−7 (2)

where ECH4,manure,i refers to the amount of methane produced by manure management of
species i (×104 t), EFCH4,manure,i refers to manure management methane emission factor
of species i, and APi refers to the number of species i, the methane emission factors for
manure management are listed in Table 2.

Table 2. Methane emission factors from manure management.

North China Northeast East China Central South Southwest Northwest

Dairy cow 7.46 2.23 8.33 8.45 6.51 5.93
Non-dairy cow 2.82 1.02 3.31 4.72 3.21 1.86

Sheep 0.15 0.15 0.26 0.34 0.48 0.28
Goat 0.17 0.16 0.28 0.31 0.53 0.32
Pig 3.12 1.12 5.08 5.85 4.18 1.38

Poultry 0.01 0.01 0.02 0.02 0.02 0.01
Horse 1.09 1.09 1.64 1.64 1.64 1.09

Donkey/mule 0.60 0.60 0.90 0.90 0.90 0.60
Camel 1.28 1.28 1.92 1.92 1.92 1.28

The calculation formula of CH4 produced by intestinal fermentation of livestock and
poultry is calculated as follows:

ECH4,enteric,i = ∑ EFCH4,enteric,i,j × APi × Rj × 10−7 (3)

where ECH4,enteric,i is the amount of methane produced by intestinal fermentation of species
i (×104 t), EFCH4,enteric,i,j is methane emission factor from intestinal fermentation of livestock
and poultry of species I, APi is the number of species I, and Rj is the breeding proportion
of this livestock and poultry, The methane emission factor from enteric fermentation of
livestock and poultry are listed in Table 3.
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Table 3. Methane emission factor from intestinal fermentation of livestock and poultry.

Feeding Way Dairy Cow Cow Sheep Pig Horse Donkey Mule Camel

Scale feeding 88.1 52.9 8.9 1 18 10 10 46
Farmers free-ranging 89.3 67.9 9.4 1 18 10 10 46

2.2. Kernel Density Function

The kernel density function, due to its non-parametric estimation power of the proba-
bility density, can be used to measure the distribution form of random variables, with the
expression of:

f (x) =
1

nh

n

∑
i=1

K(
x − xi

h
) (4)

where n represents the number of the sample, h represents bandwidth, h = 0.9SN4/5

(N represents the number of the sample and S represents sample standard deviation).
K( x−xi

h ) represents kernel density function, and the Epanechnikov kernel density form is
used. The dynamic evolution of methane emission zones can be reflected by the distribution
interval, morphology, and kurtosis extension of kernel density function. If the function
presents a “single peak” as a whole, there are no multiple equilibrium states; if the function
appears a “double peak” or “multi-peak” state, there are two or more equilibrium points.

2.3. Geographic Detector

To deeply explore the causes of regional differences in agricultural methane emissions,
geographic detector analysis is used in this study. Geographic detectors can not only test the
spatial differentiation of the delay variables but also excavate the influencing factors of spa-
tial differentiation, explain the decisive role of influencing factors, and provide panoramic
display for the exploration of the spatial differences. In this study, the factor detection
method is adopted to determine the fundamental factor of spatial differentiation of agricul-
tural methane emissions through the determinant force index q, in which Y represents the
agricultural methane emission, X = {Xm} represents influencing factors,(m = 1, 2, . . . L;),
L refers to the number of partitions of factor X, and Xm refers to the different partitions of
factor X. The determinant force index q of factor X on Y is as follows:

q = 1 −
L
∑
m

Nmσ2
m

Nσ2 = 1 − SSW
SST

SSW =
L
∑
m

Nmσ2
m

SST = Nσ2

(5)

where N is the number of provinces in the study, Nm is the number of provinces contained
in the m-th partition of factor X, σ2 is the variance of region Y, σ2

m is the variance of the
driver X in the m subdomain, and SSW and SST represent the sum of variance in each grain
function and the total variance in the whole region, respectively. In general, the larger the
q-value of factor X, the stronger the factor of driving force for the spatial analysis. When the
driving factors X and Y have driving effects on each other, the sum of the variances within
regions are usually less than the sum of the variances between regions. In order to compare
whether the cumulative variance of different grain production regions is significantly
different from the overall variance of the whole region, the F-statistic test is introduced in
this paper.

2.4. Data

In this paper, the paddy fields area, livestock and poultry quantity, and breeding
proportion are from the China Statistical Yearbook (2000–2019), State Administration of
Grain, China Agriculture Yearbook, and China Animal Husbandry and Veterinary Yearbook
(2000–2019). Methane emission factors in different paddy fields, from livestock and poultry
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manure management in different regions, and from livestock and poultry intestinal methane
emission factors under different feeding methods are from the Provincial Guidelines for
Greenhouse Gas (National Development and Reform Commission, 2011), and some missing
data are supplemented by a linear interpolation method.

3. Results

3.1. Measurement of Agricultural Methane Emission in China
3.1.1. Overall Agricultural Methane Sequential Variation

Agricultural methane emissions showed a trend of first increasing and then decreasing.
From 2000 to 2019 (Figure 1), agricultural methane emissions decreased from 21.46 million
tons to 17.69 million tons, with an average annual drop of 0.88%. Overall, China’s green
development in agriculture has been significantly improved. From 2000 to 2005, agricultural
methane emissions continued to increase, with a significant decline in 2006.

Figure 1. Agricultural methane emissions in China, 2000–2019.

From 2006 to 2015, there was a slow change period, with a slight increase in methane
emissions, and since 2015, methane emissions have fallen significantly. From the perspective
of evolution, the No.1 central document in 2004 “opinions on several policies of promoting
farmers’ income” was put forward after 18 years, and its main body returned to “the field
of agriculture, rural areas and farmers”. The document put forward the “three subsidies” of
direct subsidies for farmers, subsidies for improved varieties, and subsidies for agricultural
machinery. It also proposed some measures to reduce the agricultural tax burden, which
effectively enhanced the enthusiasm of farmers to grow grain and prompted significant
improvement in the level of green development in 2006. In 2015, in order to cope with
the problems such as the “ceiling” of prices, the rise of the “floor” of production costs,
and the intensified challenges of the “hard constraints” of resources and the environment,
the General Office of the State Council of the People’s Republic of China issued “the
Opinions on Accelerating the Transformation of Agricultural Development Mode”, which
provided an important starting point for promoting agricultural development on quantity,
quality, and efficiency. Under the guidance of the document, the structural adjustment to
the agriculture led to a further decline in methane emissions. In terms of the sources of
methane emissions, from 2000 to 2019, emissions from paddy fields fell from 6.51 million
tons to 6.29 million tons, emissions from livestock and poultry manure decreased from
2.72 million tons to 1.88 million tons, and emissions from livestock and poultry intestinal
fermentation dropped from 12.23 million tons to 9.53 million tons (Figure 2). The decline
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of livestock and poultry intestinal emissions played a crucial role in reducing agricultural
methane emissions.

 
Figure 2. Agricultural methane emissions percentage in China, 2000–2019.

3.1.2. Spatial Analysis of Different Production Areas

Considering the differences between agricultural development among different re-
gions in China, the analysis between spatial regions is more targeted. Based on the clas-
sification of agricultural grain functional areas, the whole country is divided into main
producing area, main sales area, and balance area.

Agricultural methane emissions in the main producing area, main sales area, and
balance area showed a downward trend, but the changes had their own characteris-
tics (Figure 3). The main producing area was the region with the highest agricultural
methane emissions. From 2000 to 2019, the main producing area decreased the most, from
12.79 million tons to 10.84 million tons. From the perspective of the planting industry, the
sown area of double-cropping early rice and double-cropping late rice in the main produc-
ing areas decreased by 27.61% and 31.83%, respectively, but the sown area of single-crop
rice increased by 48.38%, which led to an increase in methane emissions from paddy fields
in the main producing areas. From the perspective of the breeding industry, although the
methane emissions from paddy fields in the main producing areas increased to a certain
extent, an increase of 14.36%, the methane emissions from livestock and poultry manure
management and enteric fermentation decreased by 507,500 tons and 2,028,000 tons, re-
spectively. From 2000 to 2019, the number of livestock and poultry breeding dropped
significantly, and the number of non-dairy cows, goats, pigs, poultry, horses, camels, and
donkeys decreased by 43.83%, 20.43%, 29.04%, 16.78%, 62.97%, 88.65%, and 70.96%, re-
spectively. The number of poultry breeding fell the most. The main production areas
bear the heavy responsibility of China’s food security, and the decline in emissions shows
that the industrial structure has been improved, to a certain extent, and agricultural green
production has gradually improved. From the perspective of planting industry, the sown
area of double-cropping early rice and double-cropping late rice in the main producing
areas decreased by 27.61% and 31.83%, respectively, but the sown area of single-crop rice
increased by 48.38%, which led to an increase in methane emissions from paddy fields in
the main producing areas. From the perspective of the breeding industry, although the
methane emissions from paddy fields in the main producing areas increased to a certain
extent, with an increase of 14.36%, the methane emissions from livestock and poultry ma-
nure management and enteric fermentation decreased by 507,500 tons and 2,028,000 tons,
respectively. From 2000 to 2019, the number of livestock and poultry breeding dropped
significantly, and the number of non-dairy cows, goats, pigs, poultry, horses, camels, and
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donkeys decreased by 43.83%, 20.43%, 29.04%, 16.78%, 62.97%, 88.65%, and 70.96%, re-
spectively, and the number of poultry breeding fell the most. The main production areas
bear the heavy responsibility of China’s food security, and the decline in emissions has
shown the improved industrial structure and increased agricultural green production.
Methane emissions in the balance area fell from 6.29 million tons to 5.60 million tons. In
the balance area, methane emissions from rice fields, livestock manure management, and
livestock intestinal fermentation all decreased by 23,600 tons, 169,800 tons and 285,400 tons,
respectively. The balance area is located mainly in Central and Western China, and the
change in emissions was partly due to the implementation of China’s western development
strategy. In addition, methane emissions in the main sales area dropped from 2.37 million
tons to 1.25 million tons, decreasing by 47.48%. The methane emissions from paddy fields,
livestock manure management, and livestock enteric fermentation in the main sales area
decreased by 41%, 48.14%, and 61.25%, respectively. Except for dairy cows, the number
of livestock and poultry has decreased significantly. This was mainly due to the fact that
the main sales areas, such as Beijing, Tianjin, and Shanghai, are relatively developed areas
in China. With limited land and other planting resources and a large food shortage, it is
necessary for these developed areas to rely on other provinces to transport food, forcing
the region to adjust the industrial structure and objectively promoting the reduction of
agricultural methane emissions. The decline in methane emissions in main producing and
sales regions was the main reason for the overall decline. Therefore, the main producing
areas have high methane emissions and are key areas for the green transformation and
development of agriculture.

From 2000 to 2019, the emissions of the main producing areas, main sales areas, and
balanced areas were all trending downward, of which the largest decline rate was the
main sales area (47.48%), and the largest decline amount was the main producing area
(1.9539 million tons). Although they all showed a downward trend, the changes had
their own characteristics. For example, the main grain producing areas were the areas
with the highest agricultural methane emissions which have dropped by approximately
15.27% in the past 20 years, with an average annual decline of 0.83%, of which 2000–2005
and 2010–2015 were the rising periods, with increases of 10.78% and 2.34%, respectively;
2005–2010 and 2015–2019 were the decreasing periods, and the decline was relatively large,
with 13.14% and 13.96%, respectively. Although the total amount of emissions had a
downward trend, the discharge of paddy fields had an upward trend, and the proportion of
emissions was also different from the total amount of emissions. 2000–2005 and 2015–2019
were decreasing periods, 2005–2015 was the rising period, where the total amount increased
from 4.0507 million tons in 2000 to 4.6324 million tons in 2019, and the proportion of
emissions increased from 31.66% to 42.73%. Manure management emissions and intestinal
fermentation emissions were on a downward trend, decreasing by approximately 30.02%
and 28.75%, respectively. In short, the emission structure of the main producing areas
was optimized, where livestock and poultry intestinal emissions were the main source of
emissions; the proportion of paddy field emissions and intestinal emissions was close, with
42.73% and 46.36%, respectively in 2019. Paddy field management will continue to be an
important measure to reduce emissions in major producing areas. Agricultural methane
emissions from the main sales areas were the lowest, and although the agricultural methane
emissions from paddy fields were not the highest among the three grain divisions, the ratio
of emission sources in the main sales areas was the highest, from 58.67% in 2000 to 65.91%
in 2019. In addition, 2000–2005 was a decline period, reducing from 58.67% to 52.99%,
followed by an increase period in 2005–2019, with a growth of 8.91%. The trend of changes
in the proportion of manure management emissions and intestinal emissions was similar,
showing the trend of first rising and then declining, of which the total amount of manure
management emissions did not change much in 2000–2010, but the proportion of emissions
increased from 14.42% to 19.32%. Intestinal fermentation emissions fell by 23,500 tons
between 2000 and 2005, but the proportion of emissions increased from 26.91% to 29.99%,
and then in 2019, the proportion of emissions fell to 19.85%. Overall, intestinal fermentation
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emissions fell by 391,300 tons, with the proportion decreasing by 7.05%. The total decline
(691,200 tons) and the decline rate (10.99%) in the balance area in 20 years were the lowest,
similar to the change trajectory of the main producing areas where the increase periods
were 2000–2005 and 2010–2015, and the decline periods were 2005–2010 and 2015–2019.
The emission sources were similar to those in the main producing areas, with intestinal
fermentation emissions as the main emission source, but the change amplitude of the
three emission sources was not high. In addition, it should be noted that the proportions of
intestinal emissions and paddy field emissions were different from the change trend of the
main producing areas and the main sales areas; the change range from 2000 to 2019 was
between 3.81% and −2.12%, and the three emission sources were reduced by 236,000 tons,
169,800 tons, and 285,400 tons, respectively, from which can be seen that the emission
reduction effect of the balance area was not good. In addition, in 2000, the main producing
area and the main sales area were 5.39 times and 2.65 times, respectively, the total emissions
of the balanced area and by 2019, they had developed into 8.69 times and 4.49 times,
respectively; this, to a certain extent, also reflects the widening of spatial differences.

3.1.3. Spatial Analysis of Different Provinces

In view of the different emphases of industrial structure and economic development in
each province, the changes in agricultural methane emissions in each province are analyzed
at the provincial level (Figure 4). In 2000, the top provinces in agricultural methane
emissions were Hunan, Henan, Sichuan, Guangxi, and Shandong, and by 2010, the top
provinces were Hunan, Sichuan, Henan, Inner Mongolia, and Guangxi. The emissions of
Shandong decreased from 5.70% to 3.90%, and the emissions of Inner Mongolia increased
from 3.27% to 5.68%. In addition, Heilongjiang rose significantly from 3.19% to 5.01%.
In 2019, the top emission provinces were Hunan, Sichuan, Inner Mongolia, Heilongjiang,
and Jiangxi. The reason for the highest agricultural methane emissions in Hunan was that it
is a large paddy production and marketing province in China, with the paddy planting area
of 3.8556 million hm2 in 2019. The large-scale breeding rate of cattle and sheep in Sichuan
Province was low, and the proportion of large-scale pig breeding in the first half of 2020
(53.8%) exceeded the free-range ratio (46.2%) for the first time, resulting in high intestinal
methane emissions from livestock and poultry; however, intensive production is gradually
becoming the mainstream of production, and greening has been further improved. In
2018, Henan guided farmers to implement the plan of advocating intensive agricultural
production, and at the end of 2018, 980,000 livestock and poultry free-range households
had been “withdrawn from the village”, which caused agricultural methane emissions
in Henan to decrease by 2.31% from 2010 to 2019. The number of sheep raised in Inner
Mongolia was much higher than that of other provinces; the large-scale breeding rate
needs to be improved, which was the main reason for the high emission of agricultural
methane. Therefore, scale is the only way for the transformation and development of
animal husbandry. It is impossible for retail farming to completely withdraw, and financial
means should be strengthened to support and promote new industrial models. For example,
building a comprehensive platform for investment funds and technologies by industry
experts and attracting retail investors to join the company can not only reduce the risk
and cost of retail investors but also increase the rate of large-scale breeding and effectively
reduce methane emissions. The agricultural methane emissions of Tianjin, Beijing, Shanghai,
and other Eastern developed provinces were relatively small and remained at the bottom
of the emission proportion in 2000, 2010, and 2019. The reason lay in the composition of
industrial structure. For example, in 2019, the proportion of the first industry in the GDP
of the three provinces was 1.3%, 0.3%, and 0.3%, respectively. The number of livestock
and poultry in Ningxia and Hainan was low; in 2019, the number of livestock and poultry
was 20.707 million and 63.913 million, respectively, far lower than the national average
of 233.2885 million, so the methane emission was low. Liaoning and Jilin, also major
grain-producing regions in Northeast China, had relatively low emissions, ranking lower
(20th and 21st, respectively, in 2019). Compared with Heilongjiang, the two provinces had
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a lower paddy sown area, with only 22% and 13%, respectively, than Heilongjiang in 2019.
In addition, among the main producing areas, Hebei accounted for 4.05% of emissions in
2000, and the number of livestock and poultry decreased by 37.26% in 2010 compared with
2000, which was the main reason for its low emissions, ranking 18th in 2019.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 3. Agricultural methane emissions by region in China, 2000–2019. (a) 2000; (b) 2005; (c) 2010;
(d) 2015; and (e) 2019.
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From the perspective of emission sources, in 2019, the agricultural methane emission
in 12 of the 31 provinces was dominated by paddy field emissions, represented by Jiangsu
(82.73%), and the remaining 19 provinces were dominated by intestinal fermentation
emissions, represented by Qinghai, Gansu, Tibet, Xinjiang, and Inner Mongolia, which
accounted for more than 90%, and the intestinal fermentation emissions caused by them
reached 18.57% of the national total emissions.

3.1.4. Dynamic Evolution of Spatial Differentiation

To effectively reflect the spatial characteristics of agricultural methane emissions, the
dynamic distribution of 2000–2019 and 2010–2019 was analyzed by non-parametric kernel
density. As can be seen from Figure 5, the kernel density showed two peaks in the two time
periods, and then decreased continuously. The distribution curve showed the right tail,
the peak moved significantly to the right, and the gap of provincial agricultural methane
emissions showed a widening trend.

3.2. Influencing Factors of Agricultural Methane Emission in China
3.2.1. Model Building of Influencing Factors

Referring to relevant references, the factors affecting agricultural methane emissions
include agricultural development level, residents’ living conditions, industrial structure, ur-
banization level, industrialization level, environmental regulation, agricultural machinery
input, and agricultural science and technology R&D investment, etc.

(a) 

Figure 4. Cont.
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(b) 

(c) 

Figure 4. Agricultural methane emissions by provinces in China, 2000–2019. (a) 2000; (b) 2010; and
(c) 2019.
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Figure 5. Epanechnikov kernel density function diagram.

Agricultural development level. There is a double-sided effect between agricultural
development level and agricultural methane emissions. The improvement of agricultural
development level is often accompanied by the expansion of production scale or structural
adjustment, which may produce more methane emissions in this process. On the contrary,
the improvement of agricultural development level drives the improvement of infrastruc-
ture construction and agricultural production capacity and promotes the decline of methane
emissions. In this paper, (agr) is used to represent the per capita gross output value of
agriculture, forestry, animal husbandry and fishery. Residents’ living conditions. There is
an “inverted U-shaped” relationship between residents’ living conditions and agricultural
methane emissions. With the improvement of residents’ living conditions, a greener and
better ecological environment is needed. Therefore, there is a negative relationship between
them, which is represented by (inc), the per capita income of rural residents. Industrial
structure. Methane emissions come from planting and breeding. Therefore, the internal
structure of the agricultural industry will affect methane emissions, which is represented by
(ind), the proportion of planting industry in the total output value of agriculture, forestry,
animal husbandry, and fishery. Urbanization level. Urbanization will occupy agricultural
land, thus reducing agricultural methane emissions, which is measured by the proportion
of urban population in total population and represented by (ubr). Industrialization level.
With the development of industrialization, the emergence of green technology will reduce
methane emissions in the process of agricultural production, which is represented by (iind),
the proportion of non-agricultural total output value. Environmental regulations. Envi-
ronmental regulations will have an impact on agricultural production and will encourage
farmers engaged in agricultural production, especially aquaculture production, to adopt
green technology and improve new technologies in the process of agricultural production.
In this paper, (enr) is used to characterize the proportion of pollution control projects com-
pleted in each region in the year in the regional GDP. Agricultural machinery input. The
input of agricultural machinery is mainly used to reduce methane emissions in agricultural
planting. The input of great horsepower machinery can effectively improve planting effi-
ciency, which is represented in this paper by (am), the total power of agricultural machinery.
Agricultural science and technology R&D investment. Investment in agricultural science
and technology R&D is the key to promoting agricultural technology progress. In this
paper, (ati) is used to represent the proportion of government investment and financial
support to agriculture in the total expenditure of provincial researchers.

3.2.2. Analysis of Influencing Factors of Spatial Differences of Agricultural Methane

On the basis of the geographical detector, this paper takes the three grain production
areas as the main hierarchical method, uses the natural breakpoint method to treat variables
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by stratification, and divides the impact factors into four categories(Table 4). It can be
seen that 9 factors play a driving role in the spatial differentiation of methane emissions,
and that the influencing factors are divided into key and secondary influence factors
according to the size of the driving factor explanatory power (q-statistical value). Among
them, spatial factors (spa), industrial structure status (ind), industrialization level (iind),
and agricultural science and technology R&D investment (ati) are the key influencing
factors; agricultural development level (agr), residents’ living conditions (inc), urbanization
level (ubr), environmental regulation (enr), and agricultural machinery input (am) are
the secondary influencing factors. The explanatory power of spatial factors reaches 0.438,
which is the most key influencing factor, indicating that the production differences in
different grain production zones played a decisive role in agricultural methane emissions.
The explanatory power of industrial structure, industrialization level, and agricultural R&D
investment are 0.122, 0.241, and 0.206, respectively. These variables represent the driving
effect of agricultural transformation and upgrading on agricultural methane reduction
from multiple aspects. In addition, the explanatory power of residents’ living conditions,
urbanization level, environmental regulation, and agricultural machinery input are all
above 0.03, which cannot be ignored even though it is not the most critical factor influencing
regional differences during the investigation period.

Table 4. Detection results of influencing factors of agricultural methane emissions in China.

Factor spa agr inc ind ubr iind enr am ati

q 0.438 0.041 0.044 0.122 0.034 0.241 0.032 0.082 0.206
p 0.000 0.005 0.017 0.000 0.038 0.000 0.035 0.000 0.000

3.2.3. Influencing Factors of Agricultural Methane Emission in Different Production Areas

Agricultural science and technology R&D investment has an impact on the spatial
distribution of the three regions. It provides important technical support for methane
emission reduction, and continuously strengthening the government’s investment in agri-
cultural science and technology is an important driver to achieve green development. The
key influencing factors of main producing area, main sales area, and balance area are
different(Table 5). Specifically, for the main producing area, the industrial structure is the
most critical factor, and its explanatory power can reach 0.549. Main producing areas un-
dertake the due obligations to ensure food security. Under the safety bottom line, adjusting
the proportion between agriculture, forestry, animal husbandry, and fishery, especially
the reasonable industrial structure adjustment process under the guidance of nutrition,
will play an important role in methane emission reduction. The explanatory power of
industrialization level and agricultural machinery input is also above 0.08, which is the
main influencing factor of the spatial distribution of agricultural methane emission in main
producing areas.

Table 5. Factor detection results of methane emission in different production areas.

Factor Main Producing Area Main Sales Area Balance Area

q p q p q p
agr 0.010 0.694 0.292 0.002 0.132 0.045
inc 0.021 0.509 0.102 0.038 0.025 0.478
ind 0.549 0.000 0.055 0.141 0.479 0.000
ubr 0.009 0.816 0.029 0.403 0.047 0.196
iind 0.083 0.056 0.038 0.289 0.545 0.000
enr 0.049 0.107 0.083 0.127 0.042 0.234
am 0.083 0.042 0.178 0.029 0.036 0.319
ati 0.071 0.031 0.106 0.085 0.195 0.000
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For the main sales area, agricultural development level is the most important factor,
and its explanatory power reaches 0.292. The level of agricultural development in main
sales area will affect the income of residents and their demand for a better life. The
better the agricultural development level, the stronger the demand for green and low-
carbon products, which will reduce the methane emissions. The explanatory power of
residents’ living standards and agricultural mechanization input is also higher than 0.1,
indicating that these factors are also important factors influencing the spatial distribution
of agricultural methane.

For the balance area, the industrial structure is the main influencing factor with the
explanatory power of 0.479, and the industrialization level is also the main influencing
factor with the explanatory power of 0.545. The evolution of industrial structure is that
the transformation from planting to the integration of primary, secondary, and tertiary
industries, which will effectively reduce agricultural methane emissions. The accelera-
tion of industrialization will shift the rural labor force and release a greater demand to
replace chemical fertilizers with organic fertilizer. Agricultural development level and
investment in agricultural science and technology R&D are also key factors affecting the
spatial distribution of balance area.

4. Discussion

Agriculture is both a source of greenhouse gas emissions and one of the most sensitive
sectors to the impact of temperature change. In recent years, agricultural methane emission
reduction has achieved some success, but the impact of greenhouse gas emissions caused
by agricultural activities on climate change cannot be ignored. The year 2019 was the fifth
warmest year since 1951, the national average temperature was 0.79 ◦C higher than usual,
the average number of high temperature days was 11.8 days, with 4.1 days more than usual,
compared with the second warmest year. Methane is the second largest greenhouse gas,
and the recyclability of methane shows that controlling agricultural methane emission is an
effective way to achieve the dual carbon goal. From the mechanism of agricultural methane
emission, the formation ways of agricultural methane include paddy field emissions from
the planting industry, livestock and poultry manure emission from the breeding industry,
and livestock and poultry intestinal fermentation emission. Among them, the emission of
livestock and poultry intestinal fermentation is the main emission source, accounting for
51.55–60.71%. Therefore, it is important to focus on controlling the emission of livestock
and poultry intestinal fermentation to control agricultural methane emission, adjust the
livestock breeding structure according to the actual situation of each region, and promote
standardized breeding is an effective means. Paddy field emissions from planting industry
is the second largest emission source after livestock and poultry intestinal fermentation,
accounting for 26.45–35.54%. As the largest paddy producing country, China should
choose appropriate paddy varieties and cultivation methods, promote large-scale planting,
improve the utilization capacity of straw returning to the field, and other measures to
reduce the emission coefficient of paddies. Compared with the previous literature, this
paper adds the analysis of grain functional areas, uses nuclear density to investigate the
differences and changes, utilizes geographic detectors to analyze the influencing factors,
and then puts forward targeted emission reduction measures and countermeasures.

On the basis of the above analysis, the countermeasures to reduce agriculture methane
emissions are provided as follows.

Firstly, it is important to carry out spatial cooperation and explore the spatiotemporal
absorptive mechanism of agricultural methane emission reduction. The administrative
boundary should be broken, the spatial association network should be constructed, and
the free flow of elements (manpower, capital, etc.) in space should be realized. In addition,
the temporal and spatial benefit protection and incentive policy support system needs to
be constructed. Initially, it is necessary to clarify the spatial constraint characteristics of
agricultural development, especially the differences between natural resources endow-
ments. From the national level, legal, economic, and social tools should be adopted to
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provide institutional guarantee for the coordination mechanism of cross-regional green
development of agriculture. Then, a national cross-regional cooperation platform should be
established. Consistent with the development of the national carbon market, the platform
of methane emission reduction also needs to be built. In terms of agricultural methane
emission reduction, attention should be paid to reducing the differences between regions,
such as setting up a regional agricultural methane emission reduction fund, to form a
platform for cooperation and exchange between regions.

Secondly, it is crucial to strengthen the research and development of green and low-
carbon agricultural technologies. The investment in agricultural science and technology
has a significant impact on the spatial distribution of agricultural methane in the three grain
functional areas; therefore, increasing investment in agricultural science and technology
research and development is the most effective measure to form China’s unique develop-
ment pattern of high-value agriculture and low-carbon agriculture. In the input, the role of
the promising government and the effective market shall be highlighted, social capital shall
be guided into basic research and development, and an integrated guidance mechanism of
breeding, reproduction, and promotion shall be established. In the output, the enthusiasm
of various agricultural business entities needs to be stimulated, and a new pattern of green
development should be formed by combining key technologies such as big data and smart
agriculture. In addition, methane can be further utilized by recycling. The liquid storage
process can be reduced for manure with high emission potential, and methane can be
recovered through anaerobic fermentation to reduce greenhouse gas emissions. Methane
can be recycled through the construction of biogas projects, and emissions can be reduced
by changing the wet manure into dry manure and changing the way of manure is stored
by covering.

Thirdly, the mechanism of reducing agricultural methane emission by time, land, and
classification should be formed. For main producing area and balance area, emphasis
should be placed on the optimization of industrial structure, especially on the premise
of ensuring food security to promote the green transformation of industrial structure.
The adjustment of industrial structure should be carried out from the aspects of spatial
distribution, product structure, and industrial chain upgrading. The spatial layout should
mainly highlight local characteristics, optimize the spatial layout, take into account variety
improvement and quality improvement in product structure, improve regional quality
agricultural products, solve the problem of “high quality but not good price”, upgrade
the industrial chain to achieve vertical extension, and promote advanced planting and
breeding, advanced planting and fishing, ecological circular agriculture development, and
realize the integrated development of primary, secondary, and tertiary industries. For the
main grain sales area, the leading function of agricultural green transformation should
be brought into play, and residents’ awareness of green agricultural products should be
initiated to drive the improvement and promotion of the entire agricultural industry chain.

This paper selects the emission coefficient published by IPCC for calculation, which is
a widely used research method; however, due to the different actual conditions in various
regions of the country, there is a problem of low accuracy in the face of the change of
emission coefficient. At the same time, this paper lacks specific analysis at the provincial
level, which is the direction of improvement in the future.

5. Conclusions

On the basis of the construction of the agricultural methane measurement method, the
total amount and structure of the agricultural methane emissions in China is calculated and
the spatiotemporal differentiation features of the agricultural methane emission through
the grain production areas are analyzed. Then, through the interpretation of the kernel
density function curve, distribution location, sample state, and kurtosis extension—the key
factors affecting the spatial differentiation of agricultural methane emission—are analyzed
by using geographic detectors. The main conclusions are as follows.
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Firstly, agricultural methane emissions showed a trend of increasing first and then
decreasing from 2000 to 2019; agricultural methane emissions showed a downward trend
in 2006 and have been stable since then. During the 13th Five-Year Plan, the greening level
was further improved, and methane emissions declined steadily. Agricultural methane
emission reduction is closely related to the green development policy.

Secondly, the characteristics of agricultural methane emissions in the three major grain
areas are basically the same as those in the whole country, but the changes in the main
producing area, main sales area, and balance area have their own characteristics. From
2000 to 2019, the main reason for the reduction of agricultural methane emissions in the
main producing area was the decline of intestinal fermentation emissions of livestock and
poultry, which exceeded the increase of emissions from paddy fields. The paddy field,
livestock and poultry intestinal fermentation, and manure management emissions in the
main sales area and balance area fell, which generally reflects that the overall effect of green
development in China is gradually emerging. At the provincial level, emphasis should be
placed on reducing agricultural methane emissions in major producing provinces such as
Hunan, Sichuan, Inner Mongolia, Heilongjiang, and Jiangxi.

