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Abstract: Incorporating perennial pastures into annual crop systems is an efficient means of im-
proving soil carbon (C) sequestration and reducing the application of nitrogen (N) fertilizer on
farmlands. How the soil C and N at different soil depths respond to the length of pasture duration
and rainfall conditions is still being determined. In this study, we conducted a meta-analysis of
data from 63 published studies to investigate the impacts of the alfalfa pasture on the incorporation
of soil organic carbon (SOC), total nitrogen (STN), and available nitrogen (SAN) contents in the
0–300 cm soil profile of the Loess Plateau. An annual crop field was taken as a reference. The results
showed that the average SOC content at soil depths of 0–100 and 100–200 cm in the alfalfa pasture
increased by 17% and 8% (p < 0.001) compared to the crop field, respectively, while that at 200–300 cm
decreased (p > 0.05). The SOC content increased with pasture age; it was the highest when the alfalfa
had been planted for 5–9 years and decreased thereafter. The STN content at soil depths of 0–100 and
100–200 cm increased by 19% and 14% (p < 0.001), respectively; the content at depths of 200–300 cm
only increased slightly (p > 0.05). It also increased the most when the alfalfa was 5–9 years old. The
increments in the SAN content at the 0–100 and 100–200 cm soil depths were higher than those of the
STN, with values of 29% and 18%, respectively, while those at depths of 200–300 cm also changed
insignificantly (p > 0.05). The SAN content continuously increased with the age of the alfalfa, and the
average increment in the 0–300 cm profile was as high as 21% when the alfalfa was ≥10 years old. The
SOC and STN content increased the most under moderate rainfall conditions (350–500 mm), while
the SAN content maintained the highest increment under high rainfall (500–650 mm) conditions.
Therefore, ley farming with the alfalfa pasture contributed substantially to the soil C and N at depths
of 200 cm in deep loess. Alfalfa should be removed in its middle ages to increase C sequestration
while utilizing soil N efficiently.

Keywords: crop–pasture rotation; SOC; soil nitrogen accumulation; deep soil; carbon neutral

1. Introduction

Promoting carbon (C) sequestration in the soil to reduce increased levels of carbon diox-
ide in the atmosphere is a practical approach to combating climate warming [1] (Lal, 2004).
Soil organic carbon (SOC) is a common indicator of soil health and has received consid-
erable attention from farmers, researchers, and policymakers [2–4]. Throughout human
history, 133 Gt of SOC has been lost due to agricultural land use, and an essential cause
of C loss has been the degradation of grasslands [5,6]. Management strategies such as
crop–pasture rotation, mixed planting, and conservation tillage in agricultural systems
have great potential to improve the C sequestration in farmland soil [7,8].

Agronomy 2023, 13, 1847. https://doi.org/10.3390/agronomy13071847 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy13071847
https://doi.org/10.3390/agronomy13071847
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://doi.org/10.3390/agronomy13071847
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13071847?type=check_update&version=2


Agronomy 2023, 13, 1847 2 of 16

The Loess Plateau of China belongs to the monsoon climate region, which is char-
acterized by uneven rainfall distribution and frequent droughts [9]. Under the influence
of climate and excessive human activities, it has long become one of the most vulnerable
regions in China [4,10]. Farmland, such as that for growing maize and winter wheat, which
require large amounts of chemical input, places tremendous pressure on the agroecosys-
tems’ overall resilience and sustainability [11]. The introduction of perennial pasture into
the traditional cropping system has tremendous potential to improve land productivity,
enhance soil structure, and increase soil C and nitrogen (N) sequestration [12–16]. As
a high-yield pasture, Alfalfa (Medicago sativa L.) is widely planted in the Loess Plateau.
Planting age is a key factor determining soil C and N contents in alfalfa pasture. Soil
organic matter usually accumulates in the early ages, but this accumulation might not
be sustainable as biomass production decreases and decomposition increases in the later
ages [17]. For example, Wan et al. [18] found that soil organic matter in the 0–200 cm
soil layer was the highest for a 4-year-old alfalfa pasture and that it rarely increased from
10 to 26 years of planting. The selection of the length of the pasture phase is, therefore,
essential for soil C and N management. In addition, rainfall availability largely affects soil
C and N dynamics in alfalfa pastures. Soil moisture changes caused by rainfall alter the
soils’ physical and chemical properties and microbial activities, affecting the soil C and
N content [19,20]. Some studies indicated that the SOC content was higher when rainfall
was abundant; however, the soil available nitrogen content (SAN) showed an opposite
trend [21]. Indeed, there has not yet been a synthetic analysis that has specifically focused
on soil C and N in alfalfa pastures. A systematic synthesis is needed to enhance our under-
standing of how pasture incorporation could affect farmland soil C and N dynamics on
a regional scale and to better describe how changes in soil C and N are linked to pasture
phase management and climate conditions.

