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Abstract
Background

The southern grasslands of China sustain substantial livestock but face functional degradation due to
overuse. The carbon flux responses to restoration strategies remain unclear.

Methods

In this study, we implemented a three-year restoration experiment in artificial grasslands using three
approaches: reseeding (D: Dactylis glomerata monoculture, T: Trifolium repens monoculture, DT: their
mixture), chemical fertilization (NP /NP,,/NP: nitrogen 2/4/8 g m-2 + phosphorus 0.7/1.4/2.8 g m-2),
and biofertilization with Burkholderia sp.(B3o/Bgg/B120: 30/60/120 g m=2).

Results

All treatments increased grassland biomass. Specifically, NP, significantly enhanced above-ground
biomass, while D, B3 and NP notably boosted below-ground biomass. D, NP, NP, and Bg significantly
increased total biomass. Restoration treatments usually had a negative effect on NEE, with DT (B =
-0.383, P=0.020), NP (B =-0.350, P=0.027), NP, (B =-0.422, P=0.008), and Bg, (B =-0.341, P=0.029)
showing significant effects. However, they exhibited positive effects on both ER and GPP. Specifically,
NP, NPy, NPy, B3, Bgg, and B, significantly enhanced ER (B = 0.290 to 0.525, P=0.001 to 0.049), while
all measures except T significantly increased GPP (8 =0.297 to 0.613, P<0.001 to 0.048). Dissolved
organic carbon, available phosphorus, and biomass contributed to the changes in carbon sequestration.

Conclusion

Our results demonstrate that both traditional fertilization and alternative strategies like reseeding and
biofertilization can effectively restore grassland productivity and carbon sequestration capacity,
providing multiple pathways for sustainable grassland management.

1. Introduction

Grasslands cover approximately 40% of terrestrial ecosystems and are critical for human life (Buisson et
al., 2022). They also store one-third of the global terrestrial carbon reserves, playing an important role in
mitigating climate change (Bai and Cotrufo, 2022). However, about half of the world’s grasslands have
begun to deteriorate to varying degrees (Bardgett et al., 2021). Moreover, grassland degradation greatly
accelerates soil CO, emissions and thus diminishes the contribution of grasslands to the carbon sink (Li

et al., 2015; Abdalla et al., 2018; Xu et al., 2022). Therefore, it is important to explore the dynamics of CO,
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flux under various grassland restoration strategies such as reseeding, chemical and biological
fertilization, which help to understand the function of ecosystem carbon sink in grasslands.

Reseeding is one of simple and feasible grassland restoration techniques (Mi et al., 2024), which
improves grassland community productivity by seeding forage seeds directly on degraded grasslands (Li
et al., 2017). On the one hand, reseeding can increase vegetation coverage, biomass, and the proportion
of high-quality forage in degraded grasslands (Yang et al., 2018). On the other hand, tillage-based
reseeding can also enhance the nutritional content of degraded grasslands (e.g., soil carbon) (Ji et al.,
2022; Zhang et al., 2022). Different seed selections have various effects on the grassland yield, with
grass-legume mixtures often producing higher productivity compared to monocultures (Finn et al., 2013).
Therefore, reseeding restoration of degraded grasslands may enhance their contribution to carbon sinks.
However, research on the relationship between reseeding restoration and CO, fluxes in degraded
grassland is still limited.

Fertilization is one of the effective methods to promote grassland restoration, which has an impact on
severely degraded grasslands in the short term (Dong et al., 2020). Fertilization can significantly enhance
biomass and soil nutrients in degraded grasslands (Li et al., 2023). Numerous studies have shown that
nitrogen (N) addition can significantly enhance CO, absorption in grassland systems (Wu et al., 2021; Shi
et al., 2022; Chen et al., 2023; Du et al., 2024; Wen et al., 2024). Phosphorus (P) is also a common
limiting factor in soils (Elser et al., 2007; Fay et al., 2015), and combined nitrogen-phosphorus application
typically had better restoration effects than added either nutrient alone (Wang et al., 2020). For example,
NP addition experiments in temperate ecosystems suggested that NP addition increased biomass of
rootlets and reduced heterotrophic respiration, thereby enhanced ecosystem carbon sequestration (Zeng
and Wang, 2015). However, in grassland ecosystems, studies on fertilization and ecosystem carbon
fluxes had mainly focused on nitrogen addition under the background of nitrogen deposition. Thus, it is
important to explore the impact of combined nitrogen-phosphorus fertilization on carbon fluxes during
grassland restoration.