Thirdly, the spatial patterns of agricultural methane emissions in China will remain
unchanged in the short term, and it is difficult to achieve convergence.

Fourthly, the production heterogeneity of grain production areas has a decisive im-
pact on the difference in agricultural methane emissions. Industrial structure, the level of
industrialization, the investment in agricultural science, and technology R&D are the key
influencing factors. Agricultural development level, residents’ living conditions, urban-
ization level, environmental regulation, and agricultural machinery input are secondary
influencing factors. In particular, the investment in agricultural science and technology
R&D is influential in the agricultural methane emission pattern in the three main grain
areas. For the main grain sales area, the agricultural development level is the core driving
factor for the main sales area, and the industrialization level and industrial structure are
the main driving factors for the balance area.
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Abstract: The roles of bacterial communities in the health of soil microenvironments can be more
adequately defined through longer-term soil management options. Carbon dioxide (CO2) fixation by
autotrophic bacteria is a principal factor in soil carbon cycles. However, the information is limited to
how conservation tillage practices alter soil physiochemical properties, autotrophic bacterial com-
munities, and microbial catabolic diversity. In this study, we determined the changes in autotrophic
bacterial communities and carbon substrate utilization in response to different soil management
practices. A replicated field study was established in 2001, with the following soil treatments arranged
in a randomized complete block: conventional tillage with crop residue removed (T), conventional
tillage with residue incorporated into the soil (TS), no tillage with crop residue removed (NT), and no
tillage with residue remaining on the soil surface (NTS). Soils were sampled in 2019 and microbial
DNA was analyzed using high-throughput sequencing. After the 19-year (2001–2019) treatments,
the soils with conservation tillage (NTS and NT) increased the soil’s microbial biomass carbon by
13%, organic carbon by 5%, and total nitrogen by 16% compared to conventional tillage (T and TS).
The NTS treatment increased the abundance of the cbbL gene by 53% in the soil compared with the
other soil treatments. The cbbL-carrying bacterial community was mainly affiliated with the phylum
Proteobacteria and Actinobacteria, accounting for 56–85% of the community. Retaining crop residue
in the field (NTS and TS) enhanced community-level physiological profiles by 31% and carbon
substrate utilization by 32% compared to those without residue retention (T and NT). The 19 years of
soil management lead to the conclusion that minimal soil disturbance, coupled with crop residue
retention, shaped autotrophic bacterial phylogenetics, modified soil physicochemical properties, and
created a microenvironment that favored CO2-fixing activity and increased soil productivity.

Keywords: carbon fixation; cbbL gene abundance; cbbL-harboring bacteria; carbon substrate
utilization; soil management

1. Introduction

Soil microbial communities serve as the reservoir of biological processes and play
a critical role in converting organic carbon into plant nutrients [1,2]. It is estimated that
approximately 80 to 90% of the soil biogeochemical processes are mediated by microbial
activities, including organic carbon degradation [3]. An essential biosynthetic process
in soil is carbon dioxide (CO2) fixation by autotrophic bacteria, a key process of carbon
cycling [4] which is responsible for the sequestration of atmospheric CO2 into the soil [5].
In agroecosystems, autotrophic CO2-fixing bacteria are present in various types, includ-
ing distinct physiological groups, such as cyanobacteria and purple photosynthetic and
chemoautotrophic bacteria [6]. The groups of bacteria can incorporate 14C into their mi-
crobial biomass through a series of biochemical reactions [7,8]. Those reactions are related
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to the community composition of autotrophic bacteria [9], influencing the intensity of
CO2 fixation.

The Calvin–Benson–Bassham cycle (i.e., the CBB cycle) is the most important au-
totrophic CO2 fixation pathway [10,11] which influences the primary carbon source in an
ecosystem [12]. Ribulose-1,5-bisphosphate carboxylase/oxygenase (known as RubisCO), a
key enzyme in the CBB cycle, regulates the process of CO2 reduction and the oxygenolysis
of ribulose-1,5-bisphosphate [10,11]. RubisCO exists in four forms (referred as I, II, III, and
IV) with different structures, catalytic activities, and O2 sensitivities, of which form I’s
RubisCO mainly occurs in plant and photo- and chemo-autotrophic bacteria [13,14]. In the
plant–soil–microbiome environment, autotrophic microbial diversity can be reflected by
the functional biomarkers (i.e., the cbbL genes). These genes encode the large subunit of
RubisCO form I that has a large scale of sequences for phylogenetic analysis [15,16].

Many anthropogenic activities, such as tillage and crop rotation, affect the composition
and diversity of the microbial community in soil [17,18]. Soil tillage affects soil water
conservation [19], fertility enrichment [20], and carbon sequestration [21,22]. Reduced or
zero tillage (i.e., minimal to no disturbance to the soil profile) coupled with crop residue
retention can increase the nutrient supply potential [23] and enhance carbon cycling [24]
while decreasing the carbon footprint [25,26], which helps alleviate the challenge of global
climate change [27]. Diversified crop rotation increases soil carbon [28,29], improves
microbial diversity [30], and enhances the system’s productivity and resiliency. However,
little is known about the long-term impact of multiple years of soil tillage and cereal–
legume alternate rotation on the function of autotrophic CO2-fixing bacteria. It is unclear
how the nexus of autotrophic bacterial community composition—CO2 fixation—tillage
practices impact soil microenvironments.

To elucidate those effects, we established the field experiment in 2001 on the western
Loess Plateau of China. Different tillage treatments have since been applied to soil that has a
cereal–legume crop rotation system. After the 19-year treatments (in 2019), soil was sampled
from each plot in three replicates and analyzed for its biophysiochemical properties. The
abundance and community composition of autotrophic CO2-fixing bacterial communities
were analyzed using real-time quantitative PCR and high-throughput sequencing. Soil
carbon substrate utilization and its relation to autotrophic bacterial community were also
determined. In a previous paper [31], we reported the diversity of bacterial communities
and the characterization of the phylogenic composition in relation to soil management.
In the present paper, we present the findings on (1) the changes in soil physicochemical
parameters, autotrophic bacterial community composition, and soil catabolic diversity in
response to the 19-year tillage treatments, and (2) the possible mechanisms responsible for
shifts in the soil’s autotrophic bacterial communities in relation to tillage. These findings
from the long-term field study bring us to a new level of understanding of the interaction
among autotrophic bacterial community, carbon fixation, and soil management practices.

2. Materials and Methods

2.1. Site Description

A field experiment was started in 2001 at the Rainfed Agricultural Education Center
(35◦28′ N, 104◦44′ E; 1971 m a.s.l.) of Gansu Agricultural University in China. The site is on
the western Loess Plateau and has a temperate, semiarid, continental monsoon climate [32].
Its solar radiation is 5.68 KJ m−2 and sunshine duration is 2476 h annually [33]. The
mean temperature is 6.5 ◦C and the 10 ◦C-based accumulative temperature is 2339 ◦C. The
average precipitation was 392 mm per year, with 54% occurring from June to September
in most years. The experimental plots were on level terrain with dark loessal Calcaric
Cambisol soil (FAO/UNESCO soil classification system, 1990). Prior to the start of the
experiment in 2001, the site had a long history of the continuous cropping of flax (Linum
usitatissimum L.) under conventional tillage practices [34].
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2.2. Experimental Design

A randomized complete block design was used to accommodate the four soil man-
agement treatments in each of the three replicates. The description of the treatments and
the implementation of the tillage practices and crop residue retention are summarized in
Table 1. More details on the tillage and field operations of the treatments can be viewed
in a previous publication [34]. In brief, all the treatments were implemented in both the
wheat (Triticum aestivum L.) and field pea (Pisum arvense L.) phases of the rotation each
year. For the TS and T treatments, the soil was plowed to a depth of 0.20 m in the fall and
harrowed in the following spring’s seeding time. The experiment included four tillage
and crop residue management treatments per spring. In each of the three replicates, the
following treatments were arranged in plot sizes of 80 m2 (4 m wide × 20 m long). The
crops were managed according to the recommended agronomic practices. The crops were
planted in late March to early April, varying slightly from one year to the other due to
weather conditions. The seeding rate was 187.5 kg ha−1 for wheat and 180 kg ha−1 for
pea, on average, varying slightly each year due to seed size and percent germination. The
seeding rates were aimed to achieve a plant population of 250 plants per m−2 for wheat
and 80 plants per m−2 for field pea. The wheat was fertilized with urea nitrogen (46% N) at
105 kg N ha−1 and the pea at 20 kg N ha−1. Both crops received a phosphorus fertilizer
(Ca(H2PO4)2.2H2O, with 16% P2O5) at 46 kg P2O5 ha−1. The fertilizers were broadcast
at sowing. No potassium (K) was applied as the soil contained exchangeable K greater
than 300 mg kg−1. No herbicides were applied to any crop because of the dry weather and
little weed pressure. No irrigation was applied. At maturity (usually in mid-July to early
August), the entire plot was harvested using a plot harvester and the biomass and yields
were recorded.

Table 1. Treatment structure and the description of the tillage practices and crop residue implementa-
tion in the long-term field experiment started in 2001.

Treatment
Abbreviation a Tillage Crop Residue

T Conventional tillage, plowed to the 20 cm depth in
the fall and harrowed the following spring

Crop residue was removed out of the field
at harvest

NT No tillage Crop residue was removed out of the field
at harvest

TS Conventional tillage, plowed to the 20 cm depth in
the fall and harrowed the following spring

Crop straw was chopped and incorporated in the
soil via the fall plowing

NTS No tillage Crop straw was chopped, spread, and remained on
the soil’s surface

a The treatment descriptions and abbreviations will be used in the other Tables and Figures throughout the article.

2.3. Soil Sampling and Physicochemical Property Measurement

Bulk soils were sampled in June 2019 when pea plants were at the mid-flowering stage
and wheat plants were at the late stage of flowering. During flowering, crop plants are
most active, with roots interacting with soil microbes under semiarid environments [35,36].
Sampling at this stage can provide researchers with invaluable information about rhizo-
spheres and their interactions with environmental factors [37]. From each plot, five soil
samples were randomly taken from a 0 to 0.2 m depth using a 50 mm diameter iron soil
corer, and the five samples were bulked for each plot. After passing through a 2 mm mesh
sieve, two subsamples were taken from each plot: one was for DNA extraction and carbon
substrate utilization assessment and the other was for soil property analysis.

The soil pH was determined with a pH meter (Mettler Toledo FE20, Shanghai, China)
using a deionized suspension with 1:2.5 soil: water ratio (mass: volume). Soil organic
carbon (SOC) was analyzed using the Walkley–Black wet oxidation method and total N
(TN) was measured with the Kjeldahl method. Olsen phosphorus was examined using
the colorimetric method with 0.5 M NaHCO3. A UV-1800 spectrophotometer (Mapada
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Instruments, Shanghai, China) was used to determine soil NH4
+-N and NO3

−-N. Soil
microbial biomass carbon and nitrogen (SMBC and SMBN, respectively) were measured
using the Chloroform method. In each plot, soil moisture was measured gravimetrically
and converted into volumetric water content using soil bulk density, which was measured
by sampling the intact core of the soil using known-volume metal rings, drying the soil,
and weighing the dried soil.

2.4. Soil Microbial Catabolic Diversity

For each soil sample from each plot (i.e., three replicates), community-level physiolog-
ical profiles (CLPP) were determined using Biolog Eco-PlatesTM (Biolog Inc., Hayward,
CA, USA) which contained 31 widely used C substrates along with a control well. The 31 C
sources included nine carboxylic acids, seven carbohydrates, three other substrates, six
amino acids, and two amines/amides [38]. Each well of the Eco-plates was inoculated with
150 μL of soil suspensions before being incubated at 25 ◦C. The carbon substrate utilization
based on well color development was measured with optical density (OD) values at a
wavelength of 590 nm (color development plus turbidity) and 750 nm (turbidity only) every
24 h for 7 d using the Biolog method (Biolog Inc., Hayward, CA, USA). Average well-color
development (AWCD) was used to assess the microbial metabolic activity, as follows [39]:

AWCD = ∑
C − R

31
,

where C is the OD value of each well and R is the absorbance reading of the control
well. Substrate richness and evenness, defined as the Shannon–Weaver index (H’), were
calculated as follows:

H′ = −∑i=n pi(lnpi),

where pi represents the ratio of color development of a certain well to the sum of the color
development of all wells in a micro-plate.

2.5. DNA Extraction and Quantification of cbbL Gene Abundance

Soil microbial DNA was extracted from each approximately 0.5 g of fresh soil sample,
in triplicate, using a DNeasy PowerSoil Kit (QIAGEN, Inc., Hilden, Germany ) following the
manufacturer’s protocol. The concentrations of the extracted DNA were determined with
a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
and the quality of the extracted DNA was determined using agarose gel electrophoresis.

The cbbL gene copy number was assessed using real-time quantitative PCR (qPCR) on
a LightCycler 480 II real-time PCR system (Roche Diagnostics, Mannheim, Germany). The
cbbL genes were amplified with the forward primer K2f (5′-ACCAYCAAGCCSAAGCTSGG-
3′) and the reverse primer V2r (5′-GCCTTCSAGCTTGCCSACCRC-3′) (reference). The
reaction mixture contained 1 μL of DNA template, 5 μL of 2 × LightCycler® 480 SYBR
Green I Master, 0.2 μL of forward primer, 0.2 μL of reverse primer, and 3.6 μL of nuclease-
free water, and it made up a final volume of 10 μL. The thermal protocol was 10 min of
incubation at 95 ◦C, followed by 40 cycles of 10 s at 95 ◦C and 30 s at 60 ◦C. Melting curve
analysis was performed to validate the specificity of the amplified PCR products. The
standard curves were produced using triplicate 10-fold dilutions of plasmid DNA with
inserted cbbL gene. PCR amplification efficiencies were 94% with an R2 value of 0.99.

2.6. High-Throughput Sequencing of the cbbL Gene

The primer set (K2f-V2r) for cbbL gene real-time qPCR was used for the cbbL gene
amplification for each sample, respectively. The PCR components contained 5 μL of
Q5 reaction buffer (5×), 5 μL of Q5 High-Fidelity GC buffer (5×), 0.25 μL of Q5 High-
Fidelity DNA polymerase (5 U/μL), 2 μL (2.5 mM) of dNTPs, 1 μL (10 uM) of each
forward and reverse primer, 2 μL of DNA template, and 8.75 μL of ddH2O. The PCRs were
performed with the following procedures: 2 min of initial denaturation at 98 ◦C, followed
by 25 cycles of 15 s at 98 ◦C, 30 s for annealing at 55 ◦C, 30 s for elongation at 72 ◦C, and
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a final extension at 72 ◦C for 5 min. PCR amplicons were extracted from 1% agarose gels
and purified with Agencourt AMpure beads (Beckham Coulter, Indianapolis, IN, USA)
and quantified using the PicoGreen dsDNA assay kit (Invitrogen, Carlsbad, CA, USA).
High-throughput sequencing data were obtained through commercial laboratory services
(Personal Biotechnology Co., Shanghai, China) and deposited in the NCBI database with
accession PRJNA689959.

2.7. Data Processing and Bioinformatics Analysis

Raw fastq files were quality-filtered and merged using VSEARCH pipeline (version
2.13.4) on the platform of QIIME 2. The sequences with a quality score <20, having am-
biguous bases, or those containing mononucleotides repeats of >8 bp were removed. The
operational taxonomic units (OTUs) were clustered with a 97% sequence similarity cut-off
using VSEARCH pipeline (v. 2.13.4). All representative reads in the OTUs were taxo-
nomically classified and annotated based on the GenBank® nucleotide sequence database
(http://ncbi.nlm.nih.gov; accessed on 15 March 2020).

2.8. Statistical Analysis

Data were analyzed using SPSS software (SPSS Inc., Chicago, IL, USA). Significant
differences between treatments in soil properties, cbbL gene abundance, and catabolic
diversity were determined at the probability of <0.05.

The QIIME2 package was employed to determine alpha diversity, and the community
evenness and richness were expressed using the Shannon and Simpson indexes. The
variation of cbbL-harboring bacterial community composition across the samples was
determined using principal co-ordinates analysis (PCoA) based on the genus-level com-
positional profiles. Hierarchical clustering analysis was performed with the unweighted
pair-group method of arithmetic means (UPGMA) based on Bray–Curtis distance matrices.
The differences in the taxonomic and phylogenetic communities were compared by cluster-
ing them using the R “vegan” package (R Foundation for Statistical Computing, Vienna,
Austria). The significant differences in microbial structure among treatments was deter-
mined by permutational multivariate analysis of variance (PERMANOVA) and analysis of
similarities (ANOSIM).

Network analysis was performed to investigate the co-occurrence patterns among the
cbbL-harboring bacterial communities. The OTUs with a relative abundance of higher than
0.01% were retained and the “psych” package of R version 4.0.2 was used to analyze the
preprocessed data and calculate the spearman correlation coefficient matrix. Statistical cor-
relations with a cut-off at an absolute r value of higher than 0.6 and a p value of lower than
0.05 were retained for further analysis. The software Gephi (version 0.9.2) was employed
for network visualization and network properties measurement. To identify the keystone
bacterial taxa driving community turnover under different treatments, the abundance
of bacterial taxonomic OTUs was regressed against the four field treatments based on
random forest classification analysis using the “randomForest” package of R version 4.0.2.
Lists of biomarkers taxa were ranked to compare the importance of OTUs using 10-fold
cross-validation, implemented using R ‘rfcv’ function. The top 15 bacterial biomarkers were
chosen according to the stabilized cross-validation error curve. The relative abundance of
biomarker taxa was illustrated using the “heatmap” package of R version 4.0.2. The Spear-
man’s correlation coefficients and the Mantel test with 999 permutations in the “vegan”
package of R were used to assess the correlations of soil properties and the distribution of
the dominant genera of cbbL-harboring bacteria based on the distance matrix.

3. Results

3.1. Soil Physiochemical and Biological Properties

The soil’s biophysiochemical properties significantly differed between treatments
(Table 2). The contents of SOC, TN, TK, SMBC, and SMBN were significantly greater for
the NT and NTS treatments compared to the T and TS treatments (p < 0.05). Soil organic
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carbon was 3.2%, 13.4%, and 6.1% greater for the NT, NTS, and TS treatments, respectively,
compared with the T treatment. The highest soil TN concentration (1.07 g kg−1) was
obtained in the NTS soil. The TK for the NTS treatment was 10.9% (p < 0.05) greater than
that for the NT, TS, and T treatments. The soil’s bulk density was 4.6%, 9.2%, and 6.1%
lower for the NT, NTS, and TS treatments, respectively, compared with the T treatment.
The NT, NTS, and TS treatments increased SMBC by 12.6%, 31.8%, and 17.0%, respectively,
compared to the T treatment. In addition, SMBN for the NTS treatment was greater
(p < 0.05) than that for the T treatment (p < 0.05), with no difference among NT, TS, and T.
There was no difference in soil pH, TP, NO3

−-N, NH4
+–N, soil temperature, and moisture

among the treatments (p > 0.05).

Table 2. Biophysiochemical properties of the soils under different management practices.

Soil Parameter a Treatment b

NT NTS T TS

pH (H2O) 8.13 ± 0.03 a c 8.10 ± 0.03 a 8.13 ± 0.02 a 8.14 ± 0.07 a
SOC (g kg−1) 12.77 ± 0.61 ab 14.03 ± 0.40 a 12.37 ± 0.81 b 13.13 ± 0.60 ab
TN (g kg−1) 0.86 ± 0.07 ab 1.07 ± 0.13 a 0.78 ± 0.08 b 0.88 ± 0.09 ab
TP (g kg−1) 0.56 ± 0.02 a 0.66 ± 0.16 a 0.54 ± 0.06 a 0.55 ± 0.05 a
TK (g kg−1) 18.61 ± 0.90 ab 19.29 ± 0.44 a 17.39 ± 0.77 b 18.86 ± 0.67 ab
Olsen p (mg kg−1) 13.43 ± 2.71 a 15.89 ± 1.95 a 14.04 ± 4.30 a 15.38 ± 1.03 a
NO3

−-N (mg kg−1) 37.54 ± 3.38 a 35.79 ± 1.02 a 36.26 ± 3.95 a 33.84 ± 3.20 a
NH4

+–N (mg kg−1) 1.28 ± 0.29 a 1.48 ± 0.09 a 1.40 ± 0.13 a 1.20 ± 0.13 a
Moisture (%) 13.57 ± 0.43 a 14.76 ± 0.97 a 13.56 ± 0.35 a 13.87 ± 0.44 a
Bulk density (g cm−3) 1.25 ± 0.03 b 1.19 ± 0.02 c 1.31 ± 0.02 a 1.23 ± 0.03 bc
Total porosity (%) 53.05 ± 0.28 a 53.52 ± 0.79 a 50.43 ± 0.72 b 51.25 ± 0.32 b
SC (mm h−1) 77.16 ± 2.24 b 86.28 ± 2.09 a 73.05 ± 0.53 c 86.21 ± 1.45 a
Temperature (◦C) 23.20 ± 0.96 a 23.63 ± 0.70 a 23.10 ± 0.66 a 24.03 ± 0.55 a
SMBC (mg C kg−1) 185.51 ± 8.82 ab 217.12 ± 11.35 a 164.69 ± 12.31 b 192.75 ± 16.92 ab
SMBN (mg N kg−1) 19.27 ± 0.66 b 22.01 ± 1.61 a 18.22 ± 0.61 b 18.20 ± 0.53 b

a SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; SC, saturation conductiv-
ity; SMBC, soil microbial biomass carbon; SMBN, soil microbial biomass nitrogen. b The treatment descriptions
are summarized in Table 1. c Data (means ± SD, n = 3) in each row followed by different letters are significantly
different at p < 0.05.

3.2. cbbL Gene Abundance and the Relation to Soil Properties

The soils under the NTS treatment had more copy numbers of cbbL genes than the
soils under the other treatments, and the increment was 52% when NTS was compared
with the T treatment (p < 0.01; Table 3). Correlation analysis across the treatments showed
that the soil cbbL gene was positively correlated with soil moisture, saturation conductivity,
SMBC, and SMBN, but it was negatively correlated with bulk density (p < 0.05; Table S1).

Table 3. The cbbL gene copy numbers of the soil samples under the different soil management practices.

Treatment
Abbreviation a

cbbL Abundance
(108 Copies g−1 Soil)

NT 2.17 ± 0.42 b b

NTS 3.51 ± 0.36 a
T 2.31 ± 0.30 b

TS 2.39 ± 0.27 b
a The treatment descriptions are summarized in Table 1. b Values in each column followed by different letters are
significantly different at p < 0.05.

3.3. Autotrophic Bacterial Community Diversity and OTUs Richness

After quality control, a total of 468,535 filtered sequences with 32,250 to 43,646 se-
quences per sample remained (Table S2). The rarefaction curves were close to the saturation
phase with the increase in sample size. There was sufficient sequencing depth and the OTUs
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were representative of the overall bacterial community libraries. To compare soil carbon fix-
ation and microbial community diversity, the same survey effort level of 30,637 sequences
was randomly selected from each soil sample (95% of the smallest number of reads). In
total, 4988 OTUs were observed across all samples, with the number of OTUs ranging
from 503 to 1692, varying with the soil samples (Table S2). The four tillage and crop
residue management treatments shared 451 OTUs, accounting for 9.04% of the core OTUs
(Figure 1a). There were differences in the OTU-sharing between treatments: the NTS and
NT treatments shared the highest number of OTUs (1107 OTUs, 22.19%), whereas the TS
and T treatments shared the least number of OTUs (683 OTUs, 13.69%) and the NTS and T
treatments shared 18.04% of the OTUs (900 OTUs). Moreover, the NTS treatment harbored
the highest number of unique OTUs (1458 OTUs, 29.23%) and the T treatment harbored the
lowest number of unique OTUs (308 OTUs, 6.17%).

 
Figure 1. OTUs richness and diversity of soil CO2-fixing bacteria communities across all the treat-
ments. (a) Venn diagram containing the unique and shared and unique OTUs among the treatments.
(b) Alpha diversity index including Chao1, Simpson, Shannon, and observed OTUs. The asterisks
indicate significant differences among the treatments. (c) Principal coordinate analysis (PCoA) based
on bacterial community composition. The treatment descriptions are summarized in Table 1. The
numbers following the treatment name denote the sampling replications. For example, NT1, NT2,
and NT3 mean the soil sampling, respectively, from replicate 1, 2, and 3 of the NT plots.

The alpha diversity of bacterial populations differed significantly among soil treat-
ments, as shown by the Chao1, Simpson, Shannon, and observed OTUs indexes (p < 0.05;
Figure 1b). The Shannon index for the NTS treatment was significantly higher compared
to the T treatment and the diversity was ranked NTS > NT > TS > T. No differences in the
Chao1 and observed OTUs indexes were observed among the four treatments (p > 0.05;
Figure 1b). The PCoA results showed similarities and differences in CO2-fixing bacterial
community structure across the different treatments (Figure 1c), where total variance ex-
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plained by PCoA1 and PCoA2 was 35.5 and 13.6%, respectively. The bacterial communities
of the soil under the NT and TS treatments were clustered closely, whereas the community
compositions in the soil under the NTS and T treatments differed from those of the NT
and TS treatments. Permutational multivariate analysis of variance (PERMANOVA) and
analysis of similarities (ANOSIM) confirmed the significant differences in the compositions
of the soil cbbL-carrying bacterial communities under different tillage practices and crop
residue managements (p < 0.05; Table S3).

3.4. Composition and Networks of Soil Autotrophic Bacteria Communities

The composition of the bacterial communities was determined for soils from each
of the three field replicates (e.g., T1, T2, and T3 for the T treatments in Figure 2 and
Table S4). At the phylum level, the bacterial communities were dominated primarily by the
phyla Proteobacteria (38.52–80.94%) and Actinobacteria (5.72–22.65%), both accounting for
an average of 56–85% of the relative abundance of the bacterial communities (Figure 2a;
Table S4). The phyla Euryarchaeota and Cyanobacteria had low relative abundances. The
tillage treatment had a significant (p < 0.05) impact on the relative abundance of a bacterial
community. The relative abundance of the phylum Proteobacteria was 34.2, 41.6, and 33.5%
lower in the soil under NT, NTS, and TS, respectively, while the relative abundance of the
phylum Actinobacteria was 158.4, 245.7, and 142.5% higher, respectively, than that measured
in the soil under the T treatment.

At the class level, alpha-Proteobacteria and beta-Proteobacteria dominated the bacterial
communities, containing 14.89–30.71% and 5.71–22.65% of the total cbbL gene sequences,
respectively (Figure 2b; Table S4). The class Rubrobacteria was the most dominant within
the phylum Actinobacteria, which accounted for 0.57–4.00% of the total relative abundance.
At the genus level, the cbbL-carrying bacteria were mainly affiliated with Bradyrhizobium,
Variovorax, Gaiella, and Steroidobacter, accounting for 20–35% of the identified communities
(Figure 2c; Table S4). The tillage treatments had an impact on the community composition,
as shown in the top 10 genera; compared to the T treatment, the NTS treatment increased
the relative abundance of genus Bradyrhizobium by 59.3% and reduced the relative abun-
dance of genus Variovorax by 60.7%. However, no significant differences in the taxonomic
composition were observed among the NT, TS, and T treatments. The hierarchical cluster
analysis (Figure 2c) had results similar to those obtained from PERMANOVA and ANOSIM
(Table S4), where the bacterial communities formed two main clusters (T and TS vs. NT
and NTS), and the largest differences were between the NTS and T treatments.

Co-occurrence network analyses were conducted to evaluate the different co-occurrence
patterns of the cbbL-harboring bacterial communities under the different treatments
(Figure 3). In total, there were 35 nodes and 71 links, with an average degree of 4.057
and a graph density of 0.119 in the autotrophic bacterial network (Table S5). The ratio of
positive edges was higher than the ratio of negative edges in the cbbL-harboring bacterial
communities, with the ratio of positive edges accounting for 85.92%. The genera Methylo-
cella and Advenella were the most connected keystone genera in the cbbL-harboring bacterial
communities, and both were from the phylum Proteobacteria, with significant correlations
with other genera (Figure 3; Table S5).
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Figure 2. Microbial community composition under the four tillage practices and crop residue man-
agement treatments. (a) Relative abundance (%) of the most abundant phylum across all soil samples.
(b) Taxonomic differences of cbbL-harboring microbial community. The largest circles represent the
phylum level and the inner circles represent class, order, family, and genus. (c) Hierarchical cluster
analysis and relative abundance (%) of the top 10 cbbL-harboring bacterial genera. The treatment
descriptions are summarized in Table 1. The numbers following the treatment name denote the
sampling replications. For example, NT1, NT2, and NT3 mean the soil sampling, respectively, from
the NT plots in each of the three replicates.

3.5. Biomarkers in the Autotrophic Bacterial Communities

To determine the key biomarkers discriminating the cbbL-harboring bacterial commu-
nities under different treatments, we performed a regression of the abundances of bacterial
OTUs against the tillage treatments based on the random forests machine learning algo-
rithm. The top 15 keystone OTUs were chosen as the respective bio-marker taxa because
the cross-validation error curve was stabilized when using these OTUs for both bacterial
communities (Figure 4). The biomarker taxa were mainly affiliated with the classes of alpha-
Proteobacteria and beta-Proteobacteria in the cbbL-harboring bacterial communities (Table S6).
The heatmaps in Figure 4 further illustrate the scaled abundances of these biomarker taxa
in response to soil tillage management. It was found that the phylum Proteobacteria played
more crucial roles than the other phyla across soil samples for the soil’s cbbL-harboring
bacterial communities.

67



Agriculture 2022, 12, 1415

Figure 3. Spearman correlation analysis showing the cbbL-harboring bacterial co-occurrence networks
across the soil samples. Each connection line represents a statistically significant correlation (p < 0.05)
with a Spearman correlation coefficient of r > 0.6. The nodes of the networks are colored at the
phylum level and labeled at the genus level. The size of the node is proportional to the number of
connections (degrees), and the thickness of the edge is proportional to the value of the Spearman’s
correlation coefficients. The blue edges stand for positive correlations between two bacterial nodes,
while the red edges stand for negative correlations.

Figure 4. Bacterial taxonomic biomarkers in cbbL-carrying bacterial communities. The top 15
biomarker taxa were ranked in descending order of the importance to the accuracy of the mod-
els. The heatmap illustrates the variation in the abundance of the 15 predictive biomarker taxa
(OTUs). The treatment descriptions are summarized in Table 1. The numbers following each treat-
ment name in the heatmaps denote the sampling replications. For example, NT1, NT2, and NT3
mean the soil samples were taken from replicate 1, 2, and 3 of the NT plots, respectively.