Historically, the research on changes in the soil C has been strongly inclined toward
surface sampling (in 0–30 cm), where the highest SOC concentrations occur [22]. Only a few
studies have been conducted on deep SOC at depths of 40–100 cm, and few studies have
researched SOC in layers below 100 cm [23,24]. This could significantly underestimate soil
C sequestration potential as studies have shown that deep soil below 30 cm holds approxi-
mately 30–75% of total soil C stocks [25,26]. Deep soil organic matter predominately exists
in organic–mineral complexes, and deep soil is also not subjected to tillage disturbance,
which contributes to the long-term stabilization of soil organic C and N [8,27]. Alfalfa
planted on the loess has a deep rooting system, and there is an urgent need to identify the
deep soil contribution to C and N increments in alfalfa pasture on a regional scale.

Meta-analysis uses a quantitative synthesis method to draw general conclusions on
a regional scale by synthesizing multiple research results; a comprehensive statistical
analysis of these studies can therefore be performed [28,29]. There is currently no up-to-
date synthesis study on the effects of pasture incorporation on soil C and N increments in
farmland, especially in the deep soil profile. We expected that alfalfa pasture would increase
the soil organic carbon (SOC), soil total nitrogen (STN), and soil available nitrogen (SAN)
in both shallow and deep soils on a regional scale and that deep soil would contribute
substantially to the C and N increments. We also expected that soil C and N could increase
and then decrease with alfalfa age and that C and N increments would respond differently
under different rainfall conditions. To test our hypothesis, the following meta-analysis was
designed: (a) to determine the magnitude of changes in SOC, STN, and SAN in response
to alfalfa incorporation practices and (b) to evaluate the effects of the alfalfa planting age
and rainfall conditions on the changes in soil C and N. The results provide insights into the
sustainable management of the alfalfa pasture on the Loess Plateau.

2. Materials and Methods
2.1. Study Area

We conducted a meta-analysis based on previous experimental studies conducted on
the Loess Plateau of China (Figure 1). The Loess Plateau is located in northwest China
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and has altitudes ranging between 1000 and 1600 m above sea level. The rainfall spatial
distribution is uneven, increasing from 250 mm in the northwest to 800 mm in the southeast,
with a mean level of 421.8 mm; approximately, 60% of the rainfall occurs during the summer
and autumn months. The mean regional annual temperature is 9.0 ◦C. The climate in the
north is arid, while that in the south is semiarid or subhumid. Alfalfa is planted as a pasture
crop throughout the north to the south of the region, with a pasture length of ten or more
years in the cropping systems [30].
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Figure 1. The geographic location of the Loess Plateau in China and the distribution of rainfall and
sampling sites across the study area.

2.2. Data Sources

Searches of the literature were performed using the Web of Science and CNKI (China
National Knowledge Internet) for papers published between 2000 and 2021 with the
keywords (“alfalfa” OR “lucerne”) AND (“Loess Plateau”) AND (“soil organic carbon” OR
“soil organic matter” OR “SOC”) AND (“soil total nitrogen” OR “soil N” OR “available N”).
Some criteria were selected to avoid publication bias: (a) only experiments on the Loess
Plateau in China were selected; (b) only field studies were selected, and laboratory studies
were not included; (c) data on locations, annual mean temperatures, and annual mean
rainfall levels were recorded; (d) the experiments had to have a matched control group
(long-term consecutive annual crop fields or 1-year-old alfalfa if annual crop field was
unavailable) for comparison; (e) the age of all the alfalfa was specified, and we considered
them to be distinct observations if the study included a different alfalfa age for the same
site; and (f) the detailed soil sampling depth was provided.