It is well known that Burkholderia sp. has positive effects on plant growth and tolerance (Pal et al., 2022).
For example, inoculation with Burkholderia promoted the secretion of indole-3acetic acid (IAA) and 1-
aminocyclopropane-1-carboxylate (ACC) in soybeans (Glycine max) and thus enhanced plant growth
(Ratnaningsih et al., 2023); Burkholderia could trigger plants defense mechanisms, protecting them from
pathogens (Kong et al., 2022); Burkholderia could also enhance the solubility of potassium and
phosphorus, improving phosphorus availability (Peix et al., 2001; Baghel et al., 2020). Additionally,
Burkholderia is a nitrogen-fixing bacterium that improves nitrogen uptake and utilization by plants (Reis
et al., 2004). Furthermore, Burkholderia can degrade various pollutants and promote plant ACC
production to enhance stress resistance (Lu et al., 2012; Chen et al., 2017). Therefore, Burkholderia has
potential for restoring degraded grasslands and influencing carbon fluxes in such ecosystems.

Although southern grasslands only account for 20% of the total grassland area in China (Fang et al.,
2018), their adequate hydrothermal conditions and strong pasture regeneration ability (Teng et al., 2008),
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allowed these grasslands and related agricultural products to support nearly half of the China’s livestock
(Huangfu et al., 2012). However, over 70% of China’s grasslands have already been experiencing
degradation (Pan et al., 2023), which also severely affected the country’s grassland carbon sink. In
addition, previous research on grassland restoration focused primarily on typical grasslands in northern
China, how about the restoration effect on southern grasslands is still less understood.

To fill the gap, we conducted the field experiments in the typical southern grasslands, Yunnan Province
(Fang et al., 2018) and faces grassland degradation and soil erosion due to overgrazing (Deng, 2023).
Therefore, we carried out a 3-year grassland restoration experiments by reseeding, inputting nitrogen-
phosphorus chemical fertilization and adding biological organic fertilization with Burkholderia sp. We
monitored grassland biomass, carbon effluxes, and their driving factors in order to answer the following
hypotheses: (1) If management practices can promote plant growth, reseeding, fertilization, and addition
Burkholderia sp. will enhance carbon sequestration. (2) Grassland degradation in southern regions is
often driven by overgrazing, which leads to reduced community productivity and nutrient losses (Wang et
al., 2015). Therefore, we hypothesize that soil nutrients after management practices, particularly soil
phosphorus will be more important for improving grassland function.

2. Materials and methods
2.1. Site description and Experimental design

The experiments were established in September 2020 at the Field Grassland Experiment Platform in
Maolin Town, Zhaotong City, Yunnan Province (27°66' N, 103°63' E). The area is characterized by a
plateau monsoon climate, where warm temperate and subtropical conditions coexist. The annual
average temperature is 12.6°C, and the average precipitation is 760 mm. The region experiences
frequent rain, snow, and fog throughout the year. The dominant species are Dactylis glomerata, Lolium
perenne and Trifolium repens.

The experiment was conducted from April 2021 to September 2023. Based on local vegetation surveys,
Trifolium repens and Dactylis glomerata were selected as the reseeding species. The reseeding
treatments included CK (no reseeding) and a seeding rate of 22.50 kg hm™ 2, with three different species
combinations: D (monoculture of Dactylis glomerata), T (monoculture of Trifolium repens), and DT
(mixed Trifolium repens and Dactylis glomerata at 2:3). Five replicates were set for each treatment,
resulting in 20 plots in total. The seeds are sown in April each year for a total of three times. To minimize
soil disturbance, no tillage reseeding was used.