3.6. Soil Microbial Catabolic Diversity and Carbon Utilization Pattern

The soil’s microbial metabolic activity was expressed as the average well-color devel-
opment (AWCD), an indicative measurement of the physiological profiles at the community
level. The AWCD differed significantly between the treatments (Table S7). The NTS and TS
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treatments increased the AWCD index by 21.6 and 19.1%, respectively, while the NT treat-
ment reduced the AWCD index by 15.4% in comparison with the T treatment. However, no
significant differences for the H’ (Shannon–Wiener) index were observed among the four
treatments.

The soil’s microbial carbon utilization patterns based on six fundamental groups dif-
fered among the treatments (Figure 5a). Compared to the T treatment, NT and TS reduced
carbon resource utilization based on amines/amides by 63.6 and 35.2%, respectively, while
NTS and TS increased carboxylic acid utilization by 37.1 and 44.9%, respectively. The overall
carbon utilization capabilities differed significantly among the six carbon substrate groups
(Figure 5b). The carbon utilization for carbohydrates, carboxylic acids, and amino acids
were significantly higher than that for the polymers, miscellaneous, and amines/amides
groups. The highest carbon utilization was obtained in the carbohydrates group, with a
mean value of 8.808, while the lowest carbon utilization was found in the amines/amides
group, with a mean value of 0.815.

Figure 5. Carbon utilization patterns of soil bacterial communities under the four tillage and crop
residue management treatments, with (a) the carbon utilization based on six carbon substrate groups,
(b) the carbon utilization of six carbon substrate groups, and (c) the utilization capabilities of 31 carbon
substrate resources among the treatments. The different lowercase letters in (b) indicate significant
differences among the substrates at p < 0.05. The asterisks in (c) indicate significant differences among
the tillage treatments. Data are means ± standard deviation (n = 3). The treatment descriptions are
detailed in Table 1.

The carbon utilization capability of soil microbiomes, based on seven specifical sub-
strates (L-Arginine, L-Phenylalanine, α-D-Lactose, N-Acetyl-D-Glucosamine, D-Mannitol,
D-Malic Acid, and α-Cyclodextrin), differed significantly among the tillage treatments
(Figure 5c). The utilization of L-Arginine substrate in the TS treatment was 73.9% higher
(p < 0.05) than that in the T treatment. The NTS treatment increased the utilization of
L-Phenylalanine substrate by 85.5%, compared with the T treatment (p < 0.05). The NT
treatment reduced the utilization of α-D-Lactose and N-Acetyl-D-Glucosamine substrates
by 28.9 and 34.4%, respectively, compared with the T treatment (p < 0.05). The NT treat-
ment increased the utilization of D-Mannitol substrate by 18.67% (p < 0.05) compared with
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the NTS, TS, and T treatments, with the latter three having a similar utilization. For the
utilization of D-Malic Acid substrate, the NTS and TS treatments respectively had 38.8 and
45.6% greater (p < 0.05) utilization than the T treatment. The utilization of α-Cyclodextrin
substrate was 68.9% greater in the NTS and 102.7% greater in the TS treatments compared
to the T treatment, while the NT treatment reduced the α-Cyclodextrin substrate utilization
by 64.8% compared with the T treatment (p < 0.05). Across the four tillage treatments, the
mean carbon utilization capabilities of the soil microbiomes differed significantly among the
31 carbon substrates. D-Mannitol substrate had the highest carbon utilization, averaging
1.624, and 2-Hydroxy benzoic Acid substrate had the lowest utilization, averaging 0.023.

3.7. Correlation among Physiochemical Traits, Catabolic Diversity, and the Autotrophic
Bacterial Community

There were significant (p < 0.05) correlations among the soil physicochemical properties
and cbbL-harboring bacterial community compositions (Figure 6a). Spearman correlation
analysis across the tillage treatments revealed that SOC was positively correlated with
TN, saturation conductivity, SMBC, and SMBN, but it was negatively correlated with bulk
density (Table S8). Total soil N was correlated positively with TK, saturation conductivity,
and SMBN, while soil bulk density was negatively correlated with saturation conductivity,
SMBC, and SMBN. Further, the Mantel test revealed that the structure of the autotrophic
bacterial communities was highly correlated with SOC (r = 0.315, p < 0.05), TK (r = 0.328,
p < 0.05), bulk density (r = 0.724, p < 0.05), total porosity (r = 0.415, p < 0.05), saturation
conductivity (r = 0.349, p < 0.05), and SMBC (r =0.377, p < 0.05) (Figure 6a).

Figure 6. A complex of correlations (a) between the autotrophic bacterial compositions (Table S4)
and environmental factors (including soil physiochemical properties) and (b) between autotrophic
bacterial community and microbial catabolic diversity in response to soil tillage treatments. In the
(a) analysis, the pairwise comparisons of environmental factors are shown with the color gradient
denoting Spearman’s correlation coefficients (range 1 to −1); Spearman’s rank correlations (r) of
key soil parameters; and Mantel tests for the correlation between environmental factors and the
distribution of the autotrophic bacterial community compositions. The edge width in the connection
lines denotes the Mantel’s r statistic for the corresponding distance correlations, and the edge color
represents the statistical significances based on 999 permutations. In the (b) analysis, the red lines
represent carbon substrate utilization, the blue lines represent the bacterial genus-level taxonomy, and
the different colored circles represent the soil samples from all replications (n = 3) of each treatment.
The treatment descriptions are summarized in Table 1.
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Redundancy analysis, showing the relationship between carbon source utilization
and the structure of cbbL-harboring communities at the genus level, revealed that the
community composition varied from 14.20 to 20.68% (Figure 6b). The carbon utilization of
polymers, amino acids, carbohydrates, and carboxylic acid were clustered to the edge of
the genus Bradyrhizobium and Methyloversatilis, and they were negatively correlated to the
genus Rhodopila. Among the carbon substrates, polymers explained 16.6% of the variance
(F = 2.0, p = 0.178) and amino acids explained 8.1% of the variance (F = 0.9, p = 0.414)
across the soil samples, and they were the key indicators of carbon utilization capacity
(with 999 permutations) (Table S9). The abundance and diversity of the genus Gaiella
were closely related to miscellaneous. The 19 years of tillage treatments had an impact
on bacterial community structure, with the genera Bradyrhizobium and Gaiella presenting
highly in the soil under the NTS treatment, while the genus Variovorax was high in the soil
with continuous T practices.

4. Discussion

4.1. Diversity of Soil cbbL-Carrying Bacterial Communities Shaped by Crop Residue Retention

The biomarker cbbL genes, which encode a large subunit of ribulose-1,5-bisphosphate
(RUbP) carboxylase/oxygenase in the Calvin–Benson–Bassham cycle, are considered im-
portant indicators of CO2-fixing autotrophic microbes in soil. We found a significant shift
in the phylogenetic diversity of cbbL-carrying bacteria in response to soil management, and
the largest differences in diversity existed between the NTS and the T treatments. The NTS
treatment reduced the relative abundance of Proteobacteria while increasing the abundance
of Actinobacteria at the phylum level, and at the genus level, the NTS treatment increased the
relative abundance of Bradyrhizobium while reducing the relative abundance of Variovorax.
The mechanisms for the shift in the bacterial community composition due to different soil
management treatments are unclear, but we suggest the following possible mechanisms:
(a) the minimal physical disturbance to the soil, coupled with continuous crop residue
input (in each growing season, year-after-year), provides cumulative feedback to the soil’s
microenvironment, forming a balanced C to N ratio over the years, which favors microbial
activities. A high N availability in soil is found to promote Proteobacteria while prohibiting
Actinobacteria. A high C availability in soil is found to stimulate Proteobacteria while pro-
hibiting other microbes compared to low N or low C soils. (b) The 19 years of continuous
input of crop residue as organic material in the NTS treatment increased C sources for
energy, essential for the cell synthesis of organisms [17], leading to the increased abundance
of cbbL genes encoding ribulose-1,5-bisphosphate carboxylase oxygenase for CO2 fixation.
The decomposition of the input material increased the substrate sources, leading to the
great shift in the taxonomic composition of cbbL-carrying bacterial communities. (c) The
shift in the microbial community composition due to soil management led to the formation
of a microenvironment favorable to the humification process of SOC, increasing the size
of the organic C pools. Additionally, (d) the facultative CO2-fixing bacterial members in
soil may grow heterotrophically with the addition of crop residue (besides autotrophic
activities) [40,41]. Nevertheless, our results, in combination with the findings reported by
others [42–44], bring us to a new level of understanding that long-term crop residue input
with minimal disturbance can shape microbial community composition, benefiting CO2
fixation processes and soil C cycling.

4.2. cbbL-Carrying Bacterial Catabolic Diversity in Relation to Soil Management

Bacterial OTU richness and catabolic diversity were highest in the soil under no
till with crop residue retention among the soil treatments evaluated, suggesting that soil
management does alter the diversity of soil microbiota, provided that the soil is treated
for a longer period of time (19 years in the present study). Other researchers have found
that the catabolic diversity is reflected by the shift in microbial community composition
accompanied by the different capacities of carbon substrate utilization [45]. However, the
catabolic diversity found in bulk soils may not be detectable in rhizosphere soils [46], since
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the expression of genes for soil nutrient reduction varies with soil microenvironments.
Further, we found that the 19 year soil treatments did not affect soil pH (Table 1). The
cbbL-carrying taxa were mainly affiliated with the types of bacteria, regardless of the level of
pH tolerance. The diversity of autotrophic bacterial communities was highest in soil under
the NTS treatment and lowest in soil under the T treatment, mainly due to the continuous
lack of disturbance and crop residue input that created an ideal microenvironment that
favored microbial activities. Our results support the findings of some researchers that soil
pH does not have a direct role in impacting bacterial community diversity [47,48], and
they do not agree with some others [49,50]. We suggest that the relationship between soil
pH and bacterial community diversity is likely driven by pH-related soil nutrients. For
example, the heavy use of N fertilizers can reduce the diversity and abundance of cbbL
gene-containing microorganisms [51], mainly due to soil N decreasing pH, which prohibits
some beneficial microbial activities [17,52].

4.3. Relationships among Physiochemical Properties, CO2 Fixation, and Bacterial Diversity

Soil is a comprehensive ecosystem in which microbial communities have a strong
correlation with soil management options, host plants, and edaphic factors [53,54], includ-
ing nutrient availability, ion exchange capacity, and SOC turnover [55,56]. In our study,
the 19 year soil management practices led to substantial changes in physiochemical and
biological properties. No till coupled with crop residue retention significantly increased
cbbL gene abundance, SOC, SMBC, and SMBN while decreasing bulk density compared
to conventional tillage. Our results add new knowledge that in a no-till soil microenvi-
ronment, bulk density, SMBC, and SMBN impact the cbbL gene abundance, and that the
increased cbbL gene abundance, in turn, increases CO2 fixation, affirming the positive role
of cbbL-carrying bacteria in soil’s C cycling. The cbbL-carrying facultative autotrophs played
a more prominent role than the obligate autotrophs in soil CO2 fixation, as we identified
both facultative and obligate bacteria through sequencing, and we found that the relative
abundance of Proteobacteria at the phylum level was highest in all the soil treatments evalu-
ated. Proteobacteria is a well-known facultative aerobic autotroph that assimilates CO2 via
the Calvin–Benson cycle. However, the CO2-fixing capability of autotrophs may vary with
other factors, such as plant species [57], crop fertilization [51], and soil amendments [58].

4.4. Implication of Long-Term Field Studies

Bacteria play an important role in soil C cycling, some of which serve as the de-
composers of root exudates, plant litter, and other carbon sources which break down the
organisms and convert organic energy into forms useful to the rest of the organisms in
the food web. The conversion process releases nutrients and thus improves soil fertility.
However, limited information is available regarding how the bacterial community compo-
sition and diversity are influenced by long-term soil management options, such as tillage
practices and crop residue input. In the scientific literature, some aspects of the relationship
between soil bacterial communities and anthropogenic activities are documented, for exam-
ple, soil tillage practices shape microbial community composition [59,60], change microbial
diversity [46,61], and provide feedback to soil physiochemical properties [62]. However,
most published findings are primarily drawn from short-term (< 10 years) experiments,
such that the conclusions are often inconclusive, inconsistent, or even controversial from
one study to another. Running a large field experiment continuously, year after year, is
undoubtedly costly, but the experience of conducting the 19-year field experiment has
provided us with the high confidence for making concrete conclusions on the subject area.

The improved soil microenvironmental conditions due to no till and crop straw re-
tention for 19 years has led to increased soil productivity. Pea yield ranged from 1030 to
1980 kg ha−1 and aboveground plant biomass ranged from 4300 to 6400 kg ha−1 (Figure S1).
Spring wheat followed a similar trend of treatment effect as that obtained in field pea.
The effect of soil management on crop yields in 2019 was similar to that averaged cross
the 19 study years; the NTS, TS, and NT treatments increased (p < 0.01) yields by 32.5,
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25.1, and 10.0%, on average, of wheat and pea, respectively, compared to the T treatment.
The soils receiving residue retention treatments (i.e., NTS and TS) had significantly higher
productivity (22.7% more) compared to the soil without crop residue retention (i.e., NT
and T).

Knowledge of the complex nexuses among soil’s physiochemical properties, micro-
biomes, and anthropogenic activities (such as tillage practices and crop residue input) is
highly demanded in the development of strategies to improve the health of soil microen-
vironments. Our findings are well positioned to meet the needs. One of the important
aspects in the assessment of the impact of long-term soil management practices is to quan-
tify the relative weights or percent impact between the two subfactors—tillage practice
and crop straw retention. There is a need to understand whether the combination of the
two subfactors actually generates additional synergy between the two. For example, the
NTS treatment in our study had the greatest benefits in terms of soil microbial diversity,
C-cycling, and nutrient enrichment compared to the rest of the treatments; however, we
were unable to differentiate the relational weight of the impact between tillage practice and
straw retention. Did the benefits stem from the NTS treatment due to straw input (x% of the
benefits), no tillage (y% of the benefits), or the combination of the two? Nevertheless, our
long-term experiment has been running since 2001 at a site representative of the 1.56 million
hectares of the China Loess Plateau. The results of the study can provide some guidelines
for improving soil health and productivity in local regions, and possibly extended to areas
with similar climatic conditions to the experimental site.

5. Conclusions

The results of the 19-year field experiment show that continuous disturbance to the soil
profile elevated the selective pressure to the soil CO2-fixing bacteria community, disturbed
microbial catabolic activity, and created hardship for the microenvironment. Conversely,
no disturbance to the soil, coupled with residue-retaining on the soil surface or crop
residue being incorporated into the soil, increased the soil’s organic carbon and nutrients
and lowered the soil’s bulk density. The underlying micro-driven functional changes
led to enhanced soil carbon utilization. We conclude that bacterial community structure,
composition, and CO2-fixing capability are highly regulated by soil management practices,
and that a minimal disturbance to the soil’s microenvironment, coupled with the retention
of crop residues in the soil, will improve bacteria-involved biological activities and increase
nutrient cycling and soil productivity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agriculture12091415/s1, Table S1: Pearson correlation coefficients between cbbL gene abun-
dance and soil physicochemical properties, Table S2: Detailed sequencing depth and OTUs number
of the cbbL-harboring bacterial communities under different soil treatments, Table S3: PERMANOVA
and ANOSIM results for the effects of tillage and crop residue management treatments on soil
cbbL-harboring bacterial communities, Table S4: Relative abundance of soil cbbL-harboring bacterial
taxonomic composition at different levels for all samples as affected by tillage and crop residue
management treatments, Table S5: Co-occurrence network properties of soil cbbL-harboring bacterial
communities under the four tillage and crop residue management treatments, Table S6: Lists of
the top 15 bacterial biomarkers taxa of cbbL-harboring bacterial communities under the different
treatments, Table S7: Soil microbial catabolic diversity response to the four tillage and crop residue
management treatments, Table S8: Spearman correlation coefficients among the soil’s physicochemi-
cal and biological properties, and Table S9: Redundancy analysis of the relationship between carbon
source utilization and the cbbL-harboring bacterial community at the genus level and clustering of
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under different soil management practices.
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Abstract: Seeking to evaluate the hypothesis that biochar optimises the composting and vermi-
composting processes as well as their product quality, we carried out field and greenhouse experi-
ments. Four grass clipping composting treatments (only grass, grass + single superphosphate (SSP),
grass + biochar and grass + SSP + biochar) were evaluated. At the end of the maturation period
(150 days), the composts were submitted to vermicomposting (Eisenia fetida earthworm) for an
additional 90 days. Ordinary fine charcoal was selected due to its low cost (a by-product of charcoal
production) and great availability; this is important since the obtained product presents low commer-
cial value. A greater maturity of the organic matter (humification) was observed in the vermicompost
treatments compared with the compost-only treatments. The addition of phosphate significantly
reduced the pH (from 6.7 to 4.8), doubled the electrical conductivity and inhibited biological activity,
resulting in less than 2% of the number of earthworms found in the treatment without phosphate. The
addition of soluble phosphate inhibited the humification process, resulting in a less-stable compound
with the preservation of labile structures, primarily cellulose. The P species found corroborate these
findings because the pyrophosphate conversion from SSP in the absence of biochar may explain the
strong acidification and increased electric conductivity. Biochar appears to prevent this conversion,
thus mitigating the deleterious effects of SSP and favouring the formation of organic P species from
SSP (78.5% of P in organic form with biochar compared to only 12.8% in the treatments without
biochar). In short, biochar decreases pyrophosphate formation from SSP, avoiding acidification
and salinity; therefore, biochar improves the whole composting and vermicomposting process and
product quality. Vermicompost with SSP and biochar should be tested as a soil conditioner on account
of its greater proportion of stabilized C and organic P.

Keywords: 13C nuclear magnetic resonance; 31P nuclear magnetic resonance; charcoal; Eisenia fetida;
pyrogenic carbon

1. Introduction

Biochar is a C-rich product distinct from charcoal because it is produced for soil appli-
cation purposes in order to improve its quality (organic matter stability, cation exchange
capacity (CEC), soil fertility, water retention capacity, porosity and biological activity are
commonly increased), prevent nutrient leaching, improve C storage or purify the soil from
pollutants [1–3]. The uses of and studies regarding this pyrolyzed biomass for agricul-
ture have increased in recent decades, in part due to recognition of the role of carbonised
biomass in the high fertility of terra preta de indios soils, which are anthropic soils that had
a high input of carbonised biomass during the pre-Colombian period [4–6]. Although a
number of studies have investigated the effects of different pyrolyzed residues on plant
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productivity and chemical and physical soil properties [7–11], little is known about biochar
interactions with soil microbiota and fauna or with the native microorganisms from the
raw materials used in composting [8,12–14].

Composting is a technique in which microbial activity during organic material decay
is optimised and the material is transformed into either a fertiliser or soil conditioner.
Vermicomposting, on the other hand, is a process by which earthworms aid in recycling
and increase the velocity of organic matter stabilisation through residue homogenisation.
The degradation of cellulose and inoculation of other organisms are stimulated by these
macrofauna representatives, and humification tends to increase in the presence of these
organisms [15–17].

Although earthworms occur in most environments, these organisms are sensitive to
soil management practices [18,19], trace metals (mainly Cd) [20,21] and carbon polyaromatic-
containing substances [21,22]; thus, they can be used as quality indicators for soil or dif-
ferent organic substrates [21,23,24]. Fertilisers can affect the abundance and density of
earthworms in the soil, although limited studies have investigated the effect of soluble
sources, including phosphorus (P), on these soil organisms. Sarathchandra et al. [25] per-
formed field studies and did not observe changes in the populations of Lumbricus rubellus
or Aporrectodea caliginosa in either the adult or young forms after three years of single
superphosphate (SSP) and rock phosphate application in North Carolina. However, labora-
tory studies have shown that direct contact with SSP can be lethal to the Californian red
earthworm (Eisenia fetida), which has led to studies recommending the monitoring of these
animal populations after applications of inorganic and soluble sources of P to the field [26].

In order to find a way to minimise the external input (fertilisers and soil conditioner)
needed to maintain the extensive grasslands at the Rio de Janeiro International Airport in
Brazil, which produces approximately 2 Mg of grass clippings daily, and also to reduce the
disposal cost of this low-density raw material and hence reduce the environmental impact of
the airport, the potential use of grass clippings for compost was proposed [27,28]. Therefore,
this study aimed to evaluate the impact of using soluble phosphate and biochar on the
establishment and development of the Californian red earthworm E. fetida in compost and
vermicompost that included grass clippings from the Rio de Janeiro International Airport as
well as evaluate the final products using 13C and 31P solid-state nuclear magnetic resonance
spectroscopy. We hypothesized that the introduction of P in the composting process would
increase the nutritional status of the compost/vermicompost, since P is a limiting element
to plant growth in tropical oxidized soils, and that biochar would improve the composting
and vermicomposting processes as well as the soil conditions for grass growth in the airport
field area (not tested).

2. Materials and Methods

2.1. Composting Site and Origin of Raw Material

The experiment was conducted in a covered hangar of the Rio de Janeiro/Galeão
International Airport (−22.804114◦; −43.229841◦), which is located in Rio de Janeiro,
Brazil. Composting was performed using grass clippings obtained by mowing the airport’s
islands, i.e., the unused grassy areas between taxiways, between runways or between a
taxiway and a runway. The clippings were ground to homogenise the particle size. The
chemical composition of the residue (mean ± standard deviation, n=20) was as follows [28]:
C = 415 ± 2 g kg−1; N = 11 ± 2 g kg−1; K = 10.7 ± 0.7 g kg−1; Ca = 4.2 ± 0.7 g kg−1;
Mg = 1.3 ± 0.1 g kg−1; P = 0.5 ± 0.1 g kg−1; and C/N ratio = 47 ± 7.5. At the beginning of
the experiment, the average moisture and density of the grass clippings were 70–80% and
~80 kg m−3, respectively.

2.2. Composting of Grass Clippings

Four treatments arranged in a full factorial design (22: two levels of phosphate and
of biochar in grass clipping composting) were tested: grass (G); grass + biochar (GB);
grass + phosphate (GP); and grass + biochar + phosphate (GBP). The phosphate used was
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single superphosphate (SSP) with 8.7% P, mainly in the form of monocalcium phosphate ().
Previous composting was performed in 2.5 m3 piles. The charcoal used in the piles was
the residue of vegetable charcoal production (Eucalyptus sp., conventional carbonisation at
450 ◦C for six hours). This residue was a fine-grained charcoal, with a grain size usually
smaller than 5 mm. The used sample exhibited non-uniform and small grain sizes, with
only 10% of the mass retained on a 4-mm sieve. The quantities of each input used to prepare
the compost piles are presented in Table 1.

Table 1. Quantities (kg) of each material/input used in the composting piles (2.5 m3).

Treatments Grass (kg) Biochar (kg) Phosphate (kg)

Grass 200 - -
Grass + biochar 160 143 -

Grass + phosphate 200 - 25.6
Grass + phosphate + biochar 160 143 25.6

At the beginning of the process, the piles were manually turned every two days. After
30 days, the piles were turned every 10 days. After 120 days of composting, all of the piles
were ground to 5 cm, and the piles were turned twice a week for 30 days.

After 150 days of composting, six sub-samples of each pile were collected and trans-
ferred to plastic boxes for vermicomposting.

2.3. Vermicomposting

Vermicomposting was performed for 90 days using a completely randomised ex-
perimental design with six replicates. Twenty adult E. fetida were added to 10 L of the
different composts and placed in 20 L plastic boxes. E. fetida earthworms were chosen
because they exhibit high prolificacy, precociousness, survival rates and adaptability to
captivity [4]. The experimental design was a 2 × 4 full factorial design (with and with-
out earthworms × 4 former treatments, see Section 2.2) with 6 replicates and a total of
48 worm boxes.

Compost moisture was kept constant with frequent wettings. After 90 days, the
earthworms from each box were counted.

2.4. Physical, Chemical and Spectroscopy Characterisation

Sub-samples from each box were dried at 45 ◦C for 48 h and ground, and the C and N
concentrations were determined using a PerkinElmer 2400 CHNS (Waltham, MA, USA)
elemental analyser. The pH and electrical conductivity (EC) of the different composts
were determined as follows: approximately 15 g of compost was weighed in lidded plastic
containers and then 85 mL of distilled water was added. The samples were stirred using a
horizontal agitator for 30 min at 40 rpm and left to stand for 20 min, after which the EC
and pH were measured.

For spectroscopic characterisation, sub-samples of each treatment were freeze-dried
and ground in liquid N2. Solid-state 13C and 31P nuclear magnetic resonance (NMR) spectra
were obtained with a Varian Inova (11.74 T) spectrometer at 13C, 31P and 1H frequencies of
125.7, 202.5 and 500.0 MHz, respectively. For this, a T3NB HXY with a 4-mm probe was
utilised to detect the 13C and 31P nuclei and the rotors were spun using dry air at 15 kHz.
All experiments were carried out at room temperature.

Two NMR pulse procedures were applied: variable amplitude cross-polarisation (CP)
for 13C and direct polarisation (DP) for 31P.

In the 13C CP-MAS experiment an optimised recycle delay (d1) of 500 ms was used;
the 1H 90-pulse was set to 3 μs, the contact time value to 1 ms and the acquisition time to
15 ms. High-power two-pulse phase modulation (TPPM) 1H decoupling at 70 kHz was
employed. The cross-polarisation time was selected after variable contact time experiments
and the recycle delays were selected to be five times longer than the longest spin–lattice
relaxation time (T1), as determined by inversion recovery experiments.
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In the 31P DP-MAS experiment, the recycle delay was 10 min (after inversion-recovery
experiments), the 31P 90-pulse was set to 3 μs and the acquisition time to 15 ms.

2.5. Data Analysis

The data from the vermicomposting experiment (pH, EC and number of earthworms)
were subjected to a multivariate analysis of variance (MANOVA), while the data from com-
posting and further vermicomposting were analysed using repeated measures MANOVA.
The normality and homoscedasticity of the residuals were tested and, when necessary,
appropriate data transformation (log for C and C/N ratio and square root for the number
of earthworms) was applied. When a statistically significant effect was detected, the means
were compared using Duncan’s test at p < 0.05. The software Statistica 7.1 [29] was used for
all statistical analyses.

The multivariate analysis of the spectral data was performed using the software
Unscrambler 10.4 (CAMO, Norway). Principal component analysis (PCA) was carried out
using the full 13C NMR spectra obtained, after area normalisation and mean-centring of the
data. To aid in the analyses of the 31P NMR results, the multivariate curve resolution (MCR)
procedure was carried out. The basic goals of MCR are: the determination of the number of
components co-existing in the chemical system; the extraction of the pure spectra of the
components (qualitative analysis); and the extraction of the concentration profiles of these
components (quantitative analysis). This analysis was preceded by PCA to estimate the
number of components in the mixture. After this, the rotation of the PC was calculated
without orthogonality constraints (in this way, it would have infinite solutions). To solve
this, new constraints were adopted (e.g., non-negative concentrations and/or non-negative
spectra). In this way, when the goals of MCR are achieved, it is possible to unravel the
“true” underlying sources of data variation, after which the results with physical meaning
are easily interpretable [18].

3. Results

3.1. Earthworm Reproduction with Different Substrates

The application of only phosphate drastically inhibited earthworm reproduction
(Figure 1a). However, the interaction between the main factors of phosphate and biochar
was statistically significant (p = 2.6 × 10−6), with this detrimental effect mitigated by
biochar, resulting in significantly larger populations than the GP treatment but still lower
populations than the treatments without phosphate (G and GB).

3.2. Chemical and Spectroscopy Analysis of the Composts and Vermicomposts

The addition of phosphate fertiliser increased the medium’s acidity and the EC of
the vermicompost; however, biochar decreased these effects significantly (Figure 1b,c).
Biochar prevented the pronounced acidification caused by phosphate; however, the pH
was still lower than that of the treatments without phosphate (significant interaction,
p = 2.0 × 10−6). Meanwhile, for EC just the main factors (phosphate and biochar) were
statistically significant (p = 5.5 × 10−6 and 9.9 × 10−4, respectively), without significant
interaction; therefore, the biochar decreased the EC, fully mitigating the deleterious effect
of phosphate application on the vermicompost EC.
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Figure 1. Square root of earthworm number after inoculation for 90 days in different composted
substrates (a); pH (b) and electrical conductivity (EC) (c) of the vermicompost. G: grass clippings;
G + B: grass + biochar; G + P: grass + phosphate; and G + B + P: grass + biochar + phosphate. Columns
with the same lower-case letters (for earthworms, pH and biochar factor for EC) and upper-case
letters (for P factor for EC) indicate no statistical difference at p < 0.05 using Duncan test. Vertical bars
denote standard errors.

The introduction of biochar increased C concentrations in all substrates (Figure 2a),
and no significant effect was observed for phosphate or vermicomposting. Concerning
N concentration and C/N ratio, the interaction of phosphate x biochar was significant
(p = 2.8 × 10−4 and 2.5 × 10−4, respectively), being that phosphate and biochar decreased
N and increased the C/N ratio (Figure 2b), with the strongest effect being from biochar. In
addition, further vermicomposting increased the N content and decreased the C/N ratio
(Figure 2c), indicating further humification.

Figure 2. Biochar effect on C concentration (a), phosphate and biochar interaction effects on N
concentration and on C/N ratio (b), and effects of vermicomposting on these variables (c). G: grass
clippings; G + B: grass + biochar; G + P: grass + phosphate; and G + B + P: grass + biochar + phosphate;
Comp: composting; and Vermic: further vermicomposting. Columns with the same lower-case letters
(C and N) and symbols with the same upper-case letters (C/N ratio) indicate no statistical difference
at p < 0.05 using Duncan test. Vertical bars denote standard errors.

The change in humification was confirmed by the 13C and 31P NMR spectra, which
are shown below. The C/N ratio increased in all treatments with biochar (Figure 2b),
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which was also explained by the inclusion of material rich in recalcitrant C and poor in N.
Meanwhile, a significant effect of vermicomposting we observed was that it decreased the
C/N ratio. The addition of phosphate to the substrates in the absence of biochar resulted
in higher C/N ratios in the compost and vermicompost (no interaction), confirming the
inhibition of humification by phosphate.

The organic chemical structures detected using 13C NMR (Figure 3) indicate that,
following composting, the material still exhibited significant amounts of labile structures,
mainly cellulose (O-alkyl, with signals at ~65 and 73 ppm and di-O-alkyl, with signal at
~105 ppm). The relative contribution of these regions varied between substrates, indicating
selective degradation of cellulose (higher biological activity and higher humification) in
certain substrates. For the substrates with biochar, a pronounced increase of the C-aryl
signal was observed (~125 ppm), which is a typical signal of condensed aromatic rings.
These differences were summarised and highlighted using PCA and are discussed in
detail below.

biochar

biochar

biochar

biochar

Figure 3. Solid state 13C NMR spectra of the different compost and vermicompost obtained. Without
biochar (A) and with biochar (B).