After passing the literature screening criteria, 63 studies on soil C and N dynamics after
the continuous planting of alfalfa were obtained. At the same time, we compiled the most
complete information from the literature about the study site and experimental design that
was possible. We obtained 890 SOC, 834 soil total nitrogen (STN), and 480 available nitrogen
(SAN) data points using Get-Data Graph Digitizer software (version 2.24, Russia). Data
analyses were conducted using SPSS software (version 27, Armonk, NY, USA). A one-way
analysis of variance (ANOVA) was used for the analysis and comparison of all the variables.
Significant differences were compared by the Duncan test at p < 0.05. The Origin 2023 was
used to draw all the graphs (version Origin Lab Origin Pro 2023, Northampton, MA, USA).

SOC was determined by the Walkley–Black method [31] and total N by the Kjeldahl
method [32]. Soil available nitrogen was extracted with KCl and determined using an ele-
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mental analyzer. The SOC and STN contents were normalized in g·kg−1, and SAN was
standardized in mg·kg−1. To clarify the dynamic trends of the C and N pools of differ-
ent factors, the growth stages of alfalfa were divided into three periods: early (<5 years),
middle (5–9 years), and late growth (≥10 years). In terms of the mean amounts of annual
rainfall, the sampled sites were divided into low-rainfall (200–350 mm), medium-rainfall
(350–500 mm), and high-rainfall (500–650 mm) sites.

2.3. Meta-Analysis

Considering that part of the collected literature only recorded the mean value without
standard deviations or standard errors, we used the unweighted meta-analysis approach
to maximize the number of observations included in the present analysis [33,34]. The mean
response size, RS, was defined as:

RS =
Xe

Xc
− 1 (1)

where Xe is the average of the SOC, STN, or SAN content in each soil layer of the alfalfa
pasture, and Xc represents the values of the SOC, STN, or SAN content in the control.
The 95% confidence interval (CI) of the mean for the SOC, STN, and SAN content was
determined as [35,36]:

SER =

√
VR
N

(2)

95% CI = 1.96SER (3)

where SER is the standard error of the response size for SOC, STN, and SAN; N is the
number of samples; and VR is the variance in the response size. In total, 95% CI was used
to reflect the response of the SOC, STN, or SAN content to continuous alfalfa planting; if
the 95% CI overlapped with zero, no significant response was indicated. The SOC could
be calculated from the relationship between the soil organic matter (SOM) and SOC, as
follows [37]:

SOC = SOM/1.724 (4)

3. Results
3.1. SOC Content

The alfalfa pasture cultivation had a significantly increasing effect on the SOC content
(p < 0.001); the average SOC content at a 0–300 cm soil depth increased by 14% compared
to the reference cropland across the Loess Plateau (Figure 2a). The RS of the SOC in the
0–100 cm and 100–200 cm layers was significantly positive (p < 0.001), and that in the
0–100 cm was as high as 0.17. However, in the 200–300 cm layer, the RS was negative
(–0.008, p = 0.830). After the further subdivision of the soil layer within the 0–200 cm layer,
we found that the magnitude of the RS in the different layers was positive, increasing from
20 cm to 80 cm and then decreasing, with the highest value (0.22) in the 60–80 cm soil layer.

