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Abstract

Legumes, acting as important fixers of nitrogen (N), are characterized by high forage quality. However,
these key species are suffering from substantial declines in rangeland worldwide, especially in degraded
ecosystems, with subsequent constraints on livestock performance. There is an urgent need to restore
legumes to improve forage quality and quantity. We developed a cutting-edge reseeding technology, and a
new re-seeding machine, to introduce legumes into degraded rangeland. Compared with traditional no-
tillage reseeding, the new reseeding technology can dramatically improve germination rates of reseeded
legumes by creating suitable micro-habitat for seed germination and seedling establishment, e.g., higher
soil temperature and moisture. Legume-reseeded rangeland was more productive than non-reseeded
rangeland, primarily due to enhanced ecological niche complementarity and compensatory growth through
interspecific facilitation. Four years after legume reseeding, soil nitrogen and organic matter content were
increased by more than 10%. Beneficial soil microbes, e.g., the abundance of arbuscular mycorrhizal fungi,
was significantly increased by 31% after legume reseeding. In general, introducing legumes into degraded
rangeland can improve forage production and quality, and simultaneously enhance rangeland sustainability
by promoting soil health.

Introduction

Legumes are integral components of rangeland ecosystems, contributing significantly to soil fertility and
enhancing the overall nutritional value of forages (Ganjurjav et al., 2024). However, rangeland degradation,
driven by climatic change and anthropogenic disturbances, has led to a rapid decrease in diversity and
abundance of legumes (Xu et al., 2020; Tognetti et al., 2021). This loss of legumes has profound ecological
and economic consequences, for instance, reducing soil carbon sequestration and nitrogen fixation, and
decreasing forage quality and quantity (Stagnari et al., 2017). Reintroducing legumes into degraded
rangelands has been recognized as a critical strategy for restoration and renewal (Waddington, 1992; Mi et
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al., 2024). Nevertheless, the successful establishment and persistence of legumes are often hindered by
abiotic factors (e.g., drought; light competition) and biotic factors such as competition from native
vegetation in rangeland. To facilitate seedling establishment and achieve long-term maintenance of legume
proportion in rangeland, there is an urgent need to develop effective agronomic practices. Here we focus
on the approach of reintroducing legumes into degraded steppes and then investigate the effect of legume
reintroduction on forage production and soil nutrient content. This study aims to provide practical
implications for rangeland restoration and ecosystem sustainability.

Methods

Study area and experimental design

The study site is located at a temperate steppe in Hulunbuir, northeastern Inner Mongolia, China (49 ° 20’
~49°26"'N, 119°55'~120°9'E, altitude 628 ~ 649 m), with an annual average temperature of -3 ~
0 °C, and an annual average precipitation of 350 ~ 410 mm. The precipitation is seasonal and mainly occurs
from June to September. The study area is moderately degraded steppe. In June 2020, we reseeded yellow-
flower alfalfa (Medicago falcata) into degraded rangeland using no tillage machine with inverted T-shaped
or V-shaped slots, and the un-reseeded area was treated as non-reseeding (NR) treatment. We randomly
selected ten 1 X 1 m sample plots for paired sampling, applying both non-reseeding (NR) and reseeding
(R) treatments.

Sampling and measurements

After reseeding, we buried button-type temperature and humidity monitors in each slot, which can
automatically record data every hour. These monitors recorded soil relative humidity data from July 19th
to September 6th, 2020, and soil temperature data from June 17th to September 23rd, 2020. We randomly
selected three 1-meter-long slots in each plot, and counted the number of alfalfa seedlings in each slot 7
days after reseeding to calculate germination rate. Aboveground living plants in each plot were harvested
and sorted by species in middle August 2024 (peak growth period). All plant species were classified into
three functional groups: legume, forb, and grass. We collected soil samples at the depths of 0-15 cm and
measured total nitrogen and organic carbon content using an elemental analyser (Vario Macro, elementar,
Germany) and a CN analyser (Elementar, Germany), and measured the abundance of arbuscular
mycorrhizal fungi (AMF) using phospholipid fatty acid (PLFA) analysis.

Statistical analysis

When investigating the impact of inverted T- or V-shaped slot reseeding on soil temperature and humidity,
we performed one-way ANOVA using the aov function in the stats package. If significant effects were
found, we used the agricolae package for a Duncan test. We used the #.zest function in the base stats package
to detect the difference between non-reseeding (NR) and reseeding (R) treatments. The ggplot2 package
was used for data visualization. All statistics and data visualization were performed in R 4.3.3 (R Core
Team, 2024).

Results

The inverted T-shaped slot increased soil temperature and humidity.