3.3. Progress of Humification According to Principal Component Analysis (PCA)

Using PCA, we were able to satisfactorily model the data (97% of variance captured)
with two principal components (PCs). The first PC (92% of total variance) identified the
different substrates exhibiting bipolar loadings (Figure 4A), with positive loadings for the
sp2 C signals of biochar (aryl) and negative for the sp3 hybridised C of grass cellulose (O-
alkyl and di-O-alkyl). The second PC (5% of total variance) was characterised by negative
loadings for the signals typical of labile structures (Figure 4A), primarily cellulose, that
were partially oxidised to uronic acids (O-alkyl, di-O-alkyl and carboxyl with a signal at
~173 ppm). Therefore, this PC served as an indicator of the progress of humification, since
less labile structures indicate the progression of the humification process.

The samples with biochar (GB, VGB, GBP, VGBP) presented the highest scores for PC1
(Figure 4B), confirming the contribution of polycondensed aryl structures towards their
13C NMR spectra.

The samples containing only grass, with and without earthworms, exhibited the
highest PC2 scores, indicating a lower proportion of labile structures and more advanced
humification (Figure 4B). Treatments with phosphate and without biochar (compost—GP
and vermicompost—VGP) exhibited the lowest scores for PC2 (Figure 4B), indicating that
phosphate inhibited the advance of humification by suppressing the biological activity of
micro- and macro-organisms (after the earthworm population decrease, Figure 1a), resulting
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in a material rich in labile structures, i.e., partially oxidised cellulose. This finding confirmed
the results for the N concentrations and C/N ratios as well as the detrimental effects on
earthworms. The samples with biochar (GB, VGB, GBP, VGBP) exhibited intermediate
scores (Figure 4B) for this component (uronic acids), indicating that the maturation of
the compost and vermicompost were similar for the samples with biochar, regardless of
phosphate presence.

 

O

O

O

Biochar

Figure 4. (A) PCA loadings obtained from the 13C NMR spectra. (B) PCA scores. G: grass compost;
VG: grass vermicompost; GP: grass + phosphate compost; VGP: grass + phosphate vermicompost;
GBP: grass + biochar + phosphate compost; VGBP: grass + biochar + phosphate vermicompost.
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The 31P NMR and its multivariate curve resolution analysis (Figure 5) indicate that, in
the absence of biochar, the addition of phosphate to the compost significantly changed the
distribution of P species, with a likely predominance of pyrophosphate (with a chemical
shift of approximately −1.3 ppm). Moreover, in samples without phosphate or with
phosphate and biochar, the predominant form was likely organic (mono and di-ester
phosphate, with chemical shifts of approximately 0.96 ppm and 2 ppm, respectively) or
mixed with non-hydrolysed monobasic phosphate (chemical shift of 0.96 ppm).

 

Figure 5. Multivariate curve resolution results obtained from the 31P NMR spectra showing
the two component solutions. (A): estimated component spectra; discontinued lines show the
31P NMR spectra of 31P standards. (B): estimated concentrations. G: grass compost; VG: grass
vermicompost; GP: grass + phosphate compost; VGP: grass + phosphate vermicompost; GBP:
grass + biochar + phosphate compost; and VGBP: grass + biochar + phosphate vermicompost.

4. Discussion

The grass clipping compost obtained from the International Airport of Rio de Janeiro
did not exhibit limitations for composting, which was consistent with many other
works [27,28]. We found that grass clippings could also be used for vermicomposting
because a statistically significant increase of 400% of the earthworm population was ob-
served during the studied period (Figure 1a). Curry and Schmidt [30] cited, amongst a
wide range of organic materials, the presence of grass in the digestive tract of these soil
animals, which indicates that grass clipping material can be used to feed earthworms and
then in vermicomposting.

However, when SSP was added to the composting substrate, a detrimental effect was
observed. The acid reaction from the sulphate present in the phosphate inhibited microbial
activity, with the resulting compost exhibiting lower N concentrations, higher C/N ratios
(Figure 2b) and higher levels of labile structures (uronic acids—Figure 4). Moreover, the
phosphate severely inhibited earthworm reproduction and led to a significant decrease
in the earthworm population (i.e., death or escape of the earthworms, Figure 1a). The
phosphate dosage (1 kg m−3) used in the present experiment resulted in a significant
increase in compost acidity (pH < 5) and in the ionic strength of the substrates (Figure 1b,c),
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which are factors that negatively affect the development and reproduction of earthworms
of this genus [31]. This acidification may result from the conversion of applied phosphate
into pyrophosphate in the absence of biochar, as detected by 31P NMR (Figure 5). On the
other hand, in the absence of phosphate or in the presence of biochar, the predominant
forms of P were organic or non-hydrolysed monobasic phosphate, indicating the highest
biological activity and incorporation of P into biological tissues.

In addition, the presence of certain metals (Cd, Cu, Ni, As, Cr and Pb) and radionu-
clides (226Ra, 228Ra and 210Pb) has been reported in phosphate fertilisers commercialised in
Brazil [32], albeit in reduced concentrations. However, their solubility may have increased
because of the pronounced pH decrease, thus contributing to the detrimental effect on
the earthworms. Nevertheless, additional specific studies are required to confirm this
hypothesis. It should be noted that in a review on the uptake and accumulation of heavy
metals by earthworms, the metal concentration in the soil was found to be a poor predictor
of metal concentration in the earthworms’ tissues, and pH was considered to be the main
factor associated with metal uptake by earthworms [33].

The presence of biochar mitigated these detrimental effects of phosphate. The pyrol-
ysed biomass acquired different properties depending on the pyrolysis temperature and
nature of the feedstock [13,34]. Biochar application has been found to promote changes in
nutrient availability (usually pH increase, N immobilisation etc.) [19]; interference with
organism and plant signalling compounds; xenobiotic detoxification; and refuge availabil-
ity for pathogens or growth-promoting organisms, etc. These changes are examples of
multiple beneficial or detrimental effects (direct and indirect) of biochar on soil quality and
plant production [24,35–37].

The litter earthworm is sensitive to high acidity, high salinity and certain toxic elements,
and the treatments with biochar exhibited increased pH and decreased EC, similar or
close to the values from the treatments without phosphate. These characteristics may
have contributed to the mitigation of detrimental effects of phosphate on the earthworm
population and also towards microbiological activity, as indicated by the humification of
the biomass (Figure 4).

The 31P NMR spectra and their MCR analysis (Figure 5) show that, in the absence of
biochar, the addition of phosphate to the compost significantly changed the distribution of
P species, with a likely predominance of pyrophosphate. Moreover, in samples without
phosphate or with phosphate and biochar, the predominant form was likely organic (mono
and di-ester phosphate) or mixed with monobasic phosphate. This conversion of applied
phosphate into pyrophosphate in the absence of biochar may explain the strong acidification
of the medium as well as the increase in EC. Biochar was able to prevent this conversion
and favoured the formation of P organic species, which may have been caused by the
highest microbial activity in the presence of biochar as indicated by the highest compost
humification (Figure 3).

Vermicomposting increased the N concentration of the tested substrates (Figure 2c),
probably due to the labile organic matter evolving to CO2 and resulting in a relative
enrichment in N.

Biochar addition to the substrates led to lower N concentrations in the compost and
vermicompost (Figure 2b), which may have been caused by a dilution effect related to the
inclusion of material with high recalcitrant C concentrations and low N concentrations.

A decrease in the C/N atomic ratios was observed after vermicomposting (Figure 2c),
indicating a further humification process promoted by the earthworms. The relative
increase of N concentrations likely occurred because the raw materials were N-poor and
cellulose degradation (CO2 emission) was favoured by the presence of earthworms; we
confirmed this using the 13C NMR spectra (Figures 3 and 4).

5. Conclusions

A detrimental effect of SSP on macro- and micro-biota was observed with a drastic
decrease in earthworm population and lower compost and vermicompost humification.
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This detrimental effect of SSP was likely caused by acidic conditions resulting from py-
rophosphate formation and high salinity, inhibiting humification. This was indicated by the
presence of materials with increased labile structures, low N concentrations and high C/N
ratios. However, biochar mitigated this negative effect during composting by maintaining
microbial activity, which was indicated by higher humification, and during vermicompost-
ing, by mitigating the detrimental effect of SSP on the earthworm population. Biochar
probably reduces the deleterious acidity and salinity induced by single superphosphate by
decreasing pyrophosphate formation, avoiding acidification and salinity.

SSP alone is not recommended for the composting and vermicomposting of grass
clippings, but in combination with biochar it should be tested as a soil conditioner, on
account of its greater proportion of stabilized C (from grass clippings and pyrogen) and
organic P.
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Abstract: Trichoderma bio-fertilizer is widely used to improve soil fertility and carbon (C) seques-
tration, but the mechanism for increasing C accumulation remains unclear. In this study, effects
of Trichoderma bio-fertilizer on the mineralization of aggregate-associated organic C were investi-
gated in a field experiment with five treatments (bio-fertilizer substitute 0 (CF), 10% (BF10), 20%
(BF20), 30% (BF30) and 50% (BF50) chemical fertilizer nitrogen (N)). Aggregate fractions collected by
the dry sieving method were used to determine mineralization dynamics of aggregate-associated
organic C. The microbial community across aggregate fractions was detected by the phospholipid
fatty acid (PLFA) method. The results indicated that Trichoderma bio-fertilizer increased organic
C stock across aggregate fractions and bulk soil compared with CF. Cumulative mineralization of
aggregate-associated organic C increased with the increasing bio-fertilizer application rate. However,
the proportion of organic mineralized C was lower in the BF20 treatment except for <0.053 mm
aggregate. Moreover, the PLFAs and fungal PLFA/bacterial PLFA first increased and then decreased
with increasing bio-fertilizer application rates. Compared with CF, the increases of bacteria PLFA in
>2 mm aggregate were 79.7%, 130.0%, 141.0% and 148.5% in BF10, BF20, BF30 and BF50, respectively.
Similarly, the PLFAs in 0.25–2, 0.053–0.25 and <0.053 mm aggregates showed a similar trend to that
in >2 mm aggregate. Bio-fertilizer increased the value of fungi PLFA/bacteria PLFA but decreased
G+ PLFA/G− PLFA, and BF20 shared the greatest changes. Therefore, appropriate Trichoderma
bio-fertilizer application was beneficial to improving soil micro-environment and minimizing risks of
soil degradation.

Keywords: Trichoderma bio-fertilizer; soil aggregate stability; mineralization; microbial community

1. Introduction

Increasing carbon (C) sequestration in cropland has been recognized as an effective
way to reduce CO2 emissions, improve soil structure and promote soil microbial diver-
sity [1,2]. Though protected from microbial decomposition [3], organic C in each aggregate
fraction could be affected by agronomic practices (i.e., bio-fertilizer application). Further-
more, the inherent heterogeneity of microbes existing in different aggregate fractions was
also influenced by organic material application [2]. Generally, soil aggregate fractions
would affect the soil microbial diversity, while soil C contributed to the microbial com-
munity structure [4,5]. However, sequestration of soil organic carbon (SOC) was closely
related to the C input and output, which were affected by the microbial mineralization of
organic materials. Clay soil with high SOC content was more vulnerable to decomposition,
showing that dynamics of SOC might also be affected by soil texture which was influenced
by aggregate fraction [6]. Therefore, evaluating the sequestration and mineralization of
organic C in aggregate fractions and its related microbial community is vital for a deeper
understanding of soil C stability.

Studies have demonstrated that long-term fertilization significantly affected SOC
stability in different aggregate fractions [7–9], and mineralization of organic C would vary
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with soil aggregates [6,10]. The mineralization of C in small aggregates was vulnerable
to soil conditions in an experiment in which soil types concluded Alfisols, Inceptisols,
Mollisols and Ultisols [11]. Reeves et al. [12] showed that the mineralization of C in micro-
aggregates was higher in Vertisol, while Wang et al. [13] found an opposite trend in the soil
of Udic Ferralsols. No difference in organic C mineralization between different aggregate
fractions was also observed in Dermosols [14]. Such diverse results clearly indicated that
mineralization of aggregate-associated organic C varied with soil profiles. Soil microbes,
the driving force of organic C decomposition, were affected by soil textures and aggregate
class [13,15]. Therefore, it is important to investigate changes in soil microbial community
across aggregate fractions to deeply understand soil C stability. Generally, organic materials
clearly increased fungi decomposing biosolids and decreased the abundance of CO2-
emission-related fungi [16]. However, little is known about variations of soil microbial
community in aggregate fractions and how different classes of aggregates protect and
sequester C in soil cultivated with Trichoderma bio-fertilizer.

The winter wheat-summer maize cropping system is the major planting pattern in the
North China Plain (NCP), which occupies around 16 M ha [17]. The Shajiang Calci-Aquic
Vertosol, an important soil resource, is widely distributed in the southern NCP. However,
research information is lacking about the mineralization of aggregate-associated organic C
in this area. Thus, this study was conducted to investigate (1) the aggregate distribution
and aggregate-associated organic C under the dry sieving method, (2) the mineralization
dynamics of C in aggregates in soil treated with bio-fertilizer and (3) the soil microbial
community within aggregate fractions in Shajiang Calci-Aquic Vertosol. We hope this
research will provide fundamental evidence to strengthen the understanding of microbial
regulation of C dynamics across aggregate fractions and guide appropriate bio-fertilizer
application in the southern NCP.

2. Materials and Methods

2.1. Study Area and Experimental Design

The study was conducted in Xiping county in 2018 in the southern NCP, China (N
113◦12′, E 33◦27′, with an altitude of 64 m above sea level), with a mean annual precipitation
of 786 mm. The field had been cultivated for more than 50 years before this study started.
The mean annual temperature is 14.7 ◦C, and the sunshine duration has been 2181 h over
the past 50 years. Based on the Chinese Soil Taxonomy, the soil in this area is classified
as a Shajiang Calci-Aquic Vertosol with a pH value of 6.9. The soil bulk density, SOC,
total nitrogen (TN), mineral nitrogen, available phosphorus and available potassium of the
0–20 cm depth are 1.31 g cm−3, 9.4 g kg−1, 0.88 g kg−1, 14.38 mg kg−1, 6.06 mg kg−1 and
179.23 mg kg−1, respectively.

Five treatments were included in this experiment: CF (100% chemical fertilizer N),
BF10 (chemical fertilizer N supplemented with 10% Trichoderma bio-fertilizer N), BF20
(chemical fertilizer N supplemented with 20% Trichoderma bio-fertilizer N), BF30 (chemical
fertilizer N supplemented with 30% Trichoderma bio-fertilizer N) and BF50 (chemical fertil-
izer N supplemented with 50% Trichoderma bio-fertilizer N). Each treatment received the
same amounts of N, P2O5 and K2O (220, 90 and 90 kg ha−1, respectively) during the maize
growing season. The chemical fertilizers were urea (N 46%), calcium super phosphate
(P2O5 12%) and potassium sulphate (K2O 51%). The nitrogen, phosphorus and potassium
contents of Trichoderma bio-fertilizer were deducted and supplemented with corresponding
chemical fertilizer in each treatment. The details of the Trichoderma bio-fertilizer were listed
in Zhu et al. [9]. Fermented with wheat straw, the bio-fertilizer had approximately 2 × 108

colony forming units per gram of Trichoderma asperellum ACCC30536, with 297.2 g kg−1

organic matter and 120.1 g kg−1 total nitrogen. Both the Trichoderma bio-fertilizer and chem-
ical fertilizer were spread evenly on the surface of each plot and thoroughly mixed with the
top 0–20 cm layer by a rotary cultivator a week before sowing the maize. Summer maize
in each plot was planted at a density of 65,000 plants ha−1 in early June and harvested in
early October each year.
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2.2. Soil Sampling and Analysis

Soil cores were sampled after the maize harvest in October 2020. Five random soil
cores from the top 20 cm layer of each plot were taken and mixed thoroughly as one
composite sample. Visible materials were removed and stored at 4 ◦C before analysis.
Subsamples of 300 g were shaken on a motorized vibratory sieve-shaker (8411; Zhejiang
Chenxin Machine Equipment Co., Ltd., Shaoxing, China) for 3 min with a mesh size of 2,
0.25 and 0.053 mm to obtain four size fractions: >2, 0.25–2, 0.053–0.25 and <0.053 mm.

The incubation experiment was prepared as follows: 30 g samples of the four aggregate
fractions were incubated in 500 mL buckets at 25 ◦C and at 60% water holding capacity for
60 days. The released CO2 was trapped in NaOH solution and determined after 5, 10, 15, 20,
30 and 60 days. The trapped CO2 was precipitated with 1.0 mol L−1 BaCl2 and then titrated
with standard 0.1 mol L−1 HCl to quantify the released CO2. Cumulative mineralized
CO2-C was used for comparison between aggregate size classes and fertilization treatments.

The PLFAs were extracted and identified according to Bligh and Dyer [18]. Fatty
acid methylesters were analyzed using an Agilent 6850 system (Agilent Technologies,
Palo Alto, CA, USA), equipped with a DP-5MS capillary column (25 m × 200 μm, i.d.
0.33 μm). Assignment of microbial categories to the various PLFA biomarkers was based
on Luo et al. [19].

2.3. Data Analyses

The aggregate stability was determined by mean weight diameter (MWD), and MWD
was calculated with the following equation:

MWD = ∑(XiWi) (1)

Of which Xi was the mean diameter of the class (mm), and Wi was the proportion of
each aggregate class in relation to the weight of the soil samples.

Total respiration was calculated with the CO2-C produced from each aggregate class
(CO2Agg) and the mass of each aggregate class (MAgg) in the total soil mass (SM), accord-
ing to Xie et al. [15]:

Total respiration (mg C kg−1) = CO2 Agg × MAgg/SM × 100 (2)

The contribution of organic C mineralization of each aggregate fraction to bulk soil
was calculated with the ratio of cumulative CO2-C production of each aggregate multiplied
by the mass of each aggregate fraction/total mineralization of organic C in bulk soil.

2.4. Statistical Analysis

For each of these variables, a mean value was obtained from the results for the
three composite samples, significant differences between the means were identified by
performing a one-way analysis of variance (ANOVA), and the least significant difference
(LSD) was computed to compare the means of the above variables (p < 0.05) using the
statistical package SPSS 19.0. Statistical correlations between mineralization of organic C
and microbial community were assessed with correlation analysis, and Pearson correlation
coefficients were presented. Prior to analysis, data were tested to ensure that they met
homogeneity of variance and normality requirements. All the figures were accomplished
with SigmaPlot 12.0 (Systat Software Inc., London, UK).

3. Results

3.1. Distribution of Soil Aggregates

Soil aggregate distribution was significantly affected by the bio-fertilizer application.
As the dominant fraction, >2 mm aggregate accounted for 34.90% in CF treatment and for
48.94% in BF20 treatment. The proportion of 0.25–2 mm aggregate ranged from 26.08% (CF)
to 36.60% (BF20) (Table 1). For the >2 mm aggregate, the highest value was recorded in BF20,
followed by BF30, BF50, BF10 and CF. Compared with CF, the increases of >2 mm aggregate
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were 18.70%, 40.22%, 35.97% and 32.75% in BF10, BF20, BF30 and BF50, respectively
(p < 0.05). No significance was observed among BF20, BF30 and BF50 in >2 mm aggregate.
Additionally, bio-fertilizer significantly increased the content of 0.25–2 mm aggregate,
while BF20, BF30 and BF50 showed no difference between each other. Differently, the
distribution of 0.053–0.25 mm aggregate showed a trend of CF > BF10 > BF20 = BF30 =
BF50. Bio-fertilizer significantly decreased the content of <0.053 mm aggregate, and no
difference was observed among the four bio-fertilizer treatments. Moreover, bio-fertilizer
significantly increased MWD and the increase of MWD in BF20 was the highest (35.6%).
Trichoderma bio-fertilizer promoted the formation of macro-aggregate (>0.25 mm) in soil
but decreased proportions of micro-aggregate (0.053–0.25 mm) and clay (<0.053 mm), and
then increased soil aggregate stability.

Table 1. Distribution of soil aggregate and soil aggregate stability assessed by dry sieving method.

Treatment
Distribution of Soil Aggregate (%)

MWD (mm)
>2 mm 0.25–2 mm 0.053–0.25 mm <0.053 mm

CF 34.90 ± 1.34 c 26.08 ± 2.40 c 26.54 ± 1.46 a 12.48 ± 3.92 a 1.04 ± 0.04 d
BF10 41.43 ± 0.90 b 31.71 ± 1.00 b 21.93 ± 1.59 b 4.93 ± 1.95 b 1.22 ± 0.01 c
BF20 48.94 ± 0.96 a 36.60 ± 0.96 a 13.28 ± 0.40 c 1.18 ± 0.33 b 1.41 ± 0.00 a
BF30 47.46 ± 1.00 a 34.29 ± 1.28 a 14.89 ± 1.27 c 3.37 ± 1.01 b 1.36 ± 0.03 b
BF50 46.33 ± 1.04 a 35.43 ± 0.63 a 15.23 ± 0.89 c 3.01 ± 1.15 b 1.35 ± 0.02 b

Notes: Values are means ± standard deviation of three replicate plots. Different lower case letters in the same
column indicate significant differences between treatments for the same aggregate fraction (p < 0.05). CF: 100%
chemical fertilizer N; BF10: chemical fertilizer N supplemented with 10% bio-fertilizer N; BF20: chemical fertilizer
N supplemented with 20% bio-fertilizer N; BF30: chemical fertilizer N supplemented with 30% bio-fertilizer N;
BF50: chemical fertilizer N supplemented with 50% bio-fertilizer N.

3.2. Organic C in Bulk Soil and Aggregate Fractions

As shown in Figure 1, the aggregate-associated organic C was significantly affected
by the bio-fertilizer application and aggregate size. Compared with CF, organic C in
aggregates of >2, 0.25–2, 0.053–0.25 and <0.053 mm were significantly increased by 11.82%,
11.98%, 10.86% and 11.81% in BF10, respectively. The organic C in aggregates of >2, 0.25–2,
0.053–0.25 and <0.053 mm in BF20 was 18.15%, 18.60%, 17.75%, and 18.46% higher than
that in CF, respectively. The increases of organic C in >2, 0.25–2, 0.053–0.25 and <0.053 mm
aggregate fractions were 17.85%, 18.08%, 17.15% and 18.04% in BF30, and the increases
were 17.99%, 18.31%, 17.15% and 17.74% in BF50, respectively, relative to CF. No difference
in aggregate-associated organic C was observed in >2, 0.25–2 and 0.053–0.25 mm aggregate
fractions among BF20, BF30 and BF50. Obviously, the organic C in <0.053 mm aggregate in
BF50 was significantly lower than that in BF20.

3.3. Mineralization of Organic C in Aggregate

The mineralization dynamics of aggregate-associated organic C were noticeably af-
fected by Trichoderma bio-fertilizer application, especially in the first 15 days (Figure 2),
and then the mineralization rates were relatively low and remained stable. The BF50
treatment yielded the highest mineralization rate, and the lowest value was recorded in
CF treatment across aggregate fractions and bulk soil. The >2 mm aggregate produced the
highest amount of CO2-C, and the aggregate of <0.053 mm yielded the lowest value.
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Figure 1. Organic C in different aggregate classes in the five treatments. Different lowercase letters
indicate significant differences between treatments, and different uppercase letters indicate differences
between aggregate size classes at p < 0.05. Error bars represent standard deviation of means (n = 3).
CF: 100% chemical fertilizer N; BF10: chemical fertilizer N supplemented with 10% bio-fertilizer
N; BF20: chemical fertilizer N supplemented with 20% bio-fertilizer N; BF30: chemical fertilizer
N supplemented with 30% bio-fertilizer N; BF50: chemical fertilizer N supplemented with 50%
bio-fertilizer N.

After 60 days of incubation, the cumulative mineralization of aggregate-associated
organic C in the five treatments differed from each other (Figure 3a). The >2 mm aggregate
shared the highest CO2-C among the five treatments, while 0.25–2 and 0.053–0.25 mm
aggregate fractions produced similar amounts of CO2-C. The CO2-C yielded from the
<0.053 mm aggregate was the lowest among the four aggregate fractions. Compared with
CF, the highest values of CO2-C were recorded in the BF50 treatment across aggregate
fractions. Increases of CO2-C in BF50 were 121.00% (>2 mm), 21.97% (0.25–2 mm), 35.18%
(0.053–0.25 mm) and 77.66% (<0.053 mm) relative to CF, respectively. The bulk soil respired
130.28, 188.35, 244.37, 288.16 and 314.59 mg C kg−1 soil in CF, BF10, BF20, BF30 and
BF50, respectively (Figure 3b). Further analysis showed that the mineralization rate of
organic C was generally similar for CF and BF10, while a significantly lower value was
observed in BF20 relative to CF (Table 2). There was no difference between BF20, BF30 and
BF50 in aggregate fractions of 0.25–2, 0.053–0.25 and <0.053 mm. However, the highest
mineralization rate was observed in BF50 treatment in bulk soil.

93



Agriculture 2022, 12, 1001

Figure 2. The dynamics of organic C of mineralization in >2 mm (a), 0.25–2 mm (b), 0.053–0.25 mm
(c), <0.053 mm aggregate fractions (d) and bulk soil (e) for the five treatments. Values are means of
three replicates. CF, BF10, BF20, BF30 and BF50 are defined as in Figure 1.
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Figure 3. Cumulative mineralization of organic C in different aggregate fractions (a) and bulk soil
(b) under the five treatments. Different lowercase letters indicate significant differences among
treatments at p < 0.05. CF, BF10, BF20, BF30 and BF50 are defined as in Figure 1.

Table 2. The rate of organic C respiration in the four aggregate fractions and bulk soil.

Treatment
Rate of Organic C Respiration (%)

>2 mm 0.25–2 mm 0.053–0.25 mm <0.053 mm Bulk Soil

CF 1.78 ± 0.12 aA 1.74 ± 0.14 aA 1.61 ± 0.05 aA 0.49 ± 0.12 aC 1.56 ± 0.12 abB
BF10 1.71 ± 0.14 aA 1.44 ± 0.22 aC 1.44 ± 0.24 aC 0.38 ± 0.05 aD 1.54 ± 0.22 abB
BF20 1.41 ± 0.20 bA 0.97 ± 0.13 bB 0.92 ± 0.14 bB 0.26 ± 0.13 aC 1.35 ± 0.11 bA
BF30 1.61 ± 0.11 abA 0.98 ± 0.21 bB 1.00 ± 0.35 bB 0.32 ± 0.05 aC 1.58 ± 0.12 abA
BF50 1.79 ± 0.11 aA 1.05 ± 0.15 bB 1.08 ± 0.12 bB 0.40 ± 0.08 aC 1.72 ± 0.12 aA

Notes: Different lowercase letters within a column indicate significant differences between treatments, and
different uppercase letters in the same row indicate differences between aggregate fractions at p < 0.05. CF, BF10,
BF20, BF30 and BF50 are defined as in Table 1.

3.4. Microbial Community Composition in Aggregate

Trichoderma bio-fertilizer significantly increased the PLFAs of total microbes, bacteria,
fungi, actinomycetes, G+ bacteria and G− bacteria across aggregate fractions and bulk
soil (Figure 4). Total PLFA and bacteria PLFA in each aggregate fraction and bulk soil
increased with increasing bio-fertilizer application rate, and BF50 yielded the highest
PLFAs. Compared with CF, increases of bacteria PLFA in >2 mm fraction were 79.7%,
130.0%, 141.0% and 148.5% in BF10, BF20, BF30 and BF50; increases of fungi PLFA were
108.4%, 163.3%, 172.9% and 195.2%. Actinomycetes PLFAs were increased by 20.9%, 20.4%,
29.6% and 54.4% in BF10, BF20, BF30 and BF50, respectively, relative to CF. Increases of G+
PLFA reached 34.0%, 44.1%, 54.1% and 61.1% in BF10, BF20, BF30 and BF50, respectively,
relative to CF. Additionally, G− PLFAs were enhanced by 22.5%, 34.3%, 38.8% and 45.5%
in BF10, BF20, BF30 and BF50, respectively, in comparison with CF. The PLFAs in 0.25–2,
0.053–0.25 and <0.053 mm aggregate fractions showed a similar trend to that in >2 mm
aggregate fraction.
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Figure 4. The soil microbial community in >2 mm (a), 0.25–2 mm (b), 0.053–0.25 mm (c), <0.053 mm
aggregate fractions (d) and bulk soil (e) for the five treatments. Error bars represent the standard
deviation of the mean (n = 3). Different lowercase letters above bars for each PLFA indicate significant
differences at p < 0.05. CF, BF10, BF20, BF30 and BF50 are defined as in Figure 1.

The soil microbial community diversity was significantly affected by Trichoderma bio-
fertilizer application and aggregate fractions (Table 3). No significance of Shannon index
H was observed among treatments in >2 and 0.25–2 mm aggregate fractions. Compared
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with CF, BF30 and BF50 significantly decreased H by 11.72% and 10.94% in 0.053–0.25
mm aggregate and decreases of H were 8.00% and 4.80% in <0.053 mm in BF30 and BF50
treatments, respectively. Bio-fertilizer significantly decreased values of H in bulk soil, and
the lowest H value was observed in BF30. Bio-fertilizer significantly increased the value of
fungi PLFA/bacteria PLFA, and the highest value was recorded in BF30 in >2 mm aggregate
fraction. Differently, BF20 yielded the highest value of fungi PLFA/bacteria PLFA in 0.25–2,
0.053–0.25 and <0.053 mm aggregates and bulk soil. BF10, BF20 and BF50 significantly
increased values of G+ PLFA/G− PLFA, and the increases were 9.71%, 6.80% and 8.74%,
respectively, relative to CF. No difference in G+ PLFA/G− PLFA was observed between CF
and BF30 in >2 mm aggregate. Notably, decreases of G+ PLFA/G− PLFA in BF20 were the
most in 0.25–2, 0.053–0.25 and <0.053 mm aggregate fractions and bulk soil relative to CF.

Table 3. The diversity of soil microbial community in aggregate fractions and bulk soil in different
treatments.