Averaged over a 0–300 cm depth, the response size was significantly positive for every
alfalfa planting age group (p < 0.001, Figure 3). The value was 0.13 for the <5-year-old alfalfa
pasture before it increased to 0.16 in the 5–9-year-old alfalfa pasture and then decreased
again to 0.14 in the ≥10-year-old alfalfa pasture. For the <5 year age group, the increase in
the SOC content mainly occurred in the 0–100 cm layer, and the layers below 100 cm did
not increase significantly. For the 5–9 year age group, the SOC increment occurred for the
whole 0–300 cm profile. For the ≥10 year age group, the RS in the 0–20 cm surface layer
was as high as 0.48; however, those below the 100 cm soil layers were all lower than that of
the 5–9 year age group.
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Figure 2. The response size of soil organic carbon (SOC) content in 0–100, 100–200, and 200–300 cm
soil layers (a) and within 0–200 cm soil depth (b) to continuous alfalfa pasture on the Loess Plateau.
The pink, purple, blue, yellow, orange bars indicate the response size of SOC content in 0–100,
100–200, 200–300, total, and 0–200 cm soil layers. Error bars represent 95% confidence intervals, and
the numbers in the boxes represent the sample sizes. Different lowercase letters near the error bars in
the panel indicate significant differences among different soil layers. The dashed lines are used to
separate the response values of the total soil layer from the subdivided soil layer.
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Figure 3. Response size of SOC content in the 0–300 cm soil profile to alfalfa planting on the Loess
Plateau. Panels (a–c) represent <5, 5–9, and ≥10 year age groups, respectively; numbers in the
brackets are the sampled size for every depth.

A significant increase in the SOC content was observed in the alfalfa pastures under
different rainfall conditions (p < 0.001, Figure 4), with RS values of 0.15, 0.16, and 0.08 under
200–350, 350–500, and 500–650 mm, respectively. In the 0–100 cm layer, the SOC content
increased significantly under all rainfall conditions (p < 0.001). In the 100–200 cm layer,
the RS under 350–500 mm was significantly positive (0.12, p < 0.001), whereas the RS in
the other two groups was insignificantly positive (0.05 under 200–350 mm and 0.01 under
500–650 mm). In the 200–300 cm layer, the RS was negative under 500–650 mm (−0.008),
whereas no data were collected for the 200–350 and 350–500 mm conditions.
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Figure 4. The response size of the SOC content in 0–300 cm profile to alfalfa planting under rainfall
conditions of 200–350 mm, 350–500 mm, and 500–650 mm on the Loess Plateau. Different lowercase
letters near the error bars indicate significant differences between rainfall conditions.

3.2. STN Content

A significant increase in the STN content occurred after the planting of alfalfa, as
indicated by the mean RS of 0.17 at the 0–300 cm soil depth (p < 0.001, Figure 5). Specifically,
the STN increment mainly contributed to changes in the 0–100 cm and 100–200 soil layers,
with values of 0.19 and 0.14 (p < 0.001). Although the RS of STN in the 200–300 cm soil
layer was also positive, this increase was insignificant (0.03, p = 0.431). Within the soil layer
of 0–200 cm, the RS values were all significantly positive at each subdivided depth, and the
RS in the 100–120 cm layer was significantly higher in the deep layer compared to that of
180–200 cm (Figure 5b).
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Figure 5. The response size of the soil total nitrogen (STN) content in 0–100, 100–200, and 200–300 cm
soil layers (a) and within the 0–200 cm soil depth (b) to alfalfa planting on the Loess Plateau. The pink,
purple, blue, yellow, orange bars indicate the response size of STN content in 0–100, 100–200, 200–300,
total, and 0–200 cm soil layers. Error bars represent 95% confidence intervals, and the numbers in the
boxes represent the sample size. Different lowercase letters near the error bars indicate significant
differences between different layers. The dashed lines are used to separate the response values of the
total soil layer from the subdivided soil layer.
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Alfalfa planting had a significantly positive effect on the STN content for every age
group, with a mean RS of 0.12, 0.22, and 0.18 in the <5-, 5–9-, and ≥10-year-old alfalfa
pastures (p < 0.001, Figure 6). For the <5-year-old alfalfa, the RS in the 0–300 cm layer was
positive, but this was not significant in the deep layers (140–300 cm). For the 5–9-year-old
alfalfa, there was also a positive RS in the 0–300 cm soil layer; however, the 200–300 cm
layer did not increase significantly. For the ≥10 year age group, an STN increment occurred
in the 0–300 cm layer, and the RS in the 200–300 cm soil layer was 158–155% higher than
that of the other two age groups.
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Figure 6. Response size of STN content in the 0–300 cm soil profile to alfalfa planting on the Loess
Plateau. Panels (a–c) represent <5, 5–9, and ≥10 year age groups, respectively; numbers in the
brackets are the sampled size for every depth.