The fertilization treatments included CK (no fertilization) and three levels of nitrogen and phosphorus
fertilization: NP, (2 g m™? year™ " nitrogen + 0.7 g m~ 2 year™ ' phosphorus), NP, (4 g m™? year™'

T hitrogen+2.8 gm™ 2 year™ '

nitrogen + 1.4 g m~2 year™ ! phosphorus), and NP, (8 g m™2 year™
phosphorus). The nitrogen fertilizer used was [CO(NH,),] and the phosphorus fertilizer was
[Ca(H,P0O,),*H,0]. Five replicates were set for each treatment.
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The Burkholderia sp. treatments included three application levels: Bgy (30 g m™2 year™ '), B¢, (60 gm™?

year ), and B, (120 g m™ 2 year™'). The same CK were used for fertilization treatment. Five replicates
were set for each treatment, resulting in 35 plots both Burkholderia sp. treatments and fertilization
treatments. Each plot was 3 m x 3 m, with a T m buffer zone among them. Fertilization and Burkholderia
sp. application were carried out in April and October each year, with a total of five times.

2.2. Measurement of ecosystem CO, flux, soil temperature,
and soil moisture

We measured soil carbon flux data during the growing season (April to September) from June 2021 to
September 2023. Measurements were taken between 9:00 AM and 12:00 AM on clear days. Using a
transparent assimilation tank (a cylinder with a base diameter of 20cm and a height of 25 cm made of
plexiglass.) connected to the Li-8100a Automated Soil CO, Flux System monitored net ecosystem
exchange of CO, (NEE) and ecosystem respiration (ER), and each measurement lasted 90 seconds (Due
to COVID-19 restrictions in September 2022 and rainy weather during fertilization treatment in August
2023, data for these months were missed). After measuring NEE, the system was ventilated and purged
for 30 seconds, and then blackout treatment was performed to measure ER (Niu et al., 2008). Gross
primary productivity (GPP) was calculated using the formula GPP = ER - NEE (Ma et al., 2021). During
CO, flux measurements, soil temperature (ST) and soil water content (SWC) were measured from 0—10
cm using the soil temperature and soil water content probes included with the Li8100a (SWC data for
April 2022 and ST data for July 2023 were missing because the probes were damaged).

2.3. Sampling and measurement of grassland biomass and
physicochemical properties

In October 2022, above-ground biomass (AGB) and below-ground biomass (BGB) were collected from
each plot. Three 20 cm x 20 cm subplots were randomly selected from each plot. The above-ground
parts of all plants were collected using scissors and dried to a constant weight to determine AGB.
Below-ground parts were collected using a 6 cm diameter soil auger with five sampling points at a depth
of 0—20 cm. Roots were separated from the soil. Then they were cleaned and dried to a constant weight
to determine BGB. Total biomass (TB) was sum of AGB and BGB. After separating the roots and rocks,
soil samples were divided into two portions. One portion was analyzed using Cleverchem380 (DeChem-

Tech GmbH, Hamburg, Germany) to measure ammonium nitrogen (NH,*-N) by Sodium Salicylate

Method, nitrate nitrogen (NO5;™-N) by Copper-zinc hydrazine reduction method, and available phosphorus
(AP) by Olsen method, while another portion was analyzed with vario TOC cube (Elementar
Analysensysteme GmbH, Langenselbold, Germany) to determine dissolved organic carbon (DOC) by high
temperature catalytic combustion method, microbial biomass carbon (MBC) by fumigation method, and
soil organic carbon (SOC) by dry combustion. All the above soil analysis methods were used from Liu
(1996).
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Data were organized and Z-score transformations were performed using Microsoft Office Excel 2010.
Statistical analysis and graphical visualizations were conducted using R 4.3.3. The effects of treatments
on CO, flux, grassland biomass, and soil physicochemical properties were analyzed using the Ime4
package. Fixed effects included D, T, DT, B3, Bgg, B120, NP, NPy, and NP, while random effects were
block and sampling time (for grassland biomass and soil physicochemical properties, only block was
treated as a random effect). A linear regression analysis was used to examine the relationship between
carbon flux and soil physicochemical properties and biomass.