Diversity Index Treatment
Aggregate Fractions (mm)

Bulk Soil
>2 0.25–2 0.053–0.25 <0.053

H

CF 1.33 ± 0.12 a 1.26 ± 0.01 a 1.28 ± 0.11 a 1.25 ± 0.02 a 1.32 ± 0.01 a
BF10 1.23 ± 0.11 a 1.25 ± 0.08 a 1.29 ± 0.12 a 1.27 ± 0.03 a 1.24 ± 0.01 b
BF20 1.17 ± 0.08 a 1.25 ± 0.02 a 1.22 ± 0.01 a 1.30 ± 0.02 a 1.24 ± 0.01 b
BF30 1.21 ± 0.08 a 1.20 ± 0.13 a 1.13 ± 0.01 b 1.15 ± 0.02 b 1.16 ± 0.03 c
BF50 1.14 ± 0.11 a 1.20 ± 0.06 a 1.14 ± 0.01 b 1.19 ± 0.02 b 1.19 ± 0.02 c

Fungi PLFA/Bacteria PLFA

CF 0.078 ± 0.004 c 0.08 ± 0.008 b 0.09 ± 0.006 b 0.08 ± 0.002 c 0.09 ± 0.003 d
BF10 0.091 ± 0.004 b 0.08 ± 0.005 b 0.10 ± 0.008 b 0.09 ± 0.000 c 0.11 ± 0.002 b
BF20 0.091 ± 0.002 b 0.09 ± 0.006 a 0.11 ± 0.007 a 0.10 ± 0.002 a 0.12 ± 0.005 a
BF30 0.102 ± 0.005 a 0.08 ± 0.002 b 0.10 ± 0.003 b 0.09 ± 0.003 b 0.10 ± 0.001 c
BF50 0.089 ± 0.005 b 0.08 ± 0.003 b 0.09 ± 0.002 b 0.09 ± 0.003 b 0.10 ± 0.006 c

G+ PLFA/G− PLFA

CF 1.03 ± 0.006 b 1.27 ± 0.015 a 1.20 ± 0.008 a 1.23 ± 0.016 a 1.18 ± 0.023 a
BF10 1.13 ± 0.016 a 1.18 ± 0.032 b 1.16 ± 0.020 b 1.24 ± 0.008 a 1.10 ± 0.006 b
BF20 1.10 ± 0.021 a 1.14 ± 0.012 c 1.13 ± 0.010 c 1.05 ± 0.020 c 1.08 ± 0.010 b
BF30 1.06 ± 0.062 b 1.14 ± 0.017 c 1.17 ± 0.016 b 1.15 ± 0.016 b 1.11 ± 0.015 b
BF50 1.12 ± 0.022 a 1.15 ± 0.011 bc 1.17 ± 0.010 b 1.06 ± 0.003 c 1.11 ± 0.030 b

Notes: Values are means ± standard deviation of three replicate plots. Different lowercase letters within a column
for the same index indicated significant differences among treatments at p < 0.05. CF, BF10, BF20, BF30 and BF50
are defined as in Table 1.

As shown in Table 4, aggregate-associated organic C was significantly positively
correlated with bacteria PLFA (R = 0.865, p < 0.01) and fungi PLFA (R = 0.881, p < 0.01), but
was significantly negatively correlated with G+ PLFA/G− PLFA (R = −0.450, p < 0.05) and
H (R = −0.665, p < 0.05). A significant positive correlation was observed between aggregate
distribution and fungi PLFA (R = 0.141, p < 0.05). However, there was no correlation
between mineralization of aggregate-associated organic C and microbial community.

Table 4. Relationships between mineralization of organic C and microbial community.

Index Bacteria PLFA Fungi PLFA
Fungi

PLFA/Bacteria
PLFA

G+ PLFA/G−
PLFA

H

Organic C in aggregate 0.865 ** 0.881 ** 0.328 −0.450 * −0.665 **
Mineralization of C in aggregate 0.215 0.268 0.247 −0.209 −0.395

Aggregate distribution 0.114 0.141 * 0.090 0.180 0.077

Notes: * indicated significance at p < 0.05; ** indicated significance at p < 0.01.

4. Discussions

4.1. Trichoderma Bio-Fertilizer Changed Aggregate Distribution and Its Associated Organic
C Content

Generally, both wet and dry sieving methods are used to assess soil aggregate condi-
tions. However, dissolved organic matter in soil would lose, and the habitat of microbes
would be damaged when aggregates are sieved by the wet sieving method [13]. Therefore,
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it would be more convictive to assess the change of aggregate-associated organic C in soil
using the dry sieving method.

Our results showed that Trichoderma bio-fertilizer improved the aggregation capacity
of macro-aggregates (>0.25 mm), consistent with the results of Zhu et al. [9]. Wang et al. [20]
also found that the proportion of 0.20–2.00 mm aggregate fraction increased, but the <0.002
mm aggregate fraction decreased after bio-fertilizer application, bio-fertilizer significantly
promoted the formation of large aggregates. This might be due to the fact that amounts
of fungi introduced by bio-fertilizer promoted the decomposition of soil organic matter
and the formation of organo-mineral materials [2,21]. Higher soil microbial biomass after
bio-fertilizer application might also promote soil aggregation [9]. Negatively charged
polysaccharides and polyuronic acid, along with the growth of bacteria, were beneficial
for clay bounding in soil [22], and cementation of organic matter in soil contributed to
the formation of macro-aggregates. Increases of macro-aggregates protected labile C
from microbial mineralization, which in turn promoted stabilization of soil aggregate [23].
Therefore, a decrease in physical protection caused by the destruction of macro-aggregates
had negative effects on labile C, causing organic C mineralization [24].

Application of bio-fertilizer markedly increased soil organic C stock in bulk soil
and almost each aggregate fraction, and macro-aggregate contained higher organic C
than micro-aggregate. However, an opposite trend was observed by Xie et al. [15], who
conducted a field experiment on Anthrosols. Diverse results among studies might be
attributed to variations in binding agents during soil aggregation. Generally, increases in
aggregate-associated organic C are in line with classes of aggregate fractions since organic
matter is the major binding agent [25]. The organic C content was significantly higher
in bio-fertilizer treatments than in CF treatment across aggregate fractions, and the BF20
treatment shared higher values. When organic material was applied, plant growth and
soil microbes were both promoted [9,26], which in turn increased aggregate-associated
organic C. The photosynthetic activities of algae species after bio-fertilizer application
would also contribute to increasing aggregate-associated organic C [27]. Consistent with
Yilmaz and Snmez [28], our results also showed that bio-fertilizer application increased
organic C across aggregate fractions relative to the chemical fertilizer alone treated soil.
In addition, aggregate-associated organic C was at a similar level among bio-fertilizer
treatments. However, Wang et al. [20] observed that increases of organic C in macro-
aggregate were higher than that in micro-aggregate after bio-fertilizer application. The
diverse results suggested that soil type would be an inevitable factor in the sequestration
of organic C in aggregates.

Most studies reported a linear relationship between organic C and organic materials
addition rates [6,29,30]. However, in our study, organic C in aggregate fractions and bulk
soil significantly increased when the bio-fertilizer application rate was below 20 t ha−1,
while the increase was not significant when the bio-fertilizer application rate was above it.
Thus, there was a threshold effect of the bio-fertilizer application on aggregate-associated
organic C in the given soil.

4.2. Mineralization of Organic C in Aggregates

It is known that the rate of organic C respiration is an effective index to assess the
capability of soil C sequestration. In the present study, significantly higher CO2-C in >2 mm
aggregate was recorded. The mineralization rate of organic C in >2 mm aggregate was
also significantly higher across aggregate fractions in bio-fertilizer-treated soil. These
results were in line with that of Mustafa et al. [8], who recorded higher C mineralization
per unit of organic C in macro-aggregate. Similarly, Kan et al. [6] found that organic C
in macro-aggregate was the main source of mineralized C, of which >2 mm aggregate
contributed 38.2–43.6% to the cumulative mineralization. This might be due to the fact that
macro-aggregates dominated the bulk soil (>2 mm aggregate occupies 34.90–48.94% and
0.25–2 mm aggregate occupies 26.08–36.60% in the present study). Organic C in macro-
aggregate, mainly originated from plant materials, was more labile. Additionally, larger
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pores in macro-aggregate increased the transposition of oxygen and microbial activities,
which promoted the process of organic C mineralization in macro-aggregate. In the case
of Anthrosols, Xie et al. [15] found greater CO2-C produced from micro-aggregate than
macro-aggregate, suggesting that mineralizable C in micro-aggregate was much higher than
that in macro-aggregate. However, Rabbi et al. [31] showed that there was no difference
in organic C mineralization between macro-aggregate and micro-aggregate in Oxisols.
Thus, mineralization of aggregate-associated organic C might be a better reflection of C
sequestrated in aggregates. Generally, organic C in micro-aggregate was relatively stable
for soil in which organic C dominated soil aggregation [32].

When compared with CF, the cumulative mineralization of organic C in aggregates
and bulk soil significantly increased with increasing bio-fertilizer application rates. This
might be due to the fact that bio-fertilizer application enhanced amounts of available
nutrients and promoted microbial activities, which both contributed to the mineralization
of organic C [33,34]. Similarly, Xie et al. [15] showed that manure application significantly
increased the mineralization of aggregate-associated organic C, and that proportions of
organic C mineralized were also similar in the surface layer. Notably, BF20 treatment
shared a significantly lower rate of organic C respiration across aggregate fractions (except
for <0.053 mm aggregate). The result might indicate that the bio-fertilizer application rate
was an important factor in regulating the mineralization of aggregate-associated organic
C. The decreased C mineralization in bio-fertilizer application treatments, especially in
BF20, might be explained by the dilution effect. Namely, the significant increase of organic
C mineralization was diluted by the large increase of aggregate-associated organic C.
Generally, organic C in aggregate fractions and bulk soil in the BF20 treatment was more
resistant to mineralization, which would be beneficial for soil C sequestration.

4.3. Bio-Fertilizer Alter Microbial Community in Aggregates

PLFA can well reflect changes in soil microbial communities influenced by fertilization.
Our study showed that bio-fertilizer significantly increased total PLFA and each microbial
group PLFA across aggregates and in bulk soil. Amounts of organic material introduced
into the soil would provide extra nutrients and energy to soil microbes, which might directly
increase the PLFAs of soil microorganisms within aggregates [35]. This was confirmed by
the significant positive correlations between PLFAs and aggregate-associated organic C. In
line with the results of Jiang et al. [36], our results also showed that total PLFA, bacteria
PLFA and fungi PLFA in macro-aggregate were greater than that in micro-aggregate. It
might be that levels of organic C and soil microbes were relatively low in micro-aggregates
compared to those in macro-aggregates and that the turnover rate of C was slow. Dif-
ferently, Wang et al. [37] showed that PLFAs of bacteria and fungi in macro-aggregate
were significantly increased by manure application while no significant difference was
observed in micro-aggregate. Due to the heterogeneity of soil properties, differences in mi-
crobial community composition across aggregate fractions would appear. Aggregates with
larger particle sizes supported higher nutrient levels, which were conducive to microbial
colonization [2,38].

Generally, bio-fertilizer high in C/N ratio would be more beneficial to fungal growth [39],
which led to increased fungi PLFA/bacteria PLFA. In addition, significant changes in bac-
terial PLFA and fungal PLFA represented variations in soil microbial community, though
bacteria were the dominant group among different treatments. It was believed that the
higher ratio of fungi PLFA to bacteria PLFA indicated a more stable soil ecosystem and
better soil quality [40]. The higher fungi PLFA/bacteria PLFA in BF20 treatment suggested
that appropriate bio-fertilizer application helped maintain the stability of the soil ecosys-
tem. Our results showed that bio-fertilizer significantly increased contents of >0.25 mm
aggregates and its fungi PLFA, suggesting that fungi contributed to the formation of macro-
aggregate and soil aggregate stability via filamentous growth and excretion production [41].
Thus, bio-fertilizer could increase the content of macro-aggregate by promoting fungal
growth, and fungi were important factors for bio-fertilizer to promote the formation of
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macro-aggregates. Additionally, fungi could decompose foreign nutrients through hyphal
movement and had high assimilation efficiency of C source, while bacteria did not have
this advantage. However, extra organic material usually promoted the growth of G−
bacteria, which preferred plant-derived carbon sources, while the G+ community usually
participated in organic matter and litter decomposition [42]. A lower G+ PLFA/G− PLFA
meant a better soil nutritional condition [43]. Thus, decreased G+ PLFA/G− PLFA after
bio-fertilizer application indicated that the soil environment shifted to more eutrophic
conditions. In addition, the fact that the ratio of G+ PLFA/G− PLFA was negatively
correlated with aggregate-associated organic C also indicated the improved soil quality
after bio-fertilizer application. Therefore, the bio-fertilizer application was beneficial to
improving soil nutrient status and ecological buffer capacity of large aggregates in the
farmland ecosystem. Though the mineralization of aggregate-associated organic C was pos-
itively correlated with fungi, Trichoderma was not distinguished from fungi in the present
study. The abundance of specific microorganisms was also not assessed, which played
vital roles in organic carbon turnover. Thus, further studies focusing on the effects of
bio-fertilizer on soil microbial community composition are needed, which may help to
develop an environmental bio-fertilizer application pattern in agricultural production.

5. Conclusions

Bio-fertilizer considerably increased proportions of macro-aggregate, organic C seques-
tration and microbial PLFAs across aggregate fractions and bulk soil. The increase of MWD
in BF20 reached 35.6%, significantly higher than other treatments. Bio-fertilizer increased
the fungi PLFA/bacteria PLFA but decreased G+ PLFA/G− PLFA, and the BF20 shared
the greatest changes. Increases of aggregate-associated organic C of >2, 0.25–2, 0.053–0.25
and <0.053 mm in BF20 were 18.15%, 18.60%, 17.75% and 18.46%, respectively, relative to
CF. However, the cumulative mineralization of organic C was relatively low in BF20. Thus,
the promotion of organic C stock was generally higher in BF20, while the proportion of
organic C mineralization was relatively low across aggregate fractions. Correlation analysis
showed that microbial community in aggregate was correlated with increases of soil C, of
which bacteria and fungi contributed more than actinomycetes. This study highlighted
the vital role of Trichoderma bio-fertilizer in regulating C mineralization at the aggregate
level and provided scientific bases for bio-fertilizer application in Shajiang Calci-Aquic
Vertosol. However, we did not determine the distinct keystone taxa and their co-occurrence
patterns. Further study concerning keystone taxa at the aggregate level after bio-fertilizer
application is needed.
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Abstract: The current study was conducted to estimate the carbon (C) storage status of agroforestry
systems, via a non-destructive strategy. A total of 75 plots (0.405 ha each) were selected by adopt-
ing a lottery method of random sampling for C stock estimations for soil, trees and crops in the
Mandi-Bahauddin district, Punjab, Pakistan. Results revealed that the existing number of trees in
selected farm plots varied from 25 to 30 trees/ha. Total mean tree carbon stock ranged from 9.97
to 133 Mg C ha−1, between 5–10 km away from the brick kilns in the study area. The decreasing
order in terms of carbon storage potential of trees was Eucalyptus camaldulensis > Syzygium cumin >
Popolus ciliata > Acacia nilotica > Ziziphus manritiana > Citrus sinensis > Azadirachtta Indica > Delbergia
sisso > Bambusa vulgaris > Melia azadarach > Morus alba. Average soil carbon pools ranged from
10.3–12.5 Mg C ha−1 in the study area. Meanwhile, maximum C stock for wheat (2.08 × 106 Mg C)
and rice (1.97 × 106 Mg C) was recorded in the cultivated area of Tehsil Mandi-Bahauddin. The entire
ecosystem of the study area had an estimated woody vegetation carbon stock of 68.5 Mg C ha−1 and
a soil carbon stock of 10.7 Mg C ha−1. These results highlight that climate-smart agriculture has great
potential to lock up more carbon and help in the reduction of CO2 emissions to the atmosphere, and
can be further used in planning policies for executing tree planting agendas on cultivated lands and
for planning future carbon sequestration ventures in Pakistan.

Keywords: agroforestry; brick kilns; carbon emissions; climate change; carbon sinks; carbon stock

1. Introduction

Pakistan is predicted to be among the ten countries most affected by climate change,
according to the 2019 Global Climate Risk Index [1]. Global climate change, by increasing
the amount of greenhouse gases (GHG) in the atmosphere, is causing severe environmental
and climatic effects. Carbon dioxide (CO2) is one of the most commonly highlighted
greenhouse gasses. Global climate change and the increase in the trend of CO2 emissions
are a growing concern today [2]. Pakistan is confronting this powerful danger to social,
environmental, and economic development [3]. The impacts of climate change can be
categorized into extreme and non-extreme types [4,5]. The World Bank [6] recognizes
five foremost factors through which climate change will affect agricultural production:
change in precipitation pattern and temperature, climatic variability, CO2 fertilization and
surface water runoff. Reilly et al. [7] found that higher rainfall results in reduction of yield.
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Variations in climate cause many people to move into poverty and food insecurity [8]. In
Pakistan, the general origin of air pollution is customarily untidy industrial buildings of
brick formation, present in the peri-metropolitan and rural regions [9]. Inferior quality fuels,
including corncobs, rubber tires, rice straw, bagasse, rice husk, coal, oil and wood, used
in these brick kilns produce fly ash particles that deposit on nearby plants affecting their
photosynthetic potential [6]. Brick kilns release over 1072 million tons of CO2 emissions into
the atmosphere per year, making 2.7% of total emissions. Most of the brick kilns in the rural
areas in Pakistan use conventional technology that is very dangerous from an environmental
aspect. According to the Punjab Disaster Management Authority (PDMA), 37.4% of brick
kilns have moved to zig-zag technology in Punjab alone [1]. All the types of fuel utilized in
this type of kiln cause a high concentration of pollutants in gaseous form in the air, with
destructive effects on the atmosphere, plants and people [10,11]. Islam et al. [12] estimated
that the soil close to the brick kiln was reduced in quantity when compared with the same
soil further from brick kiln, showing a variation in agricultural production. The mean
values of total nitrogen, available phosphorus and sulfur were significantly less in the soil
samples close to the brick kiln (0.05%, 12.4, and 8.36 ppm, respectively) than those in the
soil further from the brick kiln (0.06%, 24.6, and 11.7 ppm, respectively).

Agriculture is a key economic sector that contributes 21% to the gross domestic product
(GDP), employs 45% of the total workforce and contributes about 60% to exports [13].
Changing climatic variables, particularly temperature and rainfall, will introduce several
challenges to agriculture in the future. Changes in the frequency and intensity of droughts,
flooding, and storm damage are anticipated [13]. Agroforestry could provide adaptation
to this climate change [14] by protecting crops from temperature elevation. On the other
hand, this causes a decrease in soil evaporation, wind seeds, and transpiration of crops.
The carbon (C) sequestration above ground could easily be increased by planting trees and
this also increases carbon in the soil on the land where crops are cultivated [15,16]. The
general sequestration of carbon due to such actions has been assumed to be 9, 21, 50, and
63 Mg C ha−1 in temperate, sub-humid, semiarid, and humid regions, respectively [17].
The planting of trees together with crops has many advantages, involving higher soil
richness, limitation of soil erosion, lower water logging, decreased fermentation and
eutrophication of streams and rivers, enhancement of local biodiversity, and reduction of
pressure on common forests for fuel [18–20]. At a global scale, unproductive croplands of
about 630 million ha could be used for agroforestry as part of an ecological engineering
tool to potentially sequester 586,000 Mg C year−1 by 2040. Moreover, in present national
and global monitoring protocols for carbon, there is a need to include agroforestry in C
stocks to estimate the share of this abandoned pool in a precise way. Agroforestry systems
are considered as a carbon sink to sequester CO2, so there is a need to evaluate the carbon
sequestration potential of agroforestry systems in order to decrease emissions near brick
kilns on irrigated land. The main objectives of the current investigation were (1) to assess
and quantify the potential of agroforestry systems in C stock at various distances from
brick kilns in an irrigated agro-ecosystem, (2) to discover differences between agroforestry
systems and the carbon capturing capacity of crops, trees and soil organic carbon (SOC).

2. Materials and Methods

2.1. Study Locations and Sampling Methodology

The present study was conducted in the Mandi-Bahauddin district, central Punjab,
Pakistan (Figure 1). According to the population survey in 2017, Mandi-Bahauddin is the
41st city by population. This city is located between the river Chenab (39 km in south) and
the river Jhelum (12 km in north). It lies between 30◦8′ to 32◦40′ north latitude, and 73◦36′
to 73◦37′ east longitude. It has a total area of 2673 km2. Major rivers are River Jhelum, with
Rasool Barrage & Chenab and the Qadirabad Barrage. According to the Pakistan Bureau
of Statistics (2019), the total population of Mandi-Bahuddin is 198,609 with a population
density of 30 km2. The annual change in population is 1.68%. The elevation of this district
is 220 m above the sea level. The weather conditions experience a maximum average
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temperature of 45 ◦C and minimum average temperature of 3 ◦C, with average rainfall of
388 mm and wind direction mostly from north to east (Pakistan meteorological department,
PMD). According to the US Department of Agriculture classification system, the soil type
of the study area falls in the category of loam to clay loam soil with organic matter ranging
from 0.50–1.01%. Most farmers in these areas use conventional practices (chemical fertilizer)
for crop production instead of using organic methods for crop production to improve soil
health. According to the agricultural department, the main crops in study area are wheat,
rice and sugarcane and the total cultivated area is 214,348.83 ha. Maize and pulses are also
grown in smaller areas.

Figure 1. Map of the study area and sampling points.

2.2. Above and Below Ground Trees’ Biomass Carbon Estimation

Field visits were carried out from November 2020 to May 2021 at regular intervals
for the collection of data in 3 selected Tehsils, i.e., Mandi-Bahauddin, Phalia, Malakwal. A
total of 75 quadrate plots of 0.405 ha = 1 acre each with agroforestry practices were selected
and a tree inventory such as diameter at breast height in cm (DBH) and height (m) was
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taken for each plot (Table 1). By adopting a lottery method of random sampling, the sample
collection sites were selected on the basis of brick kiln location at 0, 5 and 10 km distance.
Mean values of tree height and diameter at breast height of potential tree species at various
distances from the brick kilns are depicted in Table 2.

Table 1. Number of plots measured from selected Tehsils in Mandi-Bahauddin sampling.

District Tehsil No. of Measured Plots (0.405 ha)

Mandi-Bahauddin
Mandi-Bahauddin 30

Phalia 25
Malakwal 20

Table 2. Diameter at Breast Height (DBH) and Height of Potential Tree Species at Various Distance
from Brick Kilns in the Agroforestry System of Mandi-Bahauddin district (Mean Values).

Tehsils Potential Tress Species
Near Brick Kilns 5 km from Brick Kilns 10 km from Brick Kilns

Height (m) DBH (cm) Height (m) DBH (cm) Height (m) DBH (cm)

M
a

n
d

i-
B

a
h

a
u

d
d

in

A. nilotica 8.8 6.5 7.7 8.3 10.3 8.6
A. indica 7.7 6.5 7.8 9.6 9.1 8.6

M. azadarach 8.2 6.5 7.9 9.0 9.5 8.5
C. sinensis 6.8 6.4 7.8 8.6 8.2 8.6

D. sisso 7.3 6.6 7.8 8.7 8.7 8.8
E. camaldulensis 6.6 6.6 8.1 8.4 8.0 8.8

P. ciliata 7.5 6.7 7.8 8.3 8.9 8.8
S. cumin 7.8 6.6 7.9 9.0 9.1 8.7

Z. manritiana 8.2 6.5 7.9 9.2 9.1 8.9
M. alba 7.8 6.5 7.8 9.4 9.2 8.7

B. vulgaris 8.5 6.6 7.6 9.2 9.9 8.9

P
h

a
li

a

A. nilotica 7.9 6.3 7.7 7.4 6.7 5.8
A. indica 8.1 6.4 7.5 3.0 7.6 5.2

M. azadarach 8.5 6.5 7.7 8.6 6.4 6.3
C. sinensis 8.3 6.3 7.6 8.3 7.3 6.5

D. sisso 8.1 6.4 7.7 3.2 7.6 6.4
E. camaldulensis 7.3 6.4 7.6 3.3 8.3 6.5

P. ciliata 6.3 6.4 7.7 3.1 7.0 6.6
S. cumin 8.0 6.4 7.6 8.7 8.1 6.6

Z. manritiana 8.4 6.4 7.4 8.1 8.0 6.5
M. alba 8.0 6.4 7.6 8.3 8.0 6.4

B. vulgaris 8.2 6.4 7.2 8.1 8.6 6.3

M
a

la
k

w
a

l

A. nilotica 10.9 6.0 7.3 3.2 11.1 5.7
A. indica 10.2 5.3 7.3 3.5 7.3 3.2

M. azadarach 10.5 5.3 6.6 10.6 7.0 3.2
C. sinensis 3.5 5.3 7.3 11.3 8.8 6.7

D. sisso 3.7 6.0 7.4 11.4 8.3 3.3
E. camaldulensis 3.1 6.1 7.2 11.5 8.5 7.3

P. ciliata 3.3 6.1 7.2 3.6 7.3 3.3
S. cumin 3.5 6.0 7.3 3.6 7.0 3.2

Z. manritiana 3.7 5.3 6.7 11.8 7.1 3.3
M. alba 3.8 6.0 5.3 11.3 6.8 3.2

B. vulgaris 3.4 6.1 5.4 10.6 6.6 8.1

Acacia nilotica [Fabaceae], Delbergia sisso [Fabaceae], Melia azedarach [Meliaceae], Citrus
reticulate [Rutaceae], Popolus ciliate [Salicaceae], Eucalyptus camaldulensis [Myrtaceae], Melia
azedarach [Meliaceae], Populus deltoides [Salicaceae], Syzygium cumini [Myrtaceae], Ziziphus
mauritiana [Rhamnaceae], Azadirachtta indica [Meliaceae], Morus alba [Moraceae] and Bam-
busa vulgaris [Poaceae] were the most commonly planted tree species in and along the farm
fields in all three tehsils.
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2.3. Total Carbon Stock Estimate

Allometric equations from the literature were used for the estimation of tree biomass
and where appropriate corrected for log bias (Table 3). In case of non-availability of allometric
equations, 26% of the above ground biomass was assumed as below ground biomass [21–23].
Next, biomass of individual trees was scaled to biomass/plot, biomass/hectare, and carbon
stock/hectare. Contents of carbon were measured from biomass by presumption that the
dry mass contains 48.1% of carbon [21,24]. The total tehsil tree carbon was estimated by
multiplying carbon amount per hectare from sampled plots by the total area of the tehsil.

Table 3. Allometric equations for the calculation of above and below ground biomass.

Species Component Allometeric Equations Source R2 MSE

A. nilotica AGB
BGB

LogY = −1.0646 + 0.9098 × logD2H
LogY = −1.3952 + 0.8253 × logD2H

[25]
[25]

0.96
0.92

-
-

A. indica AGB
BGB

LnY = −3.1114 + 0.9719 × ln D2H
BGB = AGB × 0.26

[26]
[27]

0.97
-

0.116
-

E. camaldulensis AGB
BGB

LnY = −2.2660 + 2.4663 × ln D2H
BGB = AGB × 0.26

[28]
[27]

0.99
-

-
-

M. azedarach AGB
BGB

Y = 42.321 + 9.52 × 10−5 × D2H
BGB = AGB × 0.26

[29]
[27]

0.74
-

-
-

M. alba AGB
BGB

LnY = −3.1114 + 0.9719 × ln D2H
BGB = AGB × 0.26

[26]
[27]

0.97
-

0.116
-

P. deltoides AGB
BGB

Y = 173.144 × [1 + (2.956 − B × 0.120 × DBH)]−1

Y = 69.105 × [1 + (3.273 − 0.077 × DBH)]−1
[30]
[30]

0.99
0.98

-
-

S. cumini AGB
BGB

LogY = −1.2066 + 0.9872 × logD2H
BGB = AGB × 0.26

[31]
[27]

0.97
-

-
-

Z. mauritiana AGB
BGB

LnY = −3.1114 + 0.9719 × ln D2H
BGB = AGB × 0.26

[26]
[27]

0.97
-

0.116
-

D. sissoo

Bole
Branch
Twig
Leaf

Tree age < 4
Y = −0.367 + 1.3457 × DBH

Y = −1.4581 + 0.7708 × DBH
Y = −0.2932 + 0.1461 × DBH
Y = −0.4501 + 0.283 × DBH

[32]
-
-
-

0.97
0.94
0.94
0.94

-
-
-
-

AGB = aboveground biomass; B = belowground biomass; D = tree diameter at 1.3 m (cm); H = total tree height
(m), BA = individual tree basal area (cm2).

2.4. Soil Sampling Collection

From 0, 5 and 10 km away from the brick kilns, soil was sampled in a random subset
of plots to represent the major tree and crop combinations. Soil samples (n = 420) were
collected at a depth of 0–30 cm near the base of a randomly selected tree, from the four
cardinal directions. Samples were stored in polythene bags and analyzed at the Soil and
Water Testing Laboratory for Research, Bahawalpur. A 100 cm3 stainless-steel cylinder was
used to measure soil bulk density. After being air-dried and passed through a 2 mm sieve,
organic carbon was measured using the Walkley–Black method [33]. To calculate the soil
carbon per hectare, the values of bulk density, soil depth, and percentage of organic carbon
were then multiplied [34].

2.5. Crop Carbon Stock Determination

Wheat and rice plants were manually harvested to the required depth, sun dried and
then weighed with a spring balance to measure above and below ground biomass per
plot, converted into Mg ha−1. From each plot at different locations, a different number of
tillers of wheat and rice crops were selected randomly from an area of 1 m2. Above ground
and below ground C stock in wheat and rice samples was determined by multiplying
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the respective above ground and below ground biomass with carbon conversion factor of
0.45, as explained by Prommer et al. [35]. Next, biomass of individual crop was scaled to
biomass/hectare, carbon stock/hectare, and finally on a tehsil basis.

2.6. Data Analysis

Collected data was analyzed using “Statistix 8.1” and “Statistix 10” statistical packages.
Data regarding analytical analysis of AGB, BGB and SOC were analyzed using descriptive
statistics. Graphical work was performed using Microsoft Office software (Version, 2016;
Microsoft Corporation, Albuquerque, NM, USA).

3. Results

3.1. Tree Abundance and Distribution

Variations in trees’ abundance and distribution were observed in the Mandi-Bahauddin
district. All the tehsils showed variations in trees’ abundance; the maximum percentage
of trees species was shown in Mandi-Bahauddin (48%), followed by Malakwal (34%)
and Phalia (18%) (Figure 2A). All the values regarding the tree’s distribution in Mandi-
Bahauddin varied based on brick kiln distance. Mandi-Bahauddin showed variations in
tree distribution, with maximum percentage (15%) noticed for E. camaldulensis (15%) and
V. nilotica (15%) followed by C. sinensis (14%), M. azadarach (14%), D. sisso (12%) and P. ciliate
(10%), while the lowest tree distribution was recorded in S. cumin (3%), Z. manritiana (3%)
and B. vulgaris (2%) (Figure 2B). Phalia showed variations in tree distribution, the maximum
percentage of tree species being E. camaldulensis (19%) and V. nilotica (17%) followed by
C. sinensis (14%), M. azadarach (12%), D. sisso (10%) and P. ciliate (10%), while the lowest tree
distribution was noticed in A. indica (6%), S. cumin (2%), Z. manritiana (2%) and B. vulgaris
(2%) (Figure 2C). Malakwal showed variations in tree distribution, the maximum percent-
age of trees being V. nilotica (15%) and E. camaldulensis (14%), followed by C. sinensis (13%),
M. azadarach (13%), D. sisso (10%) and P. ciliate (10%), while the lowest tree distribution was
found in A. indica (6%), S. cumin (5%), Z. manritiana (3%) and B. vulgaris (3%) (Figure 2D).