The average STN content in the 0–300 cm layer was significantly increased by 18%,
23%, and 9% under rainfalls of 200–350, 350–500, and 500–650 mm, respectively (Figure 7).
In the 0–100 cm soil layer, the RS of the STN under all rainfall conditions was signif-
icantly positive (p < 0.001, 0.18 under 200–350 mm, 0.27 under 350–500 mm, and 0.16
under 500–650 mm). In the 100–200 cm layer, the RS under 350–500 mm of rainfall was
significantly positive (0.12, p < 0.001), whereas that under 500–650 mm was insignificantly
positive (0.04, p = 0.149). In the 200–300 cm soil layer, a positive response of the STN content
occurred under 350–500 mm (0.07); however, this was negative under 350–500 mm (−0.03).
In study sites with a rainfall of 200 to 350 mm, we did not find STN data below 100 cm.
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Figure 7. Response size of STN content in the 0–300 cm profile to alfalfa planting under a rainfall of
200–350 mm, 350–500 mm, and 500–650 mm on the Loess Plateau. Different lowercase letters near the
error bars indicate significant differences between rainfall conditions.
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3.3. SAN Content

The growing alfalfa significantly increased the SAN content in the 0–300 cm soil layer,
with an average RS of 0.23 (p < 0.001, Figure 8). There was a noticeable difference in the RS
values of the different soil layers, as the RS values were significantly positive for the SAN
content in the 0–200 cm soil layer (0.29 in 0–100 cm and 0.18 in 100–200 cm); however, the
increase in the 200–300 cm soil layers was not significant (0.05, p = 0.402). In addition, in
the 0–200 cm range, the RS of the SAN in the 60–100 cm layer exceeded 0.30. The RS in the
60–80 cm layer was significantly higher in the deep layer than that of 120–160 cm.
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Figure 8. The response size of the soil available nitrogen (SAN) content in the 0–300 cm soil
profile (a) and within 0–200 cm of soil depth (b) to alfalfa continuous planting on the Loess Plateau.
The pink, purple, blue, yellow, orange bars indicate the response size of SAN content in 0–100,
100–200, 200–300, total, and 0–200 cm soil layers. Error bars represent 95% confidence intervals, and
the numbers in the boxes represent the sample size. Different lowercase letters near the error bars
indicate significant differences between different layers. The dashed lines are used to separate the
response values of the total soil layer from the subdivided soil layer.

We found significant positive effects of alfalfa planting on the SAN content of all the
age groups (p < 0.001, Figure 9). This value was 0.19 in the <5-year-old alfalfa pasture
before it decreased to 0.17 in the 5–9-year-old alfalfa pasture and then increased again to
0.21 in the ≥10-year-old alfalfa pasture. For the <5-year-old alfalfa pasture, the RS in the
0–300 cm layer increased; however, this increase was not significant in the range below
140 cm. The RS value in the 0–300 cm soil layer for the 5–9-year-old alfalfa showed a similar
tendency to that of the <5-year-old alfalfa, with reduced positive values in the deep layer.
For the ≥10-year-old alfalfa, there was also an increase in RS in the 0–300 cm soil layers,
especially in the 0–100 cm soil layer, where the RS was 28–53% higher than that of the other
two age groups.

Overall, rainfall significantly increased the SAN content (p < 0.001, Figure 10). The
average RS values of the SAN in the 0–300 cm layer were 0.10, 0.09, and 0.34 under rainfalls
of 200–350, 350–500, and 500–650 mm, respectively. In the 0–100 cm soil layer, the average
SAN content significantly increased by 10%, 12%, and 53% under rainfalls of 200–350,
350–500, and 500–650 mm, respectively. In the 100–200 cm layer, the RS of the SAN content
under 500–650 mm was significantly positive (0.187, p < 0.001), whereas this increased
insignificantly under 350–500 mm (0.037, p = 0.091). In the 200–300 cm layer, the RS
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was positive under 500–650 mm (0.047, p = 0.402). The samples under 200–350 mm and
350–500 mm did not record SAN data in the deeper soil.
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Figure 9. Response size of SAN in the 0–300 cm soil profile to alfalfa planting on the Loess Plateau.
Panels (a–c) represent the <5, 5–9, and ≥10 year age groups, respectively; numbers in the brackets are
the sampled size for every depth.
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Figure 10. The response size of SAN content in the 0–300 cm profile to alfalfa planting under rainfalls
of 200–350 mm, 350–500 mm, and 500–650 mm on the Loess Plateau. Different lowercase letters near
the error bars indicate significant differences between rainfall conditions.