3. Results

3.1. Responses of plant biomass and soil physicochemical
properties

Reseeding treatments had non-significant effect on AGB (Fig. 1a), but D had a significant positive effect
on both BGB (B =1.381, P=0.033) and TB (B = 1.404, P=0.027) (Fig. 1b and 1c). Except for NPy,

fertilization treatments had a positive effect on AGB, among which NPy, (B = 1.387, P=0.023) showing
significant positive effects (Fig. 1d). Additionally, NP, (B = 1.398 P=0.025) and NP,, (B =1.305, P=
0.035) had a significant positive effect on BGB (Fig. 1e), while NP, (B =1.362 P=0.029) and NP, (B =

1.354 P=0.030) significantly increased TB (Fig. 1f). Burkholderia sp. treatments showed no significant
effect on AGB (Fig. 1g), but By, had a significant positive impact on both BGB (8 =1.519 P=0.018) and

TB (B = 1.430 P=0.027) (Fig. 1h and 1i).

Reseeding treatment showed a positive effect on DOC, with D (B = 1.665 P=0.008) exhibiting a
significant influence (Fig. 2a). In the fertilization treatment, NP, (B = 1.445 P=0.006) had a significant
positive effect on NO;™-N (Fig. 2b). All fertilization levels significantly increased AP (B = 1.440 to 1.692, P

=0.001 to P=0.004) (Fig. 2c). However, grassland management strategies had no significant effect on
other soil physical and chemical properties (Fig. S2, S3 and S4).

3.2. Responses of NEE, ER, and GPP to experimental
treatments

Reseeding treatments had a negative effect on NEE, and the grass-legume mixture showed a significant
negative effect (B =-0.383, P=0.020) (Fig. 3a). Reseeding treatments had non-significant effect on ER
(Fig. 3b). Reseeding treatments positively influenced GPP, where D (B = 0.345, P=0.037) and DT (B =
0.414, P=0.015) showed significant effects (Fig. 3c). Fertilization treatments had a negative effect on
NEE, among which NP, (B =-0.350, P=0.027) and NP,, (B = -0.422, P=0.008) showing significant
negative effects (Fig. 3d). All levels of fertilization treatments significantly affected ER (B = 0.425 to
0.502, P=0.005to P=0.015) and GPP (B =0.418 t0 0.613, P<0.001 to P=0.014) (Fig. 3e and Fig. 3f).
Burkholderia sp. treatments had a positive effect on NEE under B, but B35 and B¢y showed negative

Page 6/23



effects, of which Bg (B =-0.341, P=0.029) being significant (Fig. 3g). Burkholderia sp. treatments had
positive effects on ER (B = 0.290 to 0.525, P=0.001 to P=0.049) and GPP (B = 0.297 to 0.556, P=0.001
to P=10.048) (Fig. 3h and Fig. 3i).

3.3. Relationships between soil physicochemical properties,
biomass and CO, fluxes

GPP was positively correlated with DOC under reseeding (Fig. 4a). Under fertilization, GPP was positively
correlated with AP (Fig. 4b). No significant correlations were observed between other physicochemical
properties and CO, fluxes (Fig. S9).

Under reseeding treatments, TB showed a negative relationship with NEE (Fig. 5a), but the relationships
between AGB and BGB with NEE were not significant (Fig. S10). BGB and TB were positively correlated
with GPP (Fig. 5b and 5c), and no significant relationships were observed between ER and AGB, BGB, or
TB (Fig. S10). Under fertilization treatments, NEE was negatively related with TB (Fig. 5d), while its
relationship with AGB and BGB was not significant (Fig. S11). ER was positively correlated with BGB

(Fig. 5e), with no significant correlations observed between ER and BGB or TB (Fig. S11). BGB and TB
were positively correlated with GPP (Fig. 5f and 5g). Under Burkholderia sp. additions, the effects of AGB,
BGB, and TB on NEE and ER could not be determined (Fig. S12). However, BGB and TB were positively
correlated with GPP (Fig. 5h and 5i).

4. Discussion

4.1 Effects of different managements on soil properties and
grassland biomass

Our results showed that reseeding improved the AGB, BGB, and TB of degraded grasslands, and D
improved the BGB and TB significantly (Fig. 1). This effect may be due to reseeding increasing the
number of viable seeds in the soil seed bank, thereby enhancing grassland productivity (Li et al., 2017).
Similar findings have been observed in northern grasslands, including the Loess Plateau (Liu et al.,
2023c), Mongolian Plateau (Zhang et al., 2024), and Qinghai-Tibet Plateau (Li et al., 2024). However,
unlike previous studies (Yan et al., 2022), our results indicated that the biomass-promoting effect of
grass-legume mixtures (DT) is weaker than that of D. This may be because, in DT, Dactylis glomerata
allocates part of its nutrients to counteract the allelopathic effects of Trifolium repens (Zhang et al.,
2020), thereby reducing its biomass accumulation.