3.2. Carbon Stock of Trees

The above ground and below ground carbon stock and total carbon stock potential
of trees in Mandi-Bahauddin district were different, which describes the variations in
carbon stock capacity of potential species of all three tehsils of the district (Table 4). Max-
imum C stock was recorded in E. camaldulensis (3951 Mg C ha−1), followed by S. cumin
(282 Mg C ha−1), P. ciliate (75.9 t/ha), and minimum C stock was observed in C. sinensis
(17.3 Mg C ha−1) in Mandi-Bahauddin. In Phalia, maximum C stock was shown in A. nilot-
ica (18.5 Mg C ha−1), followed by S. cumin (16.8 Mg C ha−1) and B. vulgaris (2.5 Mg C ha−1)
and minimum C stock was observed in M. alba (0.02 Mg C ha−1). Maximum C stock was
shown in P. ciliata (44.5 Mg C ha−1), followed by A. nilotica (21.2 Mg C ha−1), E. camaldulen-
sis (20.9 Mg C ha−1), and minimum C stock was observed in M. azadarach (0.05 Mg C ha−1)
in Malakwal. Maximum C stock was shown in the trees of Mandi-Bahauddin followed by
Malakwal, and minimum C stock was shown in Phalia. The descending order in terms of
carbon sequestration potential of trees in Mandi-Bahauddin was S. cumin > E. camaldulensis
> P. ciliate > B. vulgaris > A. nilotica > Z. manritiana > M. azadarach > A. Indica > D. sisso >
M. alba > C. sinensis. The descending order in terms of carbon sequestration potential of
trees in Tehsil Phalia was E. camaldulensis > A. nilotica > D. sisso > Z. manritiana > A. Indica
> P. ciliate > S. cumin > M. alba > M. azadarach > C. sinensis > B. vulgaris. The decreasing
order in terms of carbon stock potential of trees in Malakwal was E. camaldulensis > P. ciliate
> C. sinensis > A. nilotica > Z. manritiana > A. Indica > S. cumin > B. vulgaris > D. sisso >
M. alba > M. azedarach (Table 4).
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Figure 2. Tree species abundance in Mandi-Bahauddin district (A) and tree species distribution
expressed as a percentage of total basal area for agroforestry plots in tehsils Mandi-Bahauddin (B),
Phalia (C) and Malakwal (D) in Punjab, Pakistan.

Table 4. Summary of above ground carbon, below ground carbon and total carbon (Mg C ha−1) of
selected species at various points from the brick kilns.

Tehsil Mandi-Bahauddin Phalia Malakwal

Potential Tress
Species

AGC BGC
Total

Carbon
AGC BGC

Total
Carbon

AGC BGC
Total

Carbon

A. nilotica 24.8 6.60 31.1 14.4 4.07 18.5 9.70 4.20 21.2
A. indica 15.0 3.90 18.9 1.30 0.60 1.29 0.06 0.02 0.12

M. azadarach 18.9 4.90 23.8 0.06 0.02 0.06 0.06 0.02 0.05
C. sinensis 13.7 3.60 17.3 0.06 0.03 0.12 0.60 0.20 0.80

D. sisso 14.9 3.90 18.9 13.3 3.50 16.8 0.07 0.03 0.09
E. camaldulensis 3135 815 3951 0.08 0.02 0.04 36.6 12.1 20.9

P. ciliata 52.0 23.6 75.9 0.20 0.09 0.40 102 60.7 44.5
S. cumin 136 35.0 282 0.50 0.13 0.98 11.5 4.40 1.20

Z. manritiana 18.0 4.70 37.8 7.10 1.65 0.13 34.0 29.8 18.7
M. alba 16.0 2.00 18.7 0.03 0.007 0.02 0.07 0.03 0.09

B. vulgaris 32.0 8.00 67.6 0.24 0.08 2.52 1.04 0.50 0.20

3.3. Total Tree Carbon Stock in Mandi-Bahauddin District

All the values regarding total tree carbon stock were different at various distances from
the brick kilns in an agroforestry system in various tehsils of Mandi-Bahauddin district
(Table 5). Maximum tree carbon stock (133 Mg C ha−1) was noticed in Mandi-Bahauddin
followed by Malakwal (62.6 Mg C ha−1), while the minimum was recorded in Phalia
(9.97 Mg C ha−1) in (Table 5).
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Table 5. Total Tree Carbon stock.

Tehsil Total Trees C Stock (Mg C ha−1)

Mandi-Bahauddin 133
Phalia 9.97

Malakwal 62.6
Mean data from 3 locations of brick kilns.

3.4. Total Soil Organic Carbon Stock

Notable variations were observed for soil organic carbon at various distances from
the brick kilns in the agroforestry system of various tehsils in Mandi-Bahauddin district
(Table 6). Maximum total organic carbon of soil was noticed in Malakwal 10 km away
from the brick kilns compared with control (near brick kilns). The highest stock of C in
soil (15.30 Mg C ha−1) in Mandi-Bahauddin was noticed near the brick kiln, and minimum
stock of soil C (9.06 Mg C ha−1) was measured 5 km away from the brick kiln, and an
average organic C stock of (11.6 Mg C ha−1) was noticed. In Phalia maximum measured
soil C stock (13.58 Mg C ha−1) was shown near the brick kiln and minimum soil C stock
(11.6 Mg C ha−1) was shown 5 km away from the brick kiln, and average organic carbon
of (12.5 Mg C ha−1) was noticed. In Malakwal, maximum soil C stock (15.3 Mg C ha−1)
was measured 10 km from the brick kiln and minimum soil C stock (3.12 Mg C ha−1) was
shown 5 km away, with an average organic C stock of (10.3 Mg C ha−1) (Table 6).

Table 6. Average Soil Organic Carbon Stock.

Tehsils
Soil C Stock (Mg C ha−1) Average Soil C Stock

(Mg C ha−1)0 km 5 km 10 km

Mandi-Bahauddin 15.3 9.06 10.3 11.6
Phalia 13.6 11.6 12.4 12.5

Malakwal 12.5 3.12 15.3 10.3

3.5. Total Organic Carbon Stock in Potential Crops

All the values regarding the carbon stock in Triticum aestivum and Oryza sativa at
various distances were different in the agroforestry system of cultivated area for various
tehsils of Mandi-Bahauddin district (Table 7). Maximum carbon stock was recorded in
Triticum aestivum in Tehsil Mandi-Bahauddin (2.08 × 106 Mg C) followed by Malak-
wal (1.85 × 106 Mg C). Minimum carbon stock was noticed in wheat crop in Phalia
(1.83 × 106 Mg C). For rice crop, maximum carbon stock was noticed in Mandi-Bahauddin
(1.97 × 106 Mg C), followed by Phalia (1.83 × 106 Mg C), while minimum carbon stock in
rice was recorded in Tehsil Malakwal (1.48 × 106 Mg C) (Table 8).

Table 7. Measured Carbon stock in Triticum aestivum.

Tehsil
AGB

(Mg C ha−1)
BGB

(Mg C ha−1)
Total Biomass
(Mg C ha−1)

Total Cultivated
Area (ha)

Crop C Stock
(Mg C)

Mandi-Bahauddin 50.6 5.60 56.2 82,340 2.08 × 106

Phalia 52.1 5.20 57.3 71,246 1.83 × 106

Malakwal 60.8 7.10 67.8 60,754 1.85 × 106

ABG = Above ground biomass; BGB = Below ground biomass; Mean data from 3 locations of brick kilns.
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Table 8. Measured Carbon stock in Oryza sativa.

Tehsil
AGB

(Mg C ha−1)
BGB

(Mg C ha−1)
Total Biomass
(Mg C ha−1)

Total Cultivated
Area (ha)

Crop C Stock
(Mg C)

Mandi-Bahauddin 49.4 3.90 53.3 82,340 1.97 × 106

Phalia 50.1 4.10 57.2 71,246 1.83 × 106

Malakwal 52.3 4.90 54.2 60,754 1.48 × 106

ABG = Above ground biomass; BGB = Below ground biomass; Mean data from 3 locations of brick kilns.

4. Discussion

This study provides the estimation of potential C pools for agroforestry systems in
relation to brick kilns in Mandi-Bahauddin district, Pakistan. The agroforestry systems
observed in the research site are crucial for the livelihoods of local farmers, as they have
both commercial and subsistence production values [36,37]. In addition to timber from tree
species, field crops such as wheat also have good market prospects at local and international
level, as these are widely used for consumption [38,39]. Although not intrinsically C
dense compared to systems such as forests or intensively managed agroforestry systems
and pastures, C storage in agricultural farms can be increased by 20.4 to 21.4 t C ha−1

globally [40,41] through the incorporation of long-living, deep-rooted trees [42,43]. While
climatic attributes are consistent across the district where sampling was performed, the
amount of C sequestered varied, largely depending on the tree species’ distribution, density
of tree species, basal area of tree, age of tree, area under crops and distance of agroforestry
system from the brick kiln, emphasizing the importance of management decisions in
determining carbon stocks. For example, district total mean tree carbon stock was the lowest
(9.97 Mg ha−1) in Phalia, 5 km away from the brick kiln and the highest (133 Mg ha−1)
in Mandi-Bahauddin, 10 km away from the brick kiln, among all tehsils in the study
area. This appears to be related primarily to the level of tree stocking in the district, with
Mandi-Bahauddin having the highest average basal area of all tehsils (8.9 m2 ha−1), and
Malakwal having the lowest tree basal area (3.2 m2 ha−1). The current study revealed that
maximum carbon sequestration was noticed in E. camaldulensis while the minimum was
observed in M. alba. Among various tree species, the difference in biomass might be due to
numerous aspects, i.e., number of trees/ha, tree age, quality and location of site, cultural
practices, techniques and system of planting and ecological conditions in that area [21–24].
The average stored C stock of agroforestry systems in our study area was 11.46 Mg C ha−1

in soil, 68.5 Mg C ha−1 in trees, 60.4 Mg C ha−1 in wheat and 54.2 Mg C ha−1 in rice.
The carbon stocks of simple systems (i.e., combination of single trees with cash crop or
grass) and mixed-tree systems are similar to C stock on agroforestry systems reported by
other studies in Indonesia [44,45]. Tree biomass accumulation representing the value of
tree basal area has a correlation with C stock value [46]. The tree species having a higher
basal area have the capacity for higher biomass accumulation which results in higher C
stocks [47]. Our findings reflect that the plots near the brick kilns showed more growth of
trees and potential crops (wheat and rice) in the study area, due to shifting of brick kilns to
zig-zag technology that reduced dust emission. Similar patterns were reported in other
studies [21,36,37,48,49].

In a terrestrial ecosystem, soil is a very notable system for CO2 mitigation. Many
agroecologists have revealed that the soil carbon pool has prime importance in agroforestry
systems [50,51]. The outcomes of the current investigation regarding SOC supports the hy-
pothesis that SOC contents are maximum at 0–15 cm layers, with increased higher buildup
of tree litter [52]. Higher soil carbon contents in agroforestry systems largely depend on the
quality and amount of biomass input by non-tree and tree components of the system [53,54].
Moreover, vegetation detritus and litter from pruning under proper agroforestry manage-
ment return a greater amount of organic carbon to the soil [55,56] (Figure 3). In this study,
the average SC pools ranged from 10.3 to 15.3 Mg C ha−1 10 km away from the brick kilns.
Kimaro et al. [57] reported that a significant variation was noticed in carbon sequestered
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by an agroforestry system with legume trees, compared with a mono-crop system. Car-
bon storage in plants can be high in complex agroforestry systems and productivity of
field crops depends on several factors such as age, structure and the way the systems are
managed [58,59]. The results are comparable with the findings of other studies [42,60–62],
which reported that agroforestry can store carbon in the range of 12–228 Mg ha−1. In our
study it was noticed that maximum tree C stock potential (133 Mg C ha−1) was observed
in Mandi-Bahauddin followed by Malakwal (62.6 Mg C ha−1), 10 km away from the brick
kilns, while the minimum value was observed in Phalia (9.97 Mg C ha−1), 5 km away
from brick kilns. In our research, the carbon sequestration potential of an agroforestry
system (soil, trees and crops) showed differential response in relation to brick kilns (5 and
10 km away from brick kilns). Similar observations were reported by Gera et al. [63] who
claimed that the variations in the carbon sequestration potential relate to the mean annual
increment, which varies with site, age, density and plantation, as well as with the quality
of planting stock.

 
Figure 3. Schemes of carbon sequestration in agroforestry.

Various factors such as species, land use type, cultural practices and CO2 supply
play important roles in C stock and C sequestration rate [64]. Most farmers planted trees
on their farmland for a short rotation. After regular intervals, harvesting of cultivated
trees results in loss of C, but C is again stored when the harvested wood is converted into
plywood, packaging materials, poles and the manufacturing of furniture [65]. Moreover,
more accumulation of biomass was observed at the early stages and this decreased with the
passage of time and age [66]. Tree stem sequesters the carbon for a longer time after felling
as compared to the carbon stored in leaves and branch biomass [59]. These results highlight
both the current and potential carbon sequestration potential of agroforestry in Pakistan,
and can be further used in devising strategies for implementing tree planting programs on
agricultural land and designing future carbon sequestration projects in Pakistan.

5. Conclusions

For the development of better management strategies, understanding of the influence
of potential trees on farmlands in linear plantations is critical. Our intensive sampling in
three tehsils showed that agroforestry systems in Punjab, Pakistan, currently store moderate
amounts of carbon in plants and soil. In the agroforestry system, the increased soil organic
carbon was due to litter fall and gave higher monetary returns in terms of more C stock 5
and 10 km away from the brick kilns. The decreasing order in terms of C stock potential
of crops was wheat > rice. Variation was observed for C stock in crops (wheat and rice)
at various distances from the brick kiln at the sampling sites. More C stock in the crops
was noticed in Mandi-Bahauddin due to the maximum cultivated area, followed by Phalia
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and Malakwal. Crops had the maximum potential to store carbon dioxide at different
sampling points, compared to trees and soil. The descending order in terms of C stock
potential of agroforestry was crops > trees > soil. The findings of this study suggest that
planting of tree species along with farm crops is a sustainable way to mitigate climate
change by sequestering large amounts of carbon from the atmosphere. However, future
studies should be conducted to highlight more indicators associated with the operation of
the brick kilns. Given appropriate incentives, Punjab’s farmers could help Pakistan meet
its commitments to the Paris Climate Accord through reasonable changes in tree planting
on existing agroforestry systems.
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Abstract: Andosols are characterized by high organic matter content and play a significant role in
carbon storage. However, they have low phosphorus fertility because of the high phosphate-fixing
capacity of active aluminum. For agricultural use of Andosols, it is necessary to ameliorate its poor
phosphorus fertility by applying lime and high doses of phosphate fertilizers. The objective of the
present study was to clarify how such soil amendments affect the mineralization of soil organic
carbon (C) and nitrogen (N) in allophanic Andosols under different temperature regimes. The soil
was treated using combinations of liming and heavy phosphate application, followed by incubation
under different temperature conditions. The N mineralization and the soil CO2 evolution rate were
measured periodically. The patterns of N mineralization were analyzed by fitting them to first-order
kinetics. Liming increased C and N mineralization irrespective of temperature, and the increase
was further enhanced by phosphate application. Kinetic analysis of the N mineralization curve
indicated lowering of the activation energy of N mineralization reactions with phosphate application,
suggesting that P application may accelerate N mineralization at lower temperatures. These findings
provide a basis for developing soil management strategies to reduce the loss of soil organic matter.

Keywords: Andosols; soil carbon; global warming; phosphorus; phosphate; liming; nitrogen;
mineralization; temperature

1. Introduction

A huge amount of carbon (C), 1500 Pg C, approximately twice the amount present
in the atmosphere and thrice the amount in terrestrial plant biomass, is stored in the soil
as organic matter [1]. Furthermore, any variation in the soil organic matter content signif-
icantly impacts the global carbon cycle. In arable soils, the amount of soil C is strongly
influenced by environmental factors such as temperature and agricultural management
practices such as tillage. Life-cycle inventory analysis of greenhouse gases (GHGs) in
various crop production systems in northern Japan revealed that carbon dioxide (CO2)
emissions from soil were the largest source of GHG emissions [2]. Various reports have
warned that the increase in decomposition of soil organic matter due to global warming
will further accelerate the atmospheric CO2 concentration [3–5]. In order to take counter-
measures against global warming, it is essential to predict the potential changes in soil C
status in response to environmental changes and human activities (such as agricultural soil
management practices).

Andosols are of volcanic origin and are one of the most widely distributed soils in
Japan (31% of the country’s land area and 47% of upland arable fields) [6]. Andosols are
characterized by high organic matter content, resulting in high soil C storage capacity and
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excellent physical and water retention properties. However, they have low phosphorus
fertility because of the high phosphate-fixing capacity of active aluminum. For agricultural
use of Andosols in Japan, when uncultivated Andosols are converted into arable lands,
it is recommended to ameliorate the soil by applying a mixture of phosphate fertilizers
(e.g., fused phosphate and superphosphate) equivalent to 10% of the phosphate absorption
coefficient (PAC) of the soil [7]. Such large amounts of phosphate fertilization not only
increase the amount of available phosphate in the soil, but also increase phosphorus fertility
of the soil by masking some of the phosphate fixing sites of clay particles and decreasing
the phosphorus adsorption capacity [6,8]. These amendments may increase the activity
of soil microorganisms that were previously limited by the phosphorous deficiency and
acidity of the soil and may promote the decomposition of soil organic matter. Munevar and
Wollum [9] reported that the addition of phosphate and N increased the mineralization
of soil organic C and N in the Andosols of Colombia. Ogasawara et al. [10] reported that
soil N mineralization increased with the addition of a mixture of fused phosphate and
superphosphate in the Andosols of northern Japan. These incubation experiments were
conducted at about 30 ◦C. However, in the northern part of Japan under cool-temperate
climate, the average annual soil temperature is 10–15 ◦C and rarely exceeds 25 ◦C, even in
summer. Although a large number of studies on temperature dependency of soil organic
matter decomposition have been reported, e.g., [3–5], the effect of soil amendments on soil
organic matter decomposition focusing on temperature regime has rarely been reported.

The objective of the present study was to clarify how these soil amendments affect
mineralization of soil organic C and N, with an emphasis on temperature response. We
hypothesize that soil available phosphate limits C and N mineralization in an allophanic
Andosol and that this effect is more evident in lower temperature regime. In the present
study, we used a soil sample from an uncultivated land with an allophanic Andosols
under cool-temperate climate (annual mean temperature 10.6 ◦C) and treated the soil with
different combinations of lime and phosphate. Phosphate was applied at the rate of 5%
and 20% of PAC, as indicated in the study by Yamamoto and Miyasato [7]. Mineralization
of soil organic carbon and nitrogen was examined by incubating the soil under different
temperature regimes.

2. Materials and Methods

2.1. Soil

The soil was collected from the surface layer (0–20 cm) of an uncultivated land
(39◦44′56.4′ ′ N, 141◦08′16.8′ ′ E) under Pinus densiflora trees in Morioka City, Iwate Pre-
fecture, Japan, after removing the litter layer of soil. The physicochemical properties of
the soil were as follows: texture, LiC; total C, 186 g C kg−1 dry soil; total N, 11.7 g N kg−1

dry soil; ammonium N, 63 mg N kg−1 dry soil; nitrate N, 65 mg N kg−1 dry soil; pH
(H2O), 5.3; PAC (phosphate absorption coefficient), 23.3 g P2O5 kg−1 dry soil; available
phosphate, 0.016 g P2O5 kg−1 dry soil (Truog method); maximum water holding capacity,
0.80 cm3/cm3. Analytical methods of soil are described in the Supplementary Materials.
The soil was classified as an allophanic cumulic Andosol according to the Soil Classification
System of Japan [6].

2.2. Design for Incubation Experiment

Fresh, moist soil samples that were air-dried, sieved through a 2 mm mesh, and treated
with different levels of phosphate and lime were used for the incubation experiment. In the
non-liming treatment, two levels of potassium phosphate monobasic (0% for control, 5%
and 20% of PAC; equivalent to about 11.6 Mg P2O5 ha−1, 46.6 MgP2O5 ha−1) were added
to the soil samples. In the liming treatment, calcium hydroxide (5.5 g kg−1 dry soil) was
used to adjust the soil pH (to ~6.0) before adding potassium phosphate at the rate of 0%,
5%, and 20% of PAC. Soil sample was incubated for each treatment in triplicate (see the
Supplementary Materials). The incubation temperatures were 20 and 30 ◦C. An additional
temperature level, 25 ◦C, was set for N mineralization in the non-liming treatment, because
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preliminary experiment showed another temperature level may be required for more
reliable kinetic parameters of N mineralization (Section 2.4) in the non-liming treatment.

The treated soil samples were put in separate 100 mL polyethylene vials, individually
covered with aluminum foil, and incubated for 120 days. Throughout the incubation period,
the soil moisture condition was maintained at 50% of the maximum water holding capacity
of the soil. The pH (H2O) and available phosphate content (Truog method) of the soil
samples were measured periodically throughout the incubation period.

2.3. C Mineralization: CO2 Evolution

Organic C mineralization was estimated by periodically measuring the rate of CO2
evolution from the soil (Figure S1). The aluminum foil was removed from the incubated
samples, and the polyethylene vials were individually placed in 485 mL wide-mouthed
glass bottles with a septum for gas sampling. The bottles were incubated at the respective
incubation temperatures. About 1 h and 24 h after the bottles were incubated, 1 mL
gas was collected from the bottle using a gas-tight syringe, and the CO2 concentration
was measured using a gas chromatograph (GC-8A, Shimadzu, Kyoto, Japan) equipped
with a thermal conductivity detector and a Shincarbon ST column (Shinwa Chemical
Industries Ltd., Kyoto, Japan). The CO2 evolution rate was calculated from the increase
in the CO2 concentration during this period. The soils in the polyethylene vials after CO2
assay were back to the incubator for further CO2 evolution measurement.

2.4. N Mineralization

After the designated incubation period, mineral N was extracted from the soil samples
using 2 N KCl. The nitrate-N, nitrite-N, and ammonium-N contents of each extract were
estimated using an autoanalyzer (QuAAtro 2-HR, BL-TECH Co., Tokyo, Japan), and the
sum of these N values was considered as the mineral N content of the respective sample.

2.5. Kinetic Analysis of N Mineralization Curve

The mineral N contents obtained in this study were presented in the form of a N min-
eralization curve, which was analyzed using the method proposed by Sugihara et al. [11].
This method assumes that the N mineralization curve corresponds to an equation of the
first-order reaction (Equation (1)), and the relationship between the mineralization rate
constant and temperature follows the Arrhenius law (Equation (2)).

Nt = N0{1 − exp(−k·t)} (1)

k = A·exp(−Ea/R·T) (2)

where Nt and N0, amount of mineralized N at time t and infinite time, respectively (mg N kg−1

soil); k, mineralization rate constant (day−1); Ea, activation energy (kJ mol−1); T, absolute
temperature (K); R, universal gas constant (8.31 J mol−1 K−1); A, Arrhenius constant.

Curve fitting of the data was performed using the Solver program of Microsoft Excel
2019 (Microsoft Corporation, Redmond, WA, USA). Fitness was evaluated on the basis
of the minimum Akaike information criterion values. Parameters obtained by this non-
liner curve fitting were compared among the treatments by Bonfferoni method (see the
Supplementary Materials).

2.6. Statistical Analyses

Statistical analyses were conducted using the JMP software (SAS Institute Japan,
Tokyo, Japan) and the data analyses tools of Microsoft Excel 2019.

3. Results

3.1. Change of Available Phosphate and pH of Soil during Incubation

The changes in pH are shown in Figure 1. The pH of soil samples subjected to liming
treatment was initially adjusted to ≈6.0. In all treatments, the pH gradually decreased,
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probably due to the accumulation of nitrate N, while a small increase in pH during the
early incubation period was found in some treatments. Overall, the change in pH during
the incubation period was within one unit.

Figure 1. Change of soil pH (H2O) during the incubation period. Vertical bars indicate the standard
error of means (n = 3). Different letters indicate significantly different on the same day (Tukey’s
multiple comparison test, ns; not significantly different). The data on day 120 in non-liming treatment
were not replicated, and therefore the statistical analyses were not performed.

The change in the available phosphate at 20 ◦C is shown in Figure 2. The trend at
30 ◦C was almost the same as that observed at 20 ◦C (data not shown). Available phosphate
decreased immediately after the addition of potassium phosphate due to the quick fixation
of phosphate, and then remained constant, for both application levels. In the liming
treatment, the amount of available phosphate was higher than that in the non-liming
treatment. It may have been due to a somewhat higher pH in the liming treatment.

3.2. CO2 Evolution

The change in the rate of CO2 evolution from the soil during the incubation period
is shown in Figure 3. The pattern of changes in the CO2 evolution rate differed between
the non-liming and liming treatments. In the non-liming treatment, the CO2 evolution
rate increased with time, peaked at 40–50 days, and then decreased. However, liming
treatment increased the overall CO2 evolution rate of the soil, compared to the non-liming
treatment. There was a peak in CO2 evolution at the beginning of the incubation period,
followed by a decline and a small peak at ≈40 days, similar to that in the non-liming
treatment. The total CO2 evolution during the incubation period (Figure 4) was estimated
by integrating the curves of the CO2 evolution rate up to 84 days. In the non-liming
treatment, phosphate application was not significant in terms of the total amount of CO2
evolved. In contrast, in the liming treatment, phosphate application increased total CO2
evolution at 30 ◦C (Figure 4).

120



Agriculture 2022, 12, 142

Figure 2. Change of available phosphate in soil (Truog method) at 20 ◦C. Vertical bars indicate the
standard error of means (n = 3). Different letters indicate significantly different on the same day
(Tukey’s multiple comparison test).

Figure 3. CO2 evolution rates at different temperatures. Vertical bars indicate the standard error of
means (n = 3). Different letters indicate significantly different at each temperature (Tukey’s multiple
comparison test; ns, not significantly different).
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Figure 4. Total C mineralization estimated up to 84 days by CO2 evolution rate at different tempera-
tures. Vertical bars indicate the standard error of means (n = 3). Different letters indicate significantly
different at each temperature (Tukey’s multiple comparison test; ns, not significantly different). Two
ways ANOVA (temperature × liming) showed both temperature and liming treatments showed
p < 0.01. Since the CO2 evolution data at 20 ◦C were obtained only up to day 84 (Figure 3), total CO2

evolution at 30 ◦C was also estimated up to day 84. The data for day 84 in the liming treatment was
extrapolated from the data for day 77 and day 120.

3.3. N Mineralization Curves and Their Kinetic Analysis

The accumulation of mineral N in the soil during the incubation period is shown
in Figure 5. In the non-liming treatment, N mineralization at 20 ◦C increased with the
application of phosphate at the rate of 20% PAC. In the liming treatment, N mineralization
increased to some degree for both levels of phosphate application. The N mineralization
parameters were obtained by fitting the N mineralization curve to the first-order reac-
tion (Table 1). The mineralization rate constants were not significantly affected by both
phosphate application and liming. The activation energy (Ea) in the non-liming treatment
significantly decreased with phosphate application (20% of PAC). Liming increased the
amount of potentially mineralizable N (N0).

Figure 5. Change of mineral N in soils at different incubation treatments and temperatures. Vertical
bars indicate the standard error of means (n = 3). Different letters indicate significant difference at
each temperature (Tukey’s multiple comparison test; ns, not significantly different).
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Table 1. Nitrogen mineralization parameters of soil incubated at different treatments and tempera-
tures.

Treatment No * k * Ea *

Liming Phosphate mg N/kg Dry Soil /day, 25 ◦C kJ/mol

# # #
Control 200 0.022 5.39 a

Non-liming KH2PO4 5% 178 ns 0.021 ns 5.03 a
KH2PO4 20% 188 0.029 3.45 b

(average) (189) (0.024) (4.62)
Control 228 0.018 5.92

Liming KH2PO4 5% 240 ns 0.016 ns 6.13 ns
KH2PO4 20% 237 0.019 6.06

(average) (235) (0.018) (6.04)
## * ns ns

* No, potentially mineralizable N; k, mineralization rate constant; Ea, activation energy. # Different letters (a, b)
indicate statistical significance among phosphate addition treatments by the Bonferroni method (p < 0.05, ns: not
significant). ## Statistical difference between the non-liming and liming treatments (*: p < 0.05, ns: not significant).

4. Discussion

In the present study, we examined the effects of liming and heavy phosphate appli-
cation on C and N (N) mineralization in soil samples from the uncultivated allophanic
Andosols of Japan.

The effect of liming showed the same trend irrespective of the temperature. Liming
increased the rate of CO2 evolution during the early stages of incubation (Figure 3). The N
mineralization curve also showed the same trend—liming increased N mineralization in
the initial stages of incubation. This result was supported by the kinetic analysis of the N
mineralization curve, which showed that N mineralization potential, N0, was increased by
liming (Table 1).

In contrast, the effect of phosphate application varied with liming and incubation
temperature. The total CO2 evolution, which is the integrated value of the CO2 evolution
during the incubation period (Figure 4), increased with phosphate application and was
more pronounced at 30 ◦C in the liming treatments, whereas it was not as evident in
the non-liming treatments. N mineralization in the non-liming treatment at 20 ◦C was
promoted by phosphate application. N mineralization parameters based on the kinetic
analysis of N mineralization curves showed that the activation energy, Ea, in the non-liming
treatment decreased with an increase in the phosphate application rate (Table 1).

The enhancement of soil organic matter decomposition by liming is well documented [12–16].
This reaction occurs partly because of the increase in microbial activity due to the neutraliza-
tion of soil acidity, and partly because of the solubilization of organic matter. Liming releases
organic matter trapped in soil aggregates by the dispersion of clay. Takahashi et al. [17]
reported that the addition of lime to Andosols broke down a part of the Al–humus complex
and led highly humified soil organic matter to more decomposable. Another source of
solubilized organic matter might be microbial biomass. Marumoto et al. [18] reported
that lime application killed some microbial biomass (especially fungi) and caused a rapid
growth of microorganisms that utilize the dead microbial biomass. The microorganisms
responsible for mineralization immediately after liming—as observed in the early stages of
incubation in the present study—are probably the newly proliferated microorganisms, “fast
growers” that utilize the solubilized and easily degradable fraction of organic matter. These
“fast growers” may be more active at a higher temperature (30 ◦C), and more phosphate
may be required for their activity (Figure 4).

The relationship between the activation energy (Ea) of N mineralization and the
average available soil phosphate during the incubation period (Figure 6) shows that the
increase in available phosphate leads to a decrease in Ea in the non-liming treatment,
indicating that the mineralization reaction occurs more readily at lower temperatures. In
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terms of temperature dependency of organic matter decomposition, recalcitrant organic
matter may show higher activation energy and thus may show its higher temperature
dependency than labile organic matter [19]. In contrast to liming as discussed above, it
is unlikely that the addition of phosphate may have had a significant impact on organic
matter quality. In the non-liming treatments, the microorganisms involved in C and N
mineralization may be “slow growers” that decompose indigenous soil organic matter.
Their activity is probably slower than that of the “fast growers” observed during the early
stages of liming treatments. The microorganisms might have adapted to temperatures
lower than 30 ◦C, and their activity in this temperature range might have been enhanced
by phosphate addition.

Figure 6. Relationship between apparent activation energy of nitrogen mineralization and available
soil phosphate. The available soil phosphate (Troug method) indicated here is the average of the
available soil phosphate values during the incubation period (15–120 days, 20 ◦C). Bars indicate the
standard error of means (n = 3). Lines in figure were arbitrarily drawn.