3.4. The Correlation of SOC with STN and SAN in Different Soil Layers

Overall, for the 0–300 cm depth, the correlations of the SOC with the STN and SAN
were positive in every soil layer (Figure 11). Moreover, both positive correlations of the
SOC with the STN and SAN decreased due to the deepening of the soil layer. There was
a significant and positive correlation between the SOC and STN in the 0–100, 100–200,
and 200–300 cm soil layers, with correlation coefficients of 0.57, 0.36, and 0.35 (p < 0.001).
In contrast, the SOC and SAN also exhibited a significant (p < 0.001) positive relationship,
except for that in the 200–300 cm soil layer. In addition, the correlation between the SOC
and STN was more robust than that between the SOC and SAN within the same soil layer.
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Figure 11. Linear relationship between the response size of SOC and that of STN (a–c) and SAN
(d–f). Grey areas represent 95% confidence intervals. The red and green dots indicate the relationship
between the SOC content and that of STN content and SAN content.

4. Discussion
4.1. Soil Carbon and Nitrogen Content in Alfalfa Pasture

Perennial legumes play an essential role in conserving and increasing soil organic
matter in farmland. This study investigated the effects of alfalfa cultivation on the soil C
and N content to the depth of 300 cm on the dryland Loess Plateau. We found that the
SOC, STN, and SAN in the 0–100 cm soil layer significantly increased by 17–29%. The
SOC, STN, and SAN in the 100–200 cm layer also moderately increased. However, the
STN and SAN only increased by 3–5%, and the SOC slightly decreased by 0.8% in the
200–300 cm soil layer. The soil C and N stratification phenomenon was remarkable in the
dryland cropping system, and soil depth was essential when analyzing the response of
the soil C and N contents to land use changes [38]. It is commonly assumed that C in
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the 30 cm surface layer is the most affected by plant roots; therefore, the previous studies
have mainly concentrated on the soil C in the shallow layer of 0–30 cm [39,40]. However,
limited rainfall and deep loess facilitate root extension in the deep soil layers of the Loess
Plateau. Wang [24] validated the fact that the alfalfa root system was distributed in the
entire 0–1000 cm soil layer after 4 years of planting. Although the carbon and nitrogen
concentrations decreased with the increasing depth, the total SOC and STN storage was
greater in the deeper soil layers than at the surface. Therefore, we highlighted the fact
that the deep soil beyond 100 cm contributed substantially to C and N accumulation in
the alfalfa pasture cropping system. Similar results were reported by Schnabel et al. [41]
for grazed pastures in the Great Plains of the United States, and by Ojeda et al. [42] for
a perennial forage cropping system in Argentina. In addition, we concluded that C and
N under 200 cm were reduced or insignificantly changed by pasture cropping, as C and
N consumption could exceed production in that layer; a similar tendency was reported
by Tautges et al. [8] in farmland with cover crops. Root-associated microorganism and
C inputs from roots are two major processes causing deep SOC changes [43,44]. Studies
found that the fresh root C input could increase microbial activity and the breakdown of
SOC, leading to losses of old SOC that were greater than the production of new SOC [45,46].