We developed a new re-seeding machine using inverted T-shaped slot to introduce legumes into degraded
rangeland (Fig. 1). The inverted T-shaped slot significantly increased soil temperature and relative humidity
in the ditch by 1.2°C and 60%, respectively. The increase in soil temperature and relative humidity provided
a suitable microenvironment for seed germination (Fig. 2, Table 1), and therefore the inverted T-shaped slot
increased seed germination rate by 120%.
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Fig. 2 Effects of the inverted T-shaped slot on soil temperature (a) and humidity (b). CK, control; V, V-
shaped slot; T, inverted T-shaped slot.

Table 1 Effects of reseeding method on soil temperature and humidity and gemination rate

Reseeding method Soil relative humidity (%) Soil temperature (°C) Gemination rate (%)
Control (CK) 86.31+2.34D 19.69+0.51b -

V-shaped slot (V) 62.20+2.59¢ 19.32+0.57b 2541+793b
Inverted T-shaped slot (T) 99.24 +0.62 a 20.42+0.60a 5596+11.53a

Note: different lowercase letters following values (mean + SE) represent significant (P < 0.05) differences,
while identical lowercase letters indicate no significant differences among or between treatments.

Reseeding legumes increased soil nutrient content and AMF biomass.
Legume introduction increased soil total nitrogen content 14% and increased soil organic carbon content

by 7.5% after four years of reseeding legumes (Fig. 3a, b). Reseeding legumes increased the abundance of
AM fungi by 31% (Fig. 3c).
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Fig. 3 Effects of reseeding legumes on soil nutrient content and AMF abundance. The difference between
the reseeding (R) and non-reseeding (NR) treatments is indicated by asterisks (P < 0.05).

Reseeding legumes increased plant biomass and changed community composition.

Reseeding legumes significantly improved the productivity of degraded rangeland. For instance, total
biomass production was increased by 148%, which mainly came from the increase in the biomass of legume
functional group (Fig. 4a). After reseeding, the proportion of legume functional group significantly
increased, while the proportion of grass and forb has significantly decreased (Fig. 3b).
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Fig. 4 Effects of reseeding legume on plant biomass and community composition. The difference between
the reseeding (R) and non-reseeding (NR) treatments is indicated by asterisks (*, P <0.05; **, P <0.01;
*#% P <0.001). The symbols ‘+’ and ‘-’ indicate a significant increase and decrease by reseeding,
respectively.

Discussion

In summary, we have developed an effective solution for restoring temperate degraded steppes through
reseeding legumes. The inverted T-shaped slot significantly improved the germination rates of legume
seedlings by promoting soil temperature and humidity. The successful establishment of legumes can
dramatically improve forage production and simultaneously enhance soil health indicated by an increase in
soil fertility and the abundance of AMF. Our study shows that reseeding legumes in temperate steppe can
promote forage production and enhance rangeland sustainability.

Reseeding via the inverted T-shaped slot serves as an effective practice for creating favourable
microhabitats. Compared to the tradictional V-shaped slot, the inverted T-shaped slot can create a ditch with
smaller surface soil cracks and larger underground voids. These attributes not only help reduce soil water
loss and maintain soil temperature, but also mitigate the underground competition of native species against
the reseeded ones. The improvement of microhabitat could benefit seedling establishment, according to a
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previous study (Lett and Dorrepaal, 2018). The successful introduction of legumes led to substantial
increases in plant productivity, driven primarily by a high proportion of legumes in plant communities. One
of our recent studies found that reseeding legumes can further improve the performance of neighbouring
species (Guo et al., 2024). This is because the presence of legumes can enhance ecological niche
complementarity and promote compensatory growth through interspecific facilitation (Guo et al., 2024). It
is well known that legumes can gradually enrich soil nitrogen availability through biological nitrogen
fixation. This will stimulate microbial processes that enhance soil organic carbon sequestration (Abalos et
al., 2020; Gou et al., 2023; Hu et al., 2024). Our findings align with previous studies, showing significant
increases in soil total nitrogen and carbon storage following legume introduction. Additionally, microbial
restoration is a critical objective for degraded ecosystems. In our study, the abundance of AMF was
increased dramatically by reseeding legumes. The increase in AMF abundance can improve multiple
ecosystem functions, e.g., the formation of soil aggregates and plant growth, leading to positive feedback
for restoration.

Our study has revealed the multifaceted benefits of legume restoration in improving ecosystem function
within degraded rangelands. In the future, efforts should be directed towards harnessing the ecological
advantages of legumes to restore degraded rangelands. Furthermore, it is essential to develop appropriate
management strategies to maintain the proportion of legumes in plant communities, thereby ensuring
ecosystem sustainability.
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