Several studies have reported that soil C and N mineralization is limited by the
phosphate availability in highly weathered tropical soils with high phosphate-fixing capac-
ity [20,21] and in cool, temperate soils rich in organic content, such as Andosols [9,22–24].
These studies did not refer to temperature dependency of the mineralization. Saito [25]
examined the N mineralization characteristics of various soils in the northern Tohoku
region of Japan and found a negative correlation between available p and Ea. This corre-
sponds with the present result in non-liming treatment (Figure 6). Microbial populations at
lower temperatures than the optimum require higher concentrations of substrates due to
lowering affinity to substrate [26]. In the control soil in the non-liming treatment, available
phosphate was kept very low (Figure 2), and therefore that phosphate may be deficit for
microorganisms. The addition of phosphate may mitigate such phosphate deficit for soil
microorganism and may result in lowering Ea. Microbial community analysis of a wide
range of Japanese Andosols showed that fungal diversity decreased with increasing soil
available phosphate, and Mortiellra tended to be one of the dominant fungal groups [27].
This also might be related to changes in the temperature responsiveness of N mineralization
to phosphate application, as observed in Ea (Figure 6).

Global warming is threatening to accelerate the loss of soil organic carbon. In fact,
the thawing of frozen soils in polar regions is becoming a reality [28,29]. This may be also
a serious issue in cool and cold temperate regions, where soils are rich in organic matter.
In Japan, higher doses of phosphate fertilizers are used in agricultural production, partly
because Andosols, which have a high phosphate-fixing capacity, are widely distributed in
the arable lands. This practice has increased the available phosphate in arable soils [30].
Intensive fertilization of arable soils may accelerate the loss of soil organic carbon.

For sustainable agricultural production in the changing climatic conditions, soil man-
agement practices must be improved to facilitate soil carbon storage [31]. Many studies have
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been conducted for this purpose [32,33]. The present study indicates that the effect of inten-
sive fertilizer management on organic matter decomposition should be investigated more
systematically and extensively, as well as being reflected in sustainable soil management.

5. Conclusions

Conversion of uncultivated Andosols to arable lands generally requires liming treat-
ments and heavy phosphate applications to improve crop production [6,8]. The effects of
liming and heavy application of phosphate on soil C and N mineralization in allophanic
Andosols were investigated under different temperature regimes. Liming led highly humi-
fied organic matter to more decomposable [16,17,24] and increased the easily degradable
fraction of organic matter, and as a result, the microbial communities that proliferated using
these fractions became more active with the application of high amounts of phosphate.
In contrast, in the non-liming treatment, phosphate increased soil N mineralization at
lower temperatures. These findings support our hypothesis raised in the Introduction
section and also provide a basis for the development of a model for predicting soil C and N
mineralization. The model may contribute to the development of management strategies
to reduce the loss of soil organic matter in the face of global warming.
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Abstract: Miscanthus-dominated semi-natural grasslands in Japan appear to store considerable
amounts of soil C. To estimate the long-term effect of Miscanthus vegetation on the accumulation of
soil carbon by soil biota degradation in its native range, we measured total soil C from the surface to
a 1.2 m depth along a catena toposequence in three annually burned grasslands in Japan: Kawatabi,
Soni, and Aso. Soil C stock was estimated using a radiocarbon age and depth model, resulting
in a net soil C accumulation rate in the soil. C4-plant contribution to soil C accumulation was
further estimated by δ13C of soil C. The range of total soil C varied among the sites (i.e., Kawatabi:
379–638 Mg, Soni: 249–484, and Aso: 372–408 Mg C ha−1). Catena position was a significant factor
at Kawatabi and Soni, where the toe slope soil C accumulation exceeded that of the summit. The
soil C accumulation rate of the whole horizon in the grasslands, derived C mainly from C4 plant
species, was 0.05 ± 0.02 (Average ± SE), 0.04 ± 0.00, and 0.24 ± 0.04 Mg C ha−1 yr−1 in Kawatabi,
Soni, and Aso, respectively. Potential exists for long-term sequestration of C under M. sinensis, but
the difference in the C accumulation rate can be influenced by the catena position and the amount
of vegetation.

Keywords: Miscanthus sinensis; soil carbon; catena; radiocarbon dating; C4 grasses

1. Introduction

Miscanthus, a cold-tolerant perennial grass C4 native to East and Southeast Asia,
exhibits potential as a feedstock for the production of biofuels and bio-based products [1–4].
As such, this genus may see a considerable increase in cultivation in the United States and
Europe in the coming years. In order to estimate the potential effects on edaphic resources,
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several researchers have considered the impact this genus has on soil carbon, mostly in
cultivated or fallow fields [5–9]. Observations, however, from these studies have been
limited to less than 20 years. Semi-natural Miscanthus sinensis grasslands in Japan, some
of which have been managed for hundreds of years [4], offer an opportunity to assess the
effects of centuries of Miscanthus growth and management on soil C resources [10–15].

Miscanthus utilizes the efficient C4 photosynthetic pathway and, consequently, the
origin of organic inputs to the soil from plants in this genus can be determined via their
stable isotopic composition [9,16,17]. Differences in the relative abundance of the 13C/12C
ratio in plants that utilize the C4 photosynthetic pathway allow for determining the rel-
ative contribution by Miscanthus to soil C stocks [18]. Using stable C isotopic analysis,
Schneckenberger and Kuzyakov (2007) estimated Miscanthus C inputs ranging between
0.11 and 0.30 g C kg soil−1 yr−1 in a sandy versus loamy soil in Germany. Howlett et al.
(2013) found that a majority of soil C, ranging between 52% and 85% at a depth up to 1.5 m,
was derived from Miscanthus in a Typic Melanudans in a southern Japanese Miscanthus-
dominated grassland. To estimate soil C accumulation over time, the relationship between
soil depth and age needs to be determined. Dating of soil C in soil profiles with low C
content, however, is problematic. Bioturbation causes vertical mixing or movement of
soluble C compounds, and additions of heterogeneous sources of C from land surface and
groundwater reduce the integrity of age-to-depth models [19,20]. However, soils previously
investigated in the same biome contained high C content and demonstrated highly corre-
lated age-to-depth models (R2 = 0.98–0.99) [11]. Using these age-to-depth models, Howlett
et al. (2013) estimated Miscanthus-derived soil C accumulation at 0.62–0.85 Mg C ha−1 yr−1

down to a 1.5 m depth in a Miscanthus-dominated semi-natural grassland in southern Japan.
In volcanic regions with diverse topography where ash accumulation and other for-

mative materials, such as humus, are subject to erosion and deposition processes along
the continuum of different landscape positions [21], a soil catena study that encompasses
hillside summits, mid-slopes, and toe slopes can shed valuable information on C accu-
mulation phenomena. The dynamics of C associated with these topographic forms have
previously been considered. Schimel et al. (1985) [22] reported double the surface soil C
on lower foot slopes relative to that found in summit soils in Colorado, USA. While fully
vegetated grasslands may not experience a considerable amount of erosion, the annual
burning associated with traditionally managed Miscanthus grasslands in Japan removes the
vegetative cover that protects soil from erosion [11,13]. Precipitation events following these
traditional burnings redistributes C-containing sediments lower into the watershed, and
soils developed on lower positions on a slope may demonstrate higher levels of soil C due
to the fact of depositional processes. As soil from organic horizons erode and C-containing
sediment accumulates below, the catena concept provides utility in characterizing the
potential variability of soil C within the varied topography of many Japanese Miscanthus
grasslands. Understanding the variability and accumulation of soil C underlying Miscant-
hus grasslands in Japan will help to determine whether there is greater benefit in growing
Miscanthus as a soil C sequestration bioenergy crop or to serve alternative purposes such
as a traditional landscape for ecotourism. Our efforts to identify the long-term impacts of
Miscanthus on soil C deposition involved a three-pronged approach: (1) estimate the effect
of catena position on the development of C stocks to 1.2 m underlying three semi-natural
grassland catenas currently dominated by M. sinensis in Japan, (2) quantify the relative
contribution of M. sinensis to these C stocks, and (3) calculate the rate of soil C accumulation
contributed by M. sinensis.

2. Materials and Methods

2.1. Site Descriptions

Three grasslands sites were chosen based on their current dominance by M. sinensis
and for a latitudinal gradient across Japan (Figure 1a).
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Figure 1. Locations of the semi-natural Miscanthus sinensis grassland study sites in Japan (a) and the
semi-natural Miscanthus grassland study sites of the Kawatabi Field Science Center, Miyagi Prefecture
(b); Soni Plateau, Nara Prefecture (c); Aso-Kuju National Park, Kumamoto Prefecture (d).

2.1.1. Kawatabi

The northernmost sampling site was at the Kawatabi Field Science Center of Tohoku
University, located near the Kawatabi natural springs (KAW), Miyagi Prefecture, Japan
(38◦46.25’ N, 140◦45.16’ E, 550 m a.s.l., approximately 14◦ of the slope), where the mean
annual temperature is 11 ◦C, and there is a mean annual precipitation of 1460 mm [23]
(Figure 1b). The site is dominated by M. sinensis, which is maintained by annual mechanical
cutting in the fall with the grass left in place after cutting. Burning as a maintenance
practice in this site ceased more than 40 years ago. Ito and Saigusa (1996) described several
soil profiles from this site. One key aspect of this site is the documented non-allophanic
chemistry of the Andisols. High contents of Al and Fe help to retain relatively large
amounts of organic matter facilitating the formation of stable organo–mineral complexes,
which likely also occur at the other two sites.

2.1.2. Soni Plateau

The middle latitude site was within the grasslands at the Soni Plateau (SONI) in
Nara Prefecture, Japan (34◦31.07’ N, 136◦09.80’ E, 720 m a.s.l. approximately 30◦ of the
slope), where the mean annual temperature is 12 ◦C, and it has a mean annual precipitation
of 1720 mm (Figure 1c). The M. sinensis-dominated grasslands is maintained by annual
burning in the spring, and the area is a tourist destination for recreation and ecotourism.
Soils are also Typic Andisols with contents of volcanic glass [24]. Inoue et al. (2012) [24] and
Okunaka et al. (2012) [25] reconstructed the vegetative history of the site, with M. sinensis
becoming dominant on the site 1500 years ago.

2.1.3. Aso-Kuju

The southern-most site is within the grasslands of the Aso-Kuju National Park (ASO)
in Kumamoto Prefecture, Japan (32◦55.75’ N, 131◦09.60’ E, 843 m a.s.l., approximately
21◦ of the slope), where the mean annual temperature is 13 ◦C, and it has a mean annual
precipitation of 3200 mm (Figure 1d). The M. sinensis-dominated site is considered a semi-
natural grassland, which has been annually burned for hundreds of years in early spring in
order to maintain the Miscanthus-grassland ecosystem [4,13,26]. No additional management
has taken place other than burning for at least 50 years [11]. The Miscanthus grasslands of
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Aso-Kuju National Park are a tourist destination partly due to the rarity of grasslands in
Japan. Moreover, ecotourism during the burning season significantly contributes to the
local economy. Soils in this region are typical of Japan, derived from volcanic ash and
characterized by the USDA soil classification system as Typic Melanudans [27]. A diagnostic
general characteristic of these soils is the presence of a 2AB (K-Ah) volcanic deposit at
approximately 60–70 cm depths in many parts of the caldera, which has been dated to a
local volcanic eruption event by Mount Kikai approximately 7300 years ago [15,28].

2.2. Field Collections

At each of the three sites, soils were sampled at 10 cm increments down to 120 cm,
following a hillside catena sequence transect, representing the summit, mid-, and toe slope.
Transect lengths were 200–250 m from the toe slope to the summit. Replicate soil samples
were taken 3 m on the left- and right-hand sides of each catena location (facing the summit).
We selected the east and west slope aspects at each site to avoid known edaphic differences
between north- and south-facing slopes. The slopes of the catena sequences varied among
the sites, and the mean percent slope was calculated by dividing vertical distance from the
summit to the toe slope by the transect distance. The mean percent slopes were 29% in
KAW, 36% in SONI, and 18% in ASO. In total, 27 soil catenas were examined (three sites,
three catena positions, and three replicates per catena position).

To estimate bulk density, a metal canister of a known volume (i.e., 100 cm3) was in-
serted into the soil profile and removed with an undisturbed soil core at four representative
depths (15, 45, 75, and 105 cm, which were the midpoints for 0–30, 30–60, 60–90, and
90–120 cm soil depths). Bulk density samples were dried at 100 ◦C to a consistent weight.

2.3. Laboratory Procedures

Soil samples from each of the 10 cm depth increments for soil C content analysis were
immediately stored in temperature-controlled conditions and then air-dried to a constant
weight. Air-dried soils were passed through a 2 mm sieve, and subsamples were taken for
determination of moisture content. Soil C content was determined by combustion of 2 mm
sieved soil in an elemental analyzer (Leco CN Analyzer, St. Joseph, MI, USA).

Stable isotopic C composition and accelerator mass spectrometer (AMS) radiocarbon
ages were determined for five soil depth increments: 0–10, 20–30, 50–60, 80–90, and
110–120 cm at each of the catena positions at all three sites. Soil samples with high organic
C content were pretreated using the standard acid–base–acid (ABA) method as described by
Brandt et al. (2012) [29]. The same pretreatment method was also applied to radiocarbon-
free wood, IAEA (International Atomic Energy Agency) C5 wood, and FIRI-D (Fifth
International Radiocarbon Inter-Comparison D) woodworking standards. Approximately
0.5 g of soil, 3–5 mg of working standards, and 200–300 mg of CuO granules were placed
into preheated quartz tubes for sealed quartz tube combustion at 800 ◦C. Quartz tubes were
preheated at 800 ◦C for 2 h, and CuO granules were preheated at 800 ◦C one day before
usage. Combustion was set for 2 h at 800 ◦C. Samples were then cooled slowly from 800 to
600 ◦C for 6 h to allow Cu to reduce the NxO to nitrogen gas. Purified CO2 was collected
cryogenically under vacuum conditions, which were less than 10 mTorr, and submitted
to the Keck Carbon Cycle AMS Laboratory of the University of California-Irvine for AMS
14C analysis using the hydrogen–iron reduction method with δ13C values measured on
prepared graphite [30]. All results were corrected for isotopic fractionation according
to the conventions of Stuiver and Polach (1977) [31]. Sample preparation backgrounds
were subtracted based on the measurements of radiocarbon-free wood blanks. The results
indicated that after background subtraction, IAEA-C5 and FIRI-D wood reference materials
yielded target values within 1σ deviations. Radiocarbon dating data greater than 100% of
modern C were considered as present C, which was fixed from 1950 to 2012.

Soil texture was determined using the laser diffraction method [32]. Soil pH was
measures in a 1:1 ratio of soil to water. Plant-available, exchangeable potassium, magne-
sium, and calcium were determined with the Bray-1 extraction method [33]. The content
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of cations, cation exchange capacity, and percent base saturation of cation elements were
calculated from extract results.

2.4. Calculations

Bulk density, estimated by dividing the oven-dried mass (g) by the canister volume,
C content in <2 mm bulk soil (%), and the soil bulk density (BD, g cm−3), was used to
estimate soil C stock per 10 cm depth increments (Mg C ha−1).

Soil C stock = Soil C content × BD × 10, (1)

To estimate C4 plant contribution to soil C, δ13C of soil C (δ13CSC, ‰) were calculated
as follows:

δ13CSC = [(Rsample/Rstandard − 1)] × 1000, (2)

where R is the ratio of 13C/12C in bulk soil C. The standard was V-PeeDee Belemnite
(V-PDB) carbonate. The measured δ13C values were converted to relative abundances of C3
and C4 plants using the mass balance equation:

δ13CSC = {(δ13CC4) × x} + {(δ13CC3) × (1 − x)}, (3)

where x indicates the ratios of C source derived from C4 and C3 plants, which were −13‰
and −27‰, respectively, and were used as the average values of δ13CC4 and δ13CC3 for
calculation.

Linear regression, completed using PROC REG in SAS (version 9.2, Carey, NC, USA),
was used to estimate soil C age at various soil depths with p < 0.05. The goodness of
model fit and significance were estimated by R2 and p-values. Profile summaries were
calculated from the summed C stock for each treatment combination. Sampling sites were
not compared, and only the catena position effect was assessed for total soil C and C4-source
C within each soil depth at each site (ANOVA, PROC GLM in SAS).

Accumulation of C4-C (Cflux, Mg C ha−1 yr−1) was calculated using soil C content
(g C 100 g−1), sedimentation rates (SR, cm yr−1, from the surface down to 1.2 m), BD, and
x, which is the C4-derived C content from 13C abundance in Equation (3) as follows:

Cflux = Soil C content × SR × BD × x, (4)

Combined with the known depth of each of the soil profiles and C stock data, ra-
diocarbon dating of the profiles was used to generate age–depth models to estimate the
sedimentation rate to 1.2 m for total C and C from C4 plant sources as per the methods
of Howlett et al. (2013). The risk exists for δ13C to become less negative due to the fact of
isotopic fractionation, which could introduce uncertainty in determining the contribution
of C from C3 and C4 plants. However, degradation-induced fractionation is essentially
negligible, because new additions of organic C in the mesic Miscanthus-grassland ecosystem
generally overwhelm the oxidation of the soil organic C pool. Moreover, decomposition
only enriches less than 1–2‰ for soils in dry and/or hot environments, which was not the
case in our study.

3. Results

Selected soil physical and chemical properties are shown in Table 1. Values represent
the averages of whole soil samples from the surface to a 1.2 m depth, because soil samples
were collected at 10 cm soil depth increments and could not be presented by soil horizons.
Selected soil physical and chemical properties show that the soils from the three Miscanthus
sinensis-dominated grassland catenas were low in pH, had a texture from silt to silt loam,
and had low to moderate CEC (Table 1). Low BD is typical of volcanic ash-derived soils.
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Table 1. Soil physical and chemical properties (Average ± SD) underlying three Miscanthus sinensis
grasslands in Japan (i.e., Kawatabi Field Science Center, Miyagi Prefecture (KAW); Soni Plateau, Nara
Prefecture (SONI); Aso-Kuju National Park, Kumamoto Prefecture (ASO)).

Site
Depth
(cm)

Clay
(%)

Silt
(%)

Sand
(%)

Bulk
Density
(g cm−3)

pH
CEC §

(cmolc

kg−1)

Ex. † K
(%)

Ex. Mg
(%)

Ex. Ca
(%)

KAW 0–30 6.9 ± 2.2 88.1 ± 0.9 4.0 ± 1.6 0.5 ± 0.0 4.6 ± 0.4 103 ± 118 2.0 ± 1.2 5.0 ± 4.6 14.9 ± 12.8
30–60 7.3 ± 3.1 88.2 ± 2.5 3.5 ± 2.4 0.6 ± 0.3 4.9 ± 0.3 13 ± 8 2.6 ± 1.2 16.3 ± 13.7 35.4 ± 25.5
60–90 7.1 ± 3.3 75.4 ± 16.7 16.6 ± 20.3 0.8 ± 0.4 5.2 ± 0.2 8 ± 8 5.7 ± 2.6 24.7 ± 10.9 46.2 ± 27.4

90–120 6.5 ± 3.9 78.4 ± 5.6 14.2 ± 9.7 0.9 ± 0.2 5.3 ± 0.2 9 ± 7 7.3 ± 3.6 27.2 ± 15.7 41.9 ± 24.7

SONI 0–30 8.9 ± 0.8 88.6 ± 0.9 1.2 ± 0.1 0.6 ± 0.1 5.3 ± 0.1 15 ± 8 20.0 ± 10.1 15.7 ± 10.3 22.5 ± 16.2
30–60 6.5 ± 4.1 84.8 ± 1.9 7.9 ± 5.5 0.9 ± 0.3 5.2 ± 0.1 4 ± 1 14.4 ± 8.2 28.5 ± 2.7 57.1 ± 5.4
60–90 8.0 ± 4.6 85.3 ± 5.1 5.9 ± 0.2 1.0 ± 0.2 5.4 ± 0.2 4 ± 1 10.1 ± 2.7 31.9 ± 3.0 57.9 ± 4.7
90–120 8.3 ± 3.8 84.2 ± 3.9 6.6 ± 5.5 1.1 ± 0.1 5.6 ± 0.1 4 ± 1 13.9 ± 13.7 28.7 ± 4.6 57.4 ± 9.1

ASO 0–30 3.4 ± 0.5 66.5 ± 2.5 29.6 ± 2.8 0.7 ± 0.1 5.8 ± 0.1 42 ± 23 2.6 ± 1.5 12.6 ± 3.9 49.4 ± 17.9
30–60 3.4 ± 0.3 74.8 ± 0.5 21.3 ± 0.5 0.6 ± 0.1 5.8 ± 0.1 29 ± 4 4.4 ± 3.0 13.4 ± 2.1 41.9 ± 8.6
60–90 3.1 ± 0.3 75.6 ± 5.6 20.9 ± 5.9 0.6 ± 0.1 6.0 ± 0.3 44 ± 14 4.4 ± 3.0 10.0 ± 4.0 59.4 ± 13.0
90–120 4.0 ± 1.3 81.6 ± 7.1 13.8 ± 8.6 0.5 ± 0.1 6.1 ± 0.2 75 ± 40 4.4 ± 3.0 12.3 ± 0.6 62.7 ± 10.4

§ Cation exchange capacity; † exchangeable.

Whole-profile soil C stocks across all sites ranged from 249 to 640 Mg C ha−1 for a
0–1.2 m depth (Figure 2). Across the study sites, the position along the catena sequence
was a significant factor at KAW and SONI only. At KAW, soil C stock in the toe slope
(640 Mg C ha−1) was greater than in the summit (379 Mg C ha−1) but statistically similar
to that in the mid-slope (532 Mg C ha−1). At SONI, the pattern of the distribution of soil C
stock was similar as in the mid-slope (483 Mg C ha−1) and in the toe slopes (358 Mg C ha−1)
exceeded in the summit (249 Mg C ha−1). However, no differences in the soil C stock among
catena positions were found at ASO.

Figure 2. Profile summary of mean soil carbon stock along three catenas at semi-natural Miscanthus
sinensis grassland sites in Japan (i.e., Kawatabi Field Science Center, Miyagi Prefecture (KAW); Soni
Plateau, Nara Prefecture (SONI); Aso-Kuju National Park, Kumamoto Prefecture (ASO)). Error bars
represent the standard errors. Statistically different means within a site are noted by means separation
letters (p < 0.05).

Catena position was also a significant factor for soil C stocks at certain depths at each
site (Figure 3, Supplement Table S1). At KAW, soil C stock in the toe slope was greater than
that in the summit slope from 50 to 120 cm (Figure 3a), while it was higher in surface soil
at the summit. At SONI, soil C stock in the mid-slopes demonstrated higher levels only
between 50 and 100 cm depths, but it was statistically indistinguishable from toe slopes at
most of these depths (Figure 3b). At ASO, a relatively higher soil C stock at the summit was
observed from the surface down to a 20 cm depth (Figure 3). It was lower at the summit
compared to those at the mid- and toe slopes from 30 to 80 cm depths of soil. Below 80 cm
of soil, however, soil C stock increased and was higher at the summit.
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Figure 3. Soil carbon stock at 10 cm increments down to a 1.2 m depth for three positions along
catenas at three semi-natural Miscanthus sinensis grassland sites in Japan: Kawatabi Field Science
Center, Miyagi Prefecture (KAW) (a); Soni Plateau, Nara Prefecture (SONI) (b); Aso-Kuju National
Park, Kumamoto Prefecture (ASO) (c). Error bars represent the standard errors.

The soil C accumulation rate for C4-based C across all sites within 10 cm soil depth
increments ranged from 0.00 to 0.29 Mg C ha−1 yr−1 (Figure 4). Within each site, mean C4-C
accumulation for the whole profile (0–120 cm) was 0.05 ± 0.02 (Average ± SE), 0.04 ± 0.00,
and 0.24 ± 0.04 Mg C ha−1 yr−1 at KAW, SONI, and ASO, respectively. At ASO, C4-C
constituted the vast majority of total C, especially from 80 to 120 cm (Figure 4c). To a
lesser extent, KAW soil C was mostly C4-C (Figure 4a). In addition, C4-C closely followed
the trend of total C, decreasing in content from 40 to 80 cm. At SONI, C4-C comprised
the majority of total C (Figure 4b). ASO had the highest mean content of C4-C at 86.3%
(57.0–100%) with KAW at 58.2% (28.6–99.1%) and SONI at 56.3% (37.0–76.9%).
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Figure 4. Soil carbon accumulation rate and relative soil age (years before present) for C4-derived
C (clear diamonds) and total C (black squares) to a 1.2 m in three semi-natural Miscanthus sinensis
grassland sites in Japan: Aso-Kuju National Park, Kyushu Prefecture (ASO) (a); Kawatabi Field
Science Center, Miyagi Prefecture (KAW) (b); and Soni Plateau, Nara Prefecture (SONI) (c). Error
bars represent the standard errors.

One major difference between ASO and the two other sites was the age of the bottom
soil depth at 1.2 m. At ASO, the age of the 110–120 cm depth was dated 1590 years before
present, while the 110–120 cm depth at KAW and SONI was closer to 7836 and 6415 years
before present, respectively (Figure 4). As such, the profiles at ASO represent a more recent
portion of the age ranges found in the other sites (Figure 4). The age-to-depth models used
to calibrate the soil ages throughout the profile were highly correlated with an R2 in the
range of 0.83–0.98 and p < 0.05 (Figure 5, Supplement Table S2). The only exception was
the toe slope at SONI with an R2 of 0.79 (Figure 5b).
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Figure 5. Calibrated radiocarbon ages to a 1.2 m depth of soil carbon at three catena positions
(i.e., toe slope, mid-slope, and summit) in three semi-natural Miscanthus sinensis grassland sites in
Japan: Kawatabi Field Science Center, Miyagi Prefecture (KAW) (a); Soni Plateau, Nara Prefecture
(SONI) (b); Aso-Kuju National Park, Kyushu Prefecture (ASO) (c).

4. Discussion

4.1. Soil Carbon Stock along Catena

Soil C stocks in the M. sinensis-dominated grasslands of Japan appeared to be influ-
enced by catena position along a toposequence. For total accumulated soil C stock for the
0–120 cm soil depths, toe and mid-slopes demonstrated a long-understood tendency to
be the recipient of C-containing sediments from the summit (Figure 3) [21,22,34]. Jenny
(1941) [34] indicated that erosion does not play a significant role in some well-vegetated
catenas, given their minimal degree of erosion. However, the annual cultural practice of
burning the M. sinensis grasslands in Japan reduces biotic control of erosion. Movement
of sediment from organic horizons follows the course of gravity and increases C stock
in mid- and toes slopes (Figure 3). This may partially help explain the pattern of soil
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C accumulation found at KAW and SONI (Figure 3a,b). Upon further investigation of
differences in soil C stocks at various depths within the catenas, many of the differences
seen in KAW and SONI only occurred below 60 cm depths (Figure 3a,b), coinciding with
soil ages in the range of approximately 4000 years before present. Differences in soil C in
deeper layers across different topographic positions unlikely reflect differences in current
vegetation, because M. sinensis rhizomes and roots mainly populated the surface layer
down to a 20 cm depth [35]. Because the age of C in sediments at ASO was much younger
than the other study sites, investigations of deeper soil profiles at ASO might be required
to determine if catena position is a significant factor in determining soil C stocks at ASO,
where no differences were found. While catena position does appear to affect soil C stock
at KAW and SONI, the effect occurred between 4000 and 8000 years before present.

In all catena grasslands examined, very high total soil C stocks were found in upland
(non-hydric) soils (up to 638 Mg C ha−1) (Figure 4). The likely presence of high contents of
Al and Fe possibly contributed to large quantities of humus stabilization in the volcanic soils
of this study [11,36,37]. Formation of recalcitrant organo–mineral complexes with Al and Fe
reduces translocation and mineralization of C in the soil [38,39]. This may also help explain
how the relatively high amounts of sequestered C [36,40] and low pH (~5), especially at
KAW, contributed to the formation of these complexes [41]. In addition, the presence of
these organo–mineral complexes might possibly explain the relatively high correlations
of determination that provided confidence to the sedimentation rate calculations used to
estimate C accumulation. Because we could not analyze the organo–mineral complexes
with Al and Fe in this study, these analyses and evaluation need to be addressed in future
research. Furthermore, regularly occurring fire events over hundreds of years at ASO and
SONI may also have contributed to the stabilization of soil C. Burning has been shown to
increase the stability of organic matter through the formation of highly condensed aromatic
compounds [42]. Thus, the evaluation of soil humus characteristics could be important
variables to include in future studies.

Toma et al. (2012) [13] and Howlett et al. (2013) [11] provided a broad review of work
on C sequestration in soils where Miscanthus has been long established. Previous work at
ASO demonstrated high total C stock levels down to a 1.5 m depth (515 and 559 Mg C ha−1)
in two soil profiles dated, at a maximum, to 12,000 years before present [11]. The site,
characterized by Howlett et al. (2013) [11], was relatively flat where erosion appeared to
not be a significant factor. We considered nine soil profiles at ASO only to a depth of 1.2 m
on younger soils where humus may not have had as much time to accumulate. As such,
the results reported here appear to be consistent with previous work at ASO [11]. However,
as with the site studied by Howlett et al. (2013) [11], there appears to be a buried organic
soil horizon nearly 80 cm below the soil surface as reflected by the notable increase in soil
C accumulation rates starting at that depth (Figure 4c). Basile-Doelsch et al. (2005) [43]
reported high soil C stock levels 100 cm belowground of a volcanic–ash soil, which was
located adjacent to the Piton des Neiges volcano on the island of La Reunion, where a
burial event occurred sometime in the distant past.

4.2. Source and Rate of Carbon Accumulation

We assumed, for the purpose of this study, that all C4-C was derived from Miscant-
hus, as no other known species in the study areas utilize the C4 photosynthetic pathway.
Miyabuchi and Sugiyama (2006) [44] detailed the dominance of M. sinensis via plant phy-
tolith analysis in semi-natural grasslands located on the east side of the Aso caldera in
Aso-Kuju National Park. While accumulation of C from C4 sources follows the trend
of total soil C accumulation throughout the profiles examined here, the content of C4-C
varied considerably among sites (Figure 4). Soil at ASO had the highest amount of C4-
derived C accumulation, representing nearly 100% of C from 70 to 120 cm (Figure 4c).
The C4-C and total-C accumulation trends at KAW and SONI underscore the importance
of Miscanthus-derived C, but since not all C was from C4 sources, additions of C from
non-Miscanthus sources were consistent with the presence of other plant species over time.
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Although currently dominated by M. sinensis, the composition of vegetative inputs in the
plant community to soil C varied over the 12,000 year period [11,25]. At SONI, previous
work identified charcoal remnants from anthropogenic fires that began around 7000 years
before present with phytolith data indicating a vegetative shift [25]. If C4-C was mostly
Miscanthus-derived, the general increase in C4-C accumulation at KAW (Figure 4a) may
indicate a vegetative change from forest to grassland, which may have promoted more C
storage in soil C pools relative to aboveground biomass [13,45,46].