General observations of the soil organic matter dynamics indicated that the significant
sources of SOC were litter and humus, and an increase in the litter resulted in an increased
flux of SOC into the soil [47,48]. In a deep-rooted legume pasture, root biomass decom-
position and root exudates can also largely contribute to soil C and N increments [49].
Katterer et al. [50] discovered in a 15-year long-term experiment that the contribution of
roots to SOC was approximately 2.3 times that of surface crop residues. Other studies
have shown that the alfalfa root biomass is strongly correlated with soil C stock [42,51].
Sun [52] studied the root weight of different alfalfa varieties and found that the root weight
of 0–40 cm accounted for 52–89% of the total root weight, while the value of 160–200 cm
accounted for 0.28–2.56%. Therefore, the SOC in the 0–100 cm layer was more significantly
enhanced than that of the deeper layers. In deep soil, the root system mainly supports the
plant at a deep soil level with few branches and a small specific surface area [53]; hence,
the SOC supplementation by root metabolism and exudates was also relatively low. In this
study, we also found that the C content of ≥10 years of alfalfa in the deep soil decreased
and was less than that of the value of the control farmland, which could be related to the
crop’s consumption of deep C and N and decomposition by microorganisms.

Changes in SOC directly affect the form and N availability and thus determine the soil
N content [54,55]. Our research validated that the SOC and STN had a similar changing
trend and that there were positive correlations between the SOC, STN, and SAN across
the entire 0–300 cm soil profile. Additionally, we revealed that this correlation gradually
decreased as the soil layer deepened. Li [28] et al. studied the relationship between STN
and SOC and found a positive correlation coefficient of 0.799. Similarly, Heng et al. [56] also
indicated that there was a positive relationship between STN and SOC and found that the
correlation coefficient decreased with the soil depth. By contrast, the correlation between
SOC and SAN was not strong enough, as the SAN was also affected by other factors, such
as biological N2 fixation and N leaching loss.

4.2. Factors Affecting Soil SOC, STN, and SAN

Rainfall is one of the main climate factors that affect soil C and N contents in dryland
conditions. On one hand, climatic conditions affect vegetation productivity, thereby deter-
mining the amount of C and N input in the soil. On the other hand, climate can affect the
decomposition and transformation of organic matter by microorganisms through changes in
the soil moisture and temperature, thereby determining the nutrient output [57]. Different
rainfall patterns differently affected the soil C sequestration in the deep loess. Liu et al. [29]
reported that SOC was weakly related to rainfall, while Sun et al. [58] showed that the SOC
content increased linearly with an increase in the mean annual rainfall. Through the synthe-
sis of the experimental data of 63 experiments with variable rainfall, we clarified that the
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response sizes of the SOC content at the depth of 0–100 cm were all positive under different
rainfall conditions; however, below a depth of 100 cm, the SOC content was significantly
increased by 12% under medium-rainfall (350–500 mm) conditions, while it only increased
by 5% and 2% under 200–350 and >500 mm of rainfall. A similar tendency was observed for
STN. In arid to subhumid conditions, precipitation limits plant production and decomposi-
tion, with plant production responding more strongly than decomposition [19]. The lack of
water leads to weed invasion and the death of large areas of alfalfa fibrous roots, leading to
a low accumulation of organic matter. However, the decomposition of soil organic carbon
(SOC) was sensitive to changes in the soil temperature and moisture. An increase in rainfall
may increase the mineralization rate of soil organic matter by increasing the number of soil
microorganisms [59]. Previous studies have reported that the production and breakdown
of organic matter both rise with temperature in humid climates; however, the relative
increases in decomposition were greater [60,61]. As a result, the deep soil C and N content
in the 500–650 mm rainfall areas was lower than that in the 350–500 mm rainfall areas.