In addition, our data showed that fertilization significantly increased grassland biomass (Fig. 1), similarly
with results from the Mongolian Plateau's typical steppes and the alpine meadows of the Qinghai-Tibet
Plateau (Xu et al., 2015; Xiao et al., 2020). Fertilization usually enhanced soil nutrient levels and
promoted the recovery of grassland productivity (Zong and Shi, 2019). Furthermore, similar to pot
experiment results (da Costa et al., 2020), our study found that adding B significantly increased BGB
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and TB (Fig. 1i). However, addition of Burkholderia sp. had a significant impact on AGB (Fig. 1g). On the
one hand, Burkholderia sp. can promote plant growth by fixing nitrogen and resolving phosphorus. On
the other hand, Burkholderia sp. can produce auxin to stimulate plant root growth (Zhang et al., 2021), so
that grass biomass can be transferred to the ground.

Combining the three management methods, we found that all the methods had a positive effect on the
TB of degraded southern grasslands, which supported our hypothesis 1. However, only the NPy
treatment significantly increased AGB (Fig. 1), while the other treatments increased TB primarily by
enhancing BGB (Fig. 1). The intense grazing pressure in southern grasslands in China leads to the loss of
viable grass seeds and the decline in soil nutrients. Plants general allocate more biomass to BGB, thus
promoting plant access to soil nutrients (Hermans et al., 2006; Freschet et al., 2018).

The analysis of soil properties in our experiment showed that reseeding increased DOC (Fig. 2a), which
was different from the findings from the Qinghai-Tibet Plateau (Wang et al., 2020), our results suggest
that reseeding increased the active seed, which enhanced grass biomass and subsequently contributed
to greater inputs of plant residues and rhizospheric carbon. Furthermore, consistent with previous
studies (Xiao et al., 2021; Liu et al., 2023a), we found that fertilization had a significant positive effect on

NO;™-N and AP (Fig. 2c and 2d). However, AP levels were generally low across all treatments (5.82 mg

kg™ 't0 12.98 mg kg™ ") (Fig. S6, S7, and S8). This suggests that AP deficiency may be a key factor
coursing the southern grassland degradation. For example, our reseeding treatments seem to cause AP
depletion (Fig. S6)

4.2 Effects of different managements on carbon fluxes and
potential drivers

We found that all treatments had a positive effect on GPP in the grassland, while all except B4, had a
negative effect on NEE (Fig. 3). This result contradicted the hypothesis 1. Specifically, under reseeding
treatment, our results showed that the grass-legume mixed reseeding had a significant positive effect on
GPP (Fig. 3c) and a significant negative effect on NEE (Fig. 3a). The result was similar to the studies
conducted in the eastern Pyrenees, because reseeding can restore biomass and promote carbon
sequestration (Drewer et al., 2017; Ibafiez et al., 2021). Additionally, studies on the Qinghai - Tibet
Plateau have shown that NP fertilizer co-application significantly reduced NEE by 75.7% and increased
GPP by 41.4% (Li et al., 2024). And the research on Inner Mongolia grasslands has revealed that
fertilization significantly increases GPP and ER in the first two years, while significantly decreasing NEE
(Niu et al., 2010). These findings are consistent with our results, indicating fertilization had a significant
positive effect on both ER and GPP (Fig. 3e and 3f) and a significant negative effect on NEE (Fig. 3d).
The reason should be that fertilization promoted the growth of grassland and microbial activity as shown
in our results and other studies (Chu et al., 2007; Zhang et al., 2024). The addition of Burkholderia sp.
had a significant positive effect on ER and GPP (Fig. 3h and 3i). B¢y and B;, showed a negative effect on
NEE, and B¢ had a significant effect (Fig. 3g). This suggests that Burkholderia sp. promoted CO, uptake
by plants but also promoted CO, emissions through its own respiration, leading to a positive effect on
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ER. We proposed that at 30 g m~2 year™ ', the enhancement of CO, absorption by the ecosystem is

limited, while at 60 g m~2 year™, it is most effective. However, at 120 g m~ 2 year™, the respiration of

Burkholderia sp. covered the CO, absorption by plants, indicating that only lower application levels can
improve degraded grasslands carbon sinks.

Regression analysis results showed that different experimental measures influence CO, flux through
both biotic and abiotic factors. Under reseeding treatments, DOC was significantly positively correlated
with GPP (Fig. 4a). The growth of reseeding plants resulted in an increase in root exudates and litter,
which promoted the increase of DOC (Wu et al., 2013). These carbon inputs may change soil biotic and
abiotic factors, leading to an increase in subsequent photosynthetic rates (van der Putten et al., 2013; Liu
et al., 2023b), thereby enhancing GPP. Our results were similar to the previous studies (Shi et al., 2021),
showing that AP was significantly positively correlated with GPP (Fig. 4b). Phosphorus deficiency can
disrupt the balance between the carboxylation capacity of leaves and the electron transport capacity
supporting ribulose-1, 5-bisphosphate regeneration, thereby reducing photosynthesis (Ellsworth et al.,
2022).

Our results showed strong relationships between biomass and GPP, ER and NEE (Fig. 5), which were
similar to previous studies (Wu et al., 2015; Oliver et al., 2019; Wang et al., 2021). Increased biomass is
thought to improve GPP by increasing the leaf area index, which improves the plant's ability to capture
light (Chu et al., 2019). However, unlike our results, GPP was significantly positively correlated with BGB
and TB under all grassland restoration measures (Fig. 5), but not with AGB. This may be due to sampling
at the end of the growing season, when plants transferred more biomass to the belowground (Garten et
al., 2011). Additionally, our results showed that ER was significantly positively correlated with BGB only
under fertilization treatments (Fig. 5e). This is because nitrogen application not only negatively affects
microbial abundance and composition, thereby reducing soil microbial respiration (Zhang et al., 2018),
but also promotes root growth, which enhances autotrophic respiration (Gough and Seiler, 2004).
Consequently, this strengthens the correlation between BGB and ER. Therefore, plant factors contributed
more to ER under fertilization, but Burkholderia sp. addition likely affected soil microorganisms, masking
the plant's contribution to ER. Furthermore, NEE was significantly negatively correlated with TB under
both reseeding and fertilization treatments (Fig. 5a and 5d), indicating that reseeding and fertilization
increased the carbon sink of degraded grasslands by increasing plant biomass.

5. Conclusion

This study showed the effects of reseeding, fertilization, and the addition Burkholderia sp. on biomass
production, soil nutrients, and carbon fluxes in southern grasslands. All management strategies
increased total biomass and gross primary productivity, but they had different effects on biomass
allocation, soil nutrients, and carbon sequestration. The addition of Burkholderia sp. had the strongest
positive effect on below-ground biomass and total biomass, but excessive addition increased microbial
respiration, thereby reducing carbon sequestration. Our study showed that phosphorus deficiency was
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the key factor of grassland degradation in southern China, so phosphorus fertilization had the strongest
promotion effect on above-ground biomass and carbon sequestration. Reseeding increased biomass,
dissolved organic carbon, and carbon sequestration, but it also exacerbated phosphorus limitation,
which could lead to further grassland degradation with long-term use. Overall, future grassland
managements should synthetically consider these strategies to enhance soil nutrients, increase
biomass, and strengthen the carbon sink capacity in southern grasslands.

Declarations

Fundding

This work was supported by the National Key R&D Program of China (No. 2023YFC2604502), the
National Natural Science Foundation of China (32371733), the Xingdian Scholar Fund of Yunnan, the
Project for Talent and Platform of Science and Technology in Yunnan Province Science and Technology
Department (202205AM070005), the Agricultural joint fund (surface project) from science and
technology department of Yunnan Province (N0.202301BD070001-096).

Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Authorship contribution

Xinghong Wang: Writing— review & editing. Meiyan Zhang: Writing— review & editing. Yun Liu: Writing—
review & editing. Juan Zhou: Writing— review & editing. Meng Xia: Writing — review & editing. Sicheng Li:
Writing — review & editing, Investigation. Haibian Xu: Writing — review & editing, Data curation. Yan Li:
Writing — review & editing, Investigation, Data curation. Yi Xiong: Writing — original draft, Visualization,
Validation, Methodology, Investigation, Data curation. Jinghang Xu: Writing — review & editing, Writing —
original draft, Visualization, Validation, Methodology, Investigation, Formal analysis, Data curation.
Janping Wu: Writing — review & editing, Validation, Supervision, Resources, Project administration,
Methodology, Investigation, Data curation, Conceptualization.

Data Availability

The datasets generated by the current study are available from the corresponding author on reasonable
request.

Declaration of generative Al and Al-assisted technologies in the writing process.

Statement: During the preparation of this work the authors used ChaGPT 4 in order to improve the
readability and language. After using this tool, the authors reviewed and edited the content as needed
and takes full responsibility for the content of the published article.

Page 10/23



References

1.

10.

11.

Abdalla K, Mutema M, Chivenge P, Everson C, Chaplot V (2018) Grassland degradation significantly
enhances soil CO, emission. Catena 167: 284-292. https://doi.org/10.1016/j.catena.2018.05.010.

. Baghel V, Thakur JK, Yadav SS, Manna MC, Mandal A, Shirale AO, Sharma P, Sinha NK, Mohanty M,

Singh AB, Patra AK (2020) Phosphorus and potassium solubilization from rock minerals by
endophytic Burkholderia sp. strain FDN2-1 in soil and shift in diversity of bacterial endophytes of
corn root tissue with crop growth stage. Geomicrobiology Journal 37: 550-563.
https://doi.org/10.1080/01490451.2020.1734691.

. Bai YF, Cotrufo MF (2022) Grassland soil carbon sequestration: Current understanding, challenges,

and solutions. Science 377: 603-608. https://doi.org/10.1126/science.abo2380.

. Bardgett RD, Bullock JM, Lavorel S, Manning P, Schaffner U, Ostle N, Chomel M, Durigan G, Fry EL,

Johnson D, Lavallee JM, Le Provost G, Luo S, Png K, Sankaran M, Hou XY, Zhou HK, Ma L, Ren WB, Li
XL, Ding Y, Li YH, Shi HX (2021) Combatting global grassland degradation. Nature Reviews Earth and
Environment 2: 720-735. https://doi.org/10.1038/s43017-021-00207-2.

. Buisson E, Archibald S, Fidelis A, Suding KN (2022) Ancient grasslands guide ambitious goals in

grassland restoration. Science 377: 594-598. https://doi.org/10.1126/science.abo4605.

. Chen J, Li SS, Xu B, Su CZ, Jiang QY, Zhou CH, Jin Q, Zhao Y, Xiao M (2017) Characterization of

Burkholderia sp. XTB-5 for phenol degradation and plant growth promotion and its application in
bioremediation of contaminated soil. Land Degradation and Development 28: 1091-1099.
https://doi.org/10.1002/1dr.2646.

. Chen S, Yue P, Hao TX, Li KH, Misselbrook T, Liu XJ (2023) Responses of net ecosystem carbon

budget and net global warming potential to long-term nitrogen deposition in a temperate grassland.
Catena 225: 107015. https://doi.org/10.1016/j.catena.2023.107015.

. Chu RY, Lin XG, Fuijii T, Morimoto S, Yagi K, Hu JL, Zhang JB (2007) Soil microbial biomass,

dehydrogenase activity, bacterial community structure in response to long-term fertilizer
management. Soil Biology and Biochemistry 39: 2971-2976.
https://doi.org/10.1016/j.s0ilbio.2007.05.031.

. Chu XJ, Han GX, Xing QH, Xia JY, Sun BY, Li XG, Yu JB, Li DJ, Song WM (2019) Changes in plant

biomass induced by soil moisture variability drive interannual variation in the net ecosystem CO,
exchange over a reclaimed coastal wetland. Agricultural and Forest Meteorology 264: 138-148.
https://doi.org/10.1016/j.agrformet.2018.09.013.

da Costa PB, van Elsas JD, Mallon C, Borges LGD, Passaglia LMP (2020) Efficiency of probiotic traits
in plant inoculation is determined by environmental constrains. Soil Biology and Biochemistry 148:
https://doi.org/10.1016/j.s0ilbio