Rates of Miscanthus-source soil C accumulation, highest at ASO, may be an indication
of the greater net primary production that occurred under warmer and nearly double the
precipitation than that observed at SONI and KAW (Figure 4). Howlett et al. (2013) [11]
measured soil C accumulation at ASO on a site 14 km northwest of the current study site
and found mean C4-C accumulation rates between 0.62 and 0.85 Mg C ha−1 yr−1 down to
1.5 m in the soil. These previously studied profiles likely represented several buried organic
horizons dating to approximately 12,000 years before present, where humus accumulation
occurred over an extensive period. As mentioned above, a similar phenomenon appears
to have occurred at the current study site, where a buried organic horizon appears nearly
80 cm below the soil surface but is considerably younger (Figure 4c).

As suggested by Chaopricha and Marin-Spiotta (2014) [47], soil burial is a globally
important, yet largely underestimated, process involved in the storage and persistence
of substantial C stocks in soils. Indeed, volcanic soils buried 3 m below the surface
on the slopes of Mount Kilimanjaro were estimated to contain 820 Mg C ha−1 [48]. In
addition, Inoue et al. (2000) [49] found that high soil C levels, which were buried multiple
times over for several thousand years in a volcanic basin 135 km south of Aso, had not
substantially decreased since the initial burial events. Similarly, based on our data and
that of Howlett et al. (2013) [11], we strongly suspect that large reservoirs of C are stored
in buried soils throughout the Aso volcanic caldera. Indeed, several volcanic eruptions
have occurred in the ASO area over the past several thousand years, including several that
occurred in the early 1200s [50], which coincide with the putative burial event seen in the
soil profile at the current study site. These events suggest that soil burial due to the soil
sedimentation resulting in volcanic ash deposition and plant residue accumulation acts
as an important process in maintaining soil C levels at deeper soil layers under the stable
thermal environments and anaerobic conditions. Possibly due to the more recent eruption
event, the current study site had much more ash deposition in the subsurface soil than the
study site of Howlett et al. (2013) [11], which was likely due to the current site being 6.3 km
closer to the volcano at Aso. Moreover, more ash deposition likely occurred given the west-
to-east prevailing wind direction in the region. The study site of Howlett et al. (2013) [11]
was 15.9 km north of the volcano, whereas the current study site was 9.7 km east of the
volcano. In this study, we report C4-C accumulation rates that were 3–4 times lower than
that reported by Howlett et al. (2013) [11]. Given that the soil-C measurements of the current
study were taken to only a 1.2 m depth in comparatively younger soils (to 1590 years before
present) at ASO may explain the lower soil C accumulation rates. Zehetner (2010) [51]
reported that soil C accumulation rates can range between 0.3 and 0.6 Mg C ha−1 yr−1 in
relatively volcanic–ash soils. However, most studies on soil C accumulation in cultivated
Miscanthus fields have reported considerably higher rates. Soils where M. sinensis had
been established for 6 [7] and 14 years [52] under managed conditions in southeastern
England accumulated C at approximately 0.80 Mg ha−1 yr−1, which is similar to what
Poeplau and Don (2014) [53] found in an analysis of six Miscanthus plantations ≥10 years
old across Europe (0.78 Mg ha−1 yr−1). In addition, based on 23 data sets, Agostini et al.
(2015) and Qin et al. (2016) [54] both calculated global estimates of C accumulation under
Miscanthus to be approximately 1.2 Mg ha−1 yr−1. Differences in soil clay content, soil bulk
density, and initial low C stocks between the semi-natural Miscanthus grassland site and the
primarily managed fields in these other studies may have led to considerable differences
in soil C sequestration [55–57]. In addition, given that the managed fields were amended
with fertilizer, this undoubtedly contributed to the differences in soil C sequestration rates.
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KAW and SONI had mean C4-C accumulation rates roughly an order of magnitude less
than ASO. These colder, more northern latitude sites, with half the precipitation of ASO,
likely have lower net primary production. As such, potential C inputs to the soil would be
expected to be lower.

5. Conclusions

As Miscanthus becomes more widely planted outside its native range, particularly in
low soil C agronomic fields, the potential exists for sequestration of C over the long term.
Moreover, anthropogenic fire events, which are used to maintain vegetation, may further
increase soil C. Toposequence along a catena influence soil C stocks in M. sinensis grasslands
in its native range of Japan. Consideration of C sequestration in cultivated Miscanthus
fields should include characterization of topographic variability. A majority of soil C in the
grasslands examined appears to have derived from C4-C. In addition, accumulation rates
for C4-C were lower than previously demonstrated.
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Abstract: Soil microbes play critical roles in nutrient cycling, net primary production, food safety,
and climate change in terrestrial ecosystems, yet their responses to cover cropping in agroforestry
ecosystems remain unknown. Here, we conducted a field experiment to assess how changes in
cover cropping with sown grass strips affect the fruit yields and quality, community composition,
and diversity of soil microbial taxa in a mango orchard. The results showed that two-year cover
cropping increased mango fruit yields and the contents of soluble solids. Cover cropping enhanced
soil fungal diversity rather than soil bacterial diversity. Although cover cropping had no significant
effects on soil bacterial diversity, it significantly influenced soil bacterial community compositions.
These variations in the structures of soil fungal and bacterial communities were largely driven by soil
nitrogen, which positively or negatively affected the relative abundance of both bacterial and fungal
taxa. Cover cropping also altered fungal guilds, which enhanced the proportion of pathotrophic
fungi and decreased saprotrophic fungi. The increase in fungal diversity and alterations in fungal
guilds might be the main factors to consider for increasing mango fruit yields and quality. Our
results indicate that cover cropping affects mango fruit yields and quality via alterations in soil fungal
diversity, which bridges a critical gap in our understanding of the linkages between soil biodiversity
and fruit quality in response to cover cropping in orchard ecosystems.

Keywords: soil microbes; cover cropping; mango orchards; sown grass; fungal diversity

1. Introduction

Cover cropping (i.e., sown grass strips) has been used as an important and effective
method to improve soil fertilizer and soil carbon stacks [1]. A 12-year field experiment
indicated that cover cropping increased soil organic carbon (SOC) stocks [1]. A meta-
analysis showed that cover cropping contributed to the changes in global cropland soil
carbon, with an overall mean change of 15.5% [2]. Compared with monospecies cover
crops, cover crop mixtures sequestered more SOC [2]. Elevated SOC is also associated
with improved soil health and fertility; therefore, increasing SOC may help to enhance
agricultural productivity [3]. However, not all studies found that cover cropping results
in SOC accumulation. Some studies demonstrated that the introduction of cover crops
resulted in losses of SOC due to the faster growth of cover crops [4]. In addition to an
increased carbon input, cover crops have been shown to increase biodiversity [5].

Soil harbors a rich diversity of invertebrate and microbial life, which drives bio-
geochemical processes at local and global scales. Soil microbes play critical roles in the
nutrient cycling, climate regulation, decomposition and turnover of soil organic matter [6].
Cover cropping alters soil quality and thereby influences soil microbial communities in
agro-ecosystems. The potential of cover crops to increase soil biodiversity and specific
microbial patterns has been highlighted in very few studies, especially in fruit orchards.
For example, sowing plant seed mixtures promoted the growth of the bacterial community
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and sarophytic fungi [7]. The long-term effects of green manure amendment are altered
soil microbial properties, first found in a field experiment carried out in 1956 [8]. The soil
microbiome plays important roles in fruit quality and production, as rhizosphere micro-
biome maintains plant health and primary productivity [9]. The plant-associated microbial
community has been considered as the second genome of the plant, which is critical for
plant health. Therefore, the cover cropping in orchards enhances the complexity and
diversity of soil microbes in intensive agriculture soils, which in turn strongly influences
plant health and net primary production.

The mango (Mangifera indica L.) is the most important fruit crop in the tropical zones,
having socio-economic significance, originating from South East Asia and cultivated world-
wide [10]. It is known as the king of fruits owing to its delicious taste and high vitamin
C and mineral contents [11]. Mango fruit has become the second tropical crop in terms
of production and cultivated acreage [12]. To steadily increase fruit yield, farmers have
increased the use of chemical fertilizers, which has caused many environmental problems,
such as soil degradation and water contamination [13]. Cover cropping began to be used
in orchards to resolve degraded soils and maintain higher crop yields and quality [14].
This green manure method has been widely used in the fruit ecosystem worldwide. The
positive effects of the long-term application of green manure have been reported by many
studies [15,16]. For example, some studies found grass cover to affect SOC [17–19]. Soil
carbon for plantings of switchgrass, no-till corn, and sweetgum with cover crops between
the rows increased over the first 3 years [20]. However, the variations in the structures of
the microbial community and diversity in soils caused by cover crops remain unknown,
which have been considered as the main drivers of multiple soil functions and plant health.
Therefore, the aims of this study are to identify (1) the effects of different sown grass
types in a mango orchard on the diversity of soil bacteria and fungi; (2) the changes in
the main taxa in response to sown grass trips; (3) the driving factors of the variations in
soil microbial diversity and community structure; and (4) the link between soil microbial
diversity, mango yield and fruit quality.

2. Materials and Methods

2.1. Site Description and Sampling

Mango is among the most important fruits in Hainan Province, Southern China. The
planted area of this fruit is more than 25,000 ha, and the yields are more than 560,000 kg
per year. The field experiment was conducted at the mango base in Tianya District, Sanya
City, Hainan Province, China (109◦24′ 52.70′′ (E) and 18◦19′54.10′′ (N)). It belongs to the
tropical maritime monsoon climate zone, with an annual average temperature of 25.7 ◦C.
The highest temperature is in June, with an average of 28.7 ◦C. The lowest temperature
is in January, with an average of 21.4 ◦C. The annual duration of sunshine is 2534 h. The
annual average precipitation is 1347.5 mm. The terrain is a gentle area in the lower hills,
and soil type is latosol [21].

A total of four treatments with different types of cover cropping were implemented,
including control (no-till + herbicide, M), planting Stylosanthes guianensis (Z), planting
Brachiaria eruciformis (B) between rows, and planting Butterfly pea (H). Each treatment was
repeated three times, with a plot area of 120 m2 (10 × 12 m) (Figure 1). All the plots were
arranged in a randomized block design and separated by five 5 m buffer zones. The cover
cropping was carried out in 2017. All treatments were transplanted with seedlings. Two
rows of grass were planted between each mango row. The tested mango was Hongjinlong,
with an age of 13 years. The row space between mango trees was 5 m. Fertilizers were
applied in accordance with the conventional fertilization of fruit farmers, and no fertilizer
was applied between rows.
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Figure 1. Experimental plot and soil sampling protocol: B, Brachiaria eruciformis; Z, Stylosanthes guianensis; H, Butterfly pea;
M, no-till + herbicide. In the control, soils were collected between the rows (M) and the drip line of mango trees (MS). Other
soils (H, Z and B) with cover crops were collected between the rows.

Soils were collected in July (summer) 2019. In the control, soils were collected between
the rows (M) and the drip line of mango trees (MS). Other soils (H, Z and B) with cover
crops were collected between the rows. In each experimental plot, we collected 20 surface
soil cores (0–20 cm and 20–40 cm) randomly between rows (Figure 1). All the soil samples
in one experimental plot were mixed. In total, 18 samples per soil layer were collected.
After removing the roots, stones and litters by hand, we sieved them through a 2 mm sieve
and separated them into two portions. One portion (approximately 5 g) was preserved in a
10 mL centrifuge tube (sterilized) and stored at −80 ◦C. The second portion was air-dried
and used to measure soil properties.

2.2. Mango Fruit Quality and Yield

When mango fruits were nearly matured (80%), all the mango fruits in each exper-
imental plot were harvested, and the masses were measured as yields. We randomly
chose 20 mango fruits in each experimental plot and placed them into plastic bags for
analysis of the fruit quality. Total soluble solids content of mango fruit was measured by a
digital refractometer and presented in percent Brix (%TSS). Organic acid concentration was
measured by an automatic titrator [22]. Vitamin C (Vc) content was determined via the
method of 2,6-dichlorophenol indophenol (Shao et al. 2013).

2.3. Analysis of Soil Properties

Soil properties were measured by the standardized methods as described previously.
Soil bulk density (BD) was measured by the volume–mass relationship via a cutting
ring [23]. Soil pH was determined by a glass pH meter in a 1:2.5 soil–water suspension.
Soil organic matter (SOM) was digested with 5 mL concentrated H2SO4 and 5 mL 0.8 M
K2Cr2O7, and then determined by 0.2 M Ferrous Ammonium Sulfate [24]. Soil total
nitrogen (TN) was determined as described previously [25]. Soil available nitrogen (AVN)
was extracted by 1 mol/L KCl and then measured by a Seal Auto Analyzer3 [26]. Soil total
phosphorus (TP) and soil available P (AVP) were determined by molybdenum, antimony
and scandium colorimetry. Total potassium (TK) and available potassium (AVK) in soil
were determined by a flame photometer.
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2.4. Molecular Analysis

We used the PowerSoil kit to extract DNA from 0.5 g soils. The protocol was listed in
the manufacturer’s instructions. After extraction, the ratios of A260/A230 and A260/A280
were determined to assess the quality of extracted DNA.

The soil bacterial community was determined by sequencing hypervariable V3-V4
regions of 16S rRNA genes using primers 338F (ACTCCTACGGGAGGCAGCA) and 806R
(GGACTACHVGGGTWTCTAAT) [27]. The PCR amplification conditions for 16S rRNA
were 50 s at 94 ◦C, 30 s at 40 ◦C, 35 cycles of 60 s at 72 ◦C, followed by 5 min at 72 ◦C [28]. The
ITS1 variable region was sequenced with primer sets ITS3 (5′-GCATCGATGAAGAACG-
CAGC-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [29,30] to assess the soil fungal
community. As for the ITS1 variable region, the PCR program was 5 min at 94 ◦C, 32 cycles
of 30 s at 94 ◦C, 30 s at 54 ◦C, and 1 min at 72 ◦C [31]. Sequencing was conducted on an
Illumina MiSeq PE300 platform.

After sequencing, bioinformatics processing was performed using QIIME, USEARCH
and UNIOISE3 [32]. After removing the short sequences (<20 nucleotides) and chimeric se-
quences, the remaining sequences were clustered into operational taxonomic units (OTUs)
using 97% similarity [33] (version 7.1 http://drive5.com/uparse/). Taxonomy was as-
signed against the Greengenes (16S gene, Release 13.5 http://greengenes.secondgenome.
com/) and UNITE (ITS gene, Release 7.2 http://unite.ut.ee/index.php) databases. The
Shannon diversity index and richness (the numbers of OTUs) were calculated to express
the soil bacterial and fungal diversity.

2.5. Fungal Ecological Guilds Identification

We used FUNGuild to identify the fungal ecological guilds using fungal OTU dataset
with taxon assignments [34]. This prediction method has been widely used in gaining
insights into the distributions of soil fungal ecological groups [35,36]. In this study, we
used the data with confidence levels of “highly probable” and “probable” to perform
further analysis.

2.6. Statistical Analysis

We first used ANOVA to compare the differences of soil properties, mango fruit yield
and quality, and bacterial and fungal diversity among different treatments on SPSS 20.0
(IBM Corporation, Armonk, NY, USA). We then conducted Pearson correlation analyses
between the microbial diversity (Shannon diversity index) and soil properties. Prior to
ANOVA and Pearson correlation analyses, the data were used to conduct a log transforma-
tion to meet the normality and homogeneity. Multiple regression models were constructed
to compare the effects of soil properties on microbial diversity in R 3.5. Anosim analysis
was performed to compare the effects of sown grass strips on the soil microbial community
structure in R 3.5. The bacterial and fungal community structure was calculated based
on the Bray–Curtis dissimilarity and visualized by a nonmetric multidimensional scaling
(NMDS) plot in R 3.5 with the vegan package [37]. The effects of soil properties on the
bacterial and fungal community structure were analyzed by the Mantel test in R 3.5. The
associations between the soil microbial community structure and soil properties were
determined by the Mantel test in R 3.5 [38].

3. Results

3.1. Soil Properties of the Tested Orchard

The impacts of cover cropping with sown grass strips on soil properties depended on
the types of sown grass and soil layers. The upper soils (0–20 cm) were more sensitive to
the application of sown grass strips. B20 had the highest soil AVN, which was significantly
higher than other sown grass types. The application of sown grass strips had no significant
effects on soil pH, SOM and AVK at both soil layers (Table 1).
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Table 1. The characteristics of soil properties of mango soils under different sown grass strips.

Treatment Soil
layers BD g/cm3 Moisture % TK% TN% TP% pH SOM % AVP mg/kg AVK mg/kg

AVN
mg/kg

B20

0–20 cm

1.48 ± 0.06 6.49 ± 1.19 3.44 ± 0.27 0.07 ± 0.01 0.01 ± 0 5.76 ± 0.14 1.35 ± 0.2 5.7 ± 1.59 97.43 ± 16.37 49.47 ± 7.68
H20 1.48 ± 0.01 6.02 ± 0.14 3.26 ± 0.53 0.07 ± 0 0.02 ± 0 5.55 ± 0.06 1.12 ± 0.01 6.32 ± 1.5 90.33 ± 11.77 38.27 ± 2.14
Z20 1.45 ± 0.06 5.86 ± 0.66 3.49 ± 0.05 0.06 ± 0.01 0.02 ± 0 5.51 ± 0.09 1.36 ± 0.06 11.95 ± 6.12 81.07 ± 22.86 37.45 ± 5.85
M20 1.51 ± 0.04 3.75 ± 0.8 2.25 ± 0.13 0.07 ± 0 0.01 ± 0 5.49 ± 0.04 1.28 ± 0.18 7.15 ± 2.15 101.33 ± 28.45 34.07 ± 7.01

MS20 1.38 ± 0.06 5.01 ± 1.33 2.07 ± 0.3 0.07 ± 0.01 0.05 ± 0.03 5.55 ± 0.36 1.44 ± 0.11 30.03 ± 18.81 104.88 ± 11.55 51.57 ± 5.06
B40

20–40 cm

1.46 ± 0.05 8.31 ± 1.69 3.58 ± 0.19 0.05 ± 0.01 0.02 ± 0 5.71 ± 0.17 1.16 ± 0.16 6.56 ± 0.3 93.18 ± 21.85 34.88 ± 6.95
H40 1.53 ± 0.13 7.55 ± 1.58 2.9 ± 0.53 0.06 ± 0.01 0.02 ± 0.01 5.48 ± 0.13 0.96 ± 0.04 5.3 ± 0.73 91 ± 6.58 40.6 ± 9.15
Z40 1.55 ± 0.01 7.99 ± 0.8 3.32 ± 0.13 0.05 ± 0 0.02 ± 0 5.44 ± 0.14 1.19 ± 0.31 11.66 ± 5.5 86.07 ± 37.41 35.7 ± 1.4
M40 1.5 ± 0.02 7.56 ± 1.37 2.35 ± 0.17 0.05 ± 0 0.02 ± 0 5.37 ± 0.02 1.06 ± 0.27 5.57 ± 2.1 76.23 ± 8.73 29.63 ± 2.65

MS40 1.4 ± 0.04 7.08 ± 1.08 2.56 ± 0.31 0.07 ± 0.02 0.03 ± 0.01 5.4 ± 0.17 1.19 ± 0.22 42.71 ± 49.83 122.1 ± 45.21 46.43 ± 2.46

BD, soil bulk density; TK, total potassium; TN, total nitrogen; TP, total phosphorus; SOM, soil organic matter; AVP, available phosphorus;
AVK, available potassium; AVN, available nitrogen.

3.2. Yield and Fruit Quality of Mango under Different Sown Grass Trips

The application of sown grass trips had significant effects on mango fruit yield, with
the highest yield in B (Table 2). There were no significant differences observed between Z
and M. The applications of B, H and Z significantly enhanced TSS content and decreased
organic acid compared to M.

Table 2. The yield and fruit quality of mango under different sown grass trips.

Treatment Yield (kg/ha) TSS (%) Vc (mg/100 g) Organic Acid (g/kg)

B 18,736 ± 202 a 12.7 ± 0.16 a 27.97 ± 1.22 a 2.44 ± 0.13 b
H 17,424 ± 362 b 11.47 ± 0.16 b 26.31 ± 0.62 ab 2.33 ± 0.07 b
Z 16,488 ± 298 c 11.59 ± 0.3 b 24.18 ± 1.93 b 2.51 ± 0.11 ab
M 16,436 ± 189 c 10.75 ± 0.21 c 24.19 ± 0.49 b 2.93 ± 0.06 a

TSS, total soluble solids content; Vc, vitamin C. Different letters indicate significant differences under different
sown grass trips. B, Brachiaria eruciformis; Z, Stylosanthes guianensis; H, Butterfly pea; M, no-till + herbicide. Different
letter indicates significant differences between different sown grass trips.

3.3. Variations in Soil Microbial Diversity under Different Sown Grass Strips

The observed bacterial Shannon diversity index ranged from 5.47 to 6.64, while
phylotype richness (OTUs) varied from 1886 to 3509. Sown grass strips have no significant
effects on soil bacterial α-diversity indices (Shannon diversity index and richness index).
The soil fungal phylotype richness ranged from 419 to 1080, and the fungal Shannon
diversity index ranged from 3.81 to 4.95. Among these soil properties, TN and AVN had
significant associations with the bacterial Shannon diversity index (Figure 2). A multiple
regression models indicated that soil TN and AVN were the best predictors of the soil
bacterial Shannon diversity index (with a relative importance of 0.54 and 0.42), followed
by AVP, with a relative importance of 0.04. Soil properties had no significant correlations
with the fungal diversity index.

3.4. Variations in Soil Microbial Community under Different Sown Grass Strips

Across all soils, a total of 1,506,304 quality bacterial sequences, and an average of
50,210 sequences per sample, were obtained. Four of the 28 phyla detected were dominant,
including Acidobacteria (15.51%), Actinobacteria (17.55%), Proteobacteria (24.26%) and
Chloroflexi (24.77%) (with an average relative abundance of >5%, n = 30), accounting
for more than 82% of the bacterial sequences (Figure 3A). The Proteobacteria taxa were
dominated by Alphaproteobacteria (17.66%), followed by Deltaproteobacteria (4.12%) and
Gammaproteobacteria (2.49%). The soil layer had no significant effects on the relative
abundance of Acidobacteria and Proteobacteria. The upper soils (20.5%) had a higher
relative abundance of Actinobacteria than that of the lower soils (14.6%).
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Figure 2. The associations between soil bacterial diversity and soil properties. TK, total potassium; TN, total nitrogen; TP,
total phosphorus; AVP, available phosphorus; AVK, available potassium; AVN, available nitrogen. B, Brachiaria eruciformis;
Z, Stylosanthes guianensis; H, Butterfly pea; M and MS, no-till + herbicide.

 
Figure 3. The community compositions of soil bacteria (A) and fungi (B) at phylum level. B, Brachiaria eruciformis; Z,
Stylosanthes guianensis; H, Butterfly pea; M and MS, no-till + herbicide.
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Across all mango soils, a total of 1,777,037 quality fungal sequences, and an average
of 59,234 sequences per sample, were obtained. The dominant fungal phyla in soils were
Ascomycota and Basidiomycota, with average relative abundances of 79.38 and 11.28%,
respectively (Figure 3B). Other minor phyla (Anthophyta, Cercozoa, Rozellomycota and
Glomeromycota) were also found at a lower relative abundance (relative abundance < 1%).
The soil layer and sown grass trip had no significant effects on the relative abundance
of Ascomycota and Basidiomycota. Based on taxonomical classification at the class level,
Sordariomycetes (36.69%), Eurotiomycetes (18.96%), Dothideomycetes (15.33%) and Agari-
comycetes (9.50%) were more abundant than other groups (relative abundance > 1%), which
accounted for 80.48% of the fungal sequences. Other fungal classes were less abundant in
all the soils.

Anosim analysis indicated that the fungal community structure was strongly impacted
by the application of sown grass strips (r2 = 0.825, p = 0.001 for 0–20 cm soil layer; r2 = 0.413,
p = 0.001 for 20–40 cm soil layer). Soil bacterial community structure was not sensitive
to sown grass strips (r2 = 0.179, p = 0.095 for 0–20 cm soil layer; r2 = 0.092, p = 0.203 for
20–40 cm soil layer). Different soil samples were clearly separated by the sown grass types
in the NMDS plot (Figure 4A,B). The Mantel test showed that SOM (r = 0.16, p = 0.036), TN
(r = 0.45, p = 0.001), TP (r = 0.42, p = 0.001) and AVN (r = 0.23, p = 0.004) had significant effects
on the bacterial community structure (Figure 4C). For the fungal community structure, soil
BD (r = 0.17, p = 0.033), TN (r = 0.17, p = 0.016), TK (r = 0.21, p = 0.002) and AVN (r = 0.15,
p = 0.032) were the main factors.

 

Figure 4. The community structure of soil bacteria (A) and fungi (B), and the associations between
community structure and soil properties (C). B, Brachiaria eruciformis; Z, Stylosanthes guianensis; H,
Butterfly pea; M and MS, no-till + herbicide. In the control (M and MS), soils were collected between
the rows (M) and the drip line of mango trees (MS).
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3.5. Variations in Soil Fungal Ecological Guilds under Different Sown Grass Strips

Soil functional fungal groups significantly altered under different cover cropping with
different sown grass strips. Cover cropping enhanced the proportion of pathotroph fungi
and decreased saprotroph fungi. Cover cropping increased the proportion of Arbuscular
Mycorrhizal fungi and wood saprotroph fungi, while cover cropping had no significant
effects on the plant pathogen or animal pathogen (Figure 5).

 

Figure 5. The functional groups of soil fungi under different cover cropping treatments. B, Brachiaria eruciformis; Z,
Stylosanthes guianensis; H, Butterfly pea; M, no-till + herbicide. In the control, soils were collected between the rows (M) and
the drip line of mango trees (MS).

3.6. The Associations between Soil Microbial Community and Diversity and Mango Fruit Yields
and Quality

The correlation between fungal diversity (richness) and mango fruit yields was sig-
nificant (r = 0.75, p < 0.01) (Figure 6). The soil fungal community structure (repressed by
NMDS1) was significantly correlated with mango fruit yields (r = −0.79, p < 0.01). These
also showed significant correlations between fungal diversity and mango fruit TSS (r = 0.71,
p = 0.01) and organic acid (r = −0.76, p < 0.01). However, the soil bacterial diversity had no
significant associations with mango fruit yields and TSS (data not shown).

 
Figure 6. The associations between fungal community characteristics and mango fruit yield and quality under different
cover cropping treatments. TSS, total soluble solids content; Vc, vitamin C; OC, organic acid. NMDS1 represented the
community structure of soil fungi, and Richness indicated fungal diversity.
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4. Discussion

Cover cropping has been widely used in agriculture systems to improve crop yield
and quality as well as soil quality. In our study, the mango yield was significantly enhanced
by 3–14% after the application of sown grass strips between rows. Similarly, winter cover
cropping improved corn yields [39], and soybean yield significantly increased after the
3-year application with a multispecies mixture of legumes, grasses and Brassica spp [40].
These positive effects of cover cropping in crop yields suggested that cover cropping is an
effective method to increase yields. In this study, we also found a significant increase in
mango yields with B and H. However, Z had a slight increase in mango yields, suggesting
that Z is not suitable to use in mango orchards. The positive effects of B and H on mango
yields might be explained by the variations in nutrients and microbial community diversity
in soils caused by cover cropping.

A meta-analysis found that global cropland soil carbon changes due to cover cropping,
which increases SOC in near-surface soils by an average of 15.5% [2]. However, in our
study, we found the sown grass did not enhance SOC in both soil layers. This difference
might be explained by the duration of application of the sown grass. Sown grass strips
caused the changes in available nutrients, such as AVN and AVP. The growth of sown grass
could produce root exudates and litters, which were the main resources of soil nutrients,
especially available nutrients. These variations in soil nutrients directly and indirectly
influenced soil microbial diversity and community compositions, respectively.

In this study, we found that soil fungal diversity was sensitive to the application of
sown grass strips. The introduction of sown grass between the rows enhanced the fungal
diversity compared to the control (no sown grass). This might be explained by the higher
decomposition ability of litters and roots than bacteria. Fungi are considered the primary
decomposers of dead plant biomass in terrestrial ecosystems. The results from the litter-bag
decomposition experiments in the field and the laboratory indicated the overwhelming
advantage of fungi during the litter decomposition process [41–44]. Pascoal and Cássio
(2004) showed that the contribution of fungi to litter decomposition greatly exceeded
that of bacteria [45]. Despite the critic roles of fungi, the roles of bacteria could not be
neglected [46], especially during the litter decomposition in which they mainly worked at
the later decomposition stage. Therefore, the long-term introduction of sown grass strips
might cause variations in soil bacterial diversity and community.

Different types of sown grasses also had different effects on soil fungal diversity. B
and H soils had higher soil fungal diversity than Z. These variations might be explained by
the quality of plant litter, roots and root exudates, which were the main factors impacting
soil fungal diversity and community. For example, high quality litter decomposed faster
than the low-quality litter [47,48]. The fast decomposition released a much higher amount
of nutrients to the soil and resulted in the fast succession of soil fungi.

Nitrogen was considered as the main resource of soil microbes and strongly affected
soil biodiversity and community structure [26,49]. Wang et al. (2018) found that tropical
forest soil microbial community composition was shaped by N addition, with the increase
in the proportion of arbuscular mycorrhizal fungi [50]. In the present study, we found that
soil TN and AVN had significant effects on soil bacterial diversity, suggesting that soil N
was the best predictor of the regulation of soil bacterial diversity in the mango orchards.

Soil microorganisms are considered as the main regulator of soil nutrient cycles and net
primary production. In this study, we found that soil microbes enhanced mango fruit yields
and quality via increasing fungal diversity and alterations in fungal community structure.
Soil microbial diversity may improve crop yields through these mechanisms. First, soil
biodiversity mediated nutrients available in the soil, which were the main resources of crop
plant growth. Many previous studies have suggested that soil biodiversity enhances plant
growth and drives crop yields [51,52]. Second, soil microorganisms help to maintain soil
health and prevent the invasion of pathogens. Higher soil biodiversity provides higher
ecosystem functions, such as net primary production and nutrient cycling. Therefore,
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soil microbial diversity, especially for fungal diversity, is vital in order to improve mango
fruit yields.

5. Conclusions

This field experiment showed that cover cropping with sown grass had significant
effects on the soil microbial community in a mango orchard. Fungal diversity was more
sensitive than bacterial diversity in response to sown grass. The application of Brachiaria
eruciformis (B) had the strongest effects on soil fungal diversity. The increase in fungal
diversity suggested that sown grass had positive influences on soil biodiversity. Across
soil properties, AVN and TN were the most important predictors affecting soil bacterial
communities, while soil nutrients (TN and AVN) were the most important factors in
mediating soil fungal communities. These results show that the sown grass strips in a
mango orchard regulated the soil microbial community and diversity via soil organic
matter and nitrogen, which might be of great significance in mango production and quality
and the suitability of mango orchards. Mixtures of sown grasses might be more effective for
soil biodiversity and soil function, and operations in mango orchards and future research
should be focused on this aspect.
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