As a perennial crop, the planting age of alfalfa largely affected its production potential,
root distribution, and soil moisture conditions [30]. This study found that the soil C and N
content continued to change; the soil SOC and STN content peaked at 5–9 planting years,
and the SAN content peaked after 10 years. The alfalfa planting age affected its growth
and N2 fixation capacity [62], thereby changing the soil C and N content. Studies revealed
that the 5–6-year-old alfalfa root biomass was generally higher than that of other ages,
and its biomass in the profile above 25 cm was twice that of the 4-year-old alfalfa [63,64].
Yang et al. [65] found that the root nodules of 5-year-old alfalfa in different soil layers
were 1.43–2.81 times that of 2-year-old alfalfa. In addition, some studies have shown
that alfalfa mainly absorbs nutrients from the soil in its early stages of development, thus
negatively affecting organic matter accumulation [4,66]. Therefore, alfalfa pastures were
shown to have a higher soil organic matter content in the middle ages (5–9 years) compared
to the early growth ages (<5 years). However, the soil water content was significantly
reduced as the alfalfa plants matured. According to Ali et al. [30], the soil water content
decreased by 35.6% after the alfalfa had been planted for ten years; this resulted in reduced
alfalfa N2 fixation capacity and plant growth. This study showed that the SAN content
increased significantly after growing for more than ten years. This agreed with the results
of Bai [67], who stated that a higher SAN content was found in middle- and late-aged alfalfa
pastures, especially in the upper 60 cm range. With an increase in the number of alfalfa
growth years, the soil bulk density of each alfalfa pasture soil layer decreased as the total
porosity increased [68,69]. At the same time, it was found that the soil C/N ratio decreased
after planting alfalfa over 10 years; this enhanced the mineralization and organic matter
decomposition of soil microorganisms [69]. The productivity and water use efficiency of
alfalfa decreased, and the root death increased during late growth, reducing the amount
of organic matter injected into the soil [9]. The reduction in the soil’s available carbon
sources, which provided energy for biological nitrogen fixation processes, further affected
the nitrogen fixation of microorganisms [70]. The combined action of these processes could
have resulted in a higher content of available nitrogen in the alfalfa that was older than
10 years.

4.3. Implications for Soil and Vegetation Management

Roots are critical for driving changes in soil C stocks [71,72]. Changes in land use, such
as the conversion of cropland from shallow-rooted annual crops to deep-rooted species,
affect the vertical distribution of C in soils through the effects associated with different
vegetation root systems [19,73]. The SOC content in the alfalfa pasture exhibited “surface
gathering” and was significantly higher in the shallow soil layer than in the deeper layers.
Therefore, after alfalfa was planted for a while and the topsoil C and N contents were
improved, the conditions were conducive to the development of the following shallow-
rooted annual crops. Consequently, with regard to the economic benefits, C storage, and
sustainable alfalfa development, we recommend that alfalfa be rotated with annual crops
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to promote soil C and N utilization. At the same time, it was found that changes in rainfall
greatly affected the accumulation and consumption of C and N in deep soil. Therefore, in
areas with scarce rainfall, the soil moisture could be increased through reasonable irrigation
measures to achieve a positive effect on the accumulation of C and N in the soil below
100 cm.

Our study area was concentrated on the Loess Plateau of China. Such a small area
made our study more targeted, as we expected; however, at the same time, this limited
the number of samples. Therefore, the limited sample size may have weakened the ability
of this meta-analysis to explain the effects of alfalfa planting on the soil C and N content.
Studies have found that alfalfa yield and water-use efficiency continuously decreased with
planting age after the optimum growth age [74]. Simultaneously, the soil C and N contents
increased significantly in the early ages but declined in the late ages. As the water cycle was
closely related to the C and N cycles, further research should comprehensively consider
this to obtain optimal planting measures for alfalfa and annual crop rotation.

5. Conclusions

This study performed a meta-analysis of SOC, STN, and SAN content data in 0–300 cm
soil profiles in an alfalfa pasture on infertile loess soil. After successive alfalfa planting, the
SOC in the 0–100 cm soil layer increased by 17%, and the STN and SAN increased by 19%
and 29%, respectively; all the indicators also increased accordingly in the 100–200 cm layer.
The STN and SAN contents below 200 cm increased by 3% and 5%, while the SOC decreased
by 0.8%. The SOC and STN contents in the middle-aged alfalfa pastures increased the
most, with increments of 16% and 22%, respectively, whereas the SAN content in the alfalfa
that was over ten years old increased the most, with an increment of 21%. The results
of this study highlight the contribution of alfalfa pasture to C sequestration soil fertility
improvement in dryland farmlands. We suggest constructing alfalfa and shallow-rooted
crop rotation systems to improve SOC sequestration and soil fertility and reducing N
fertilizer use in the study area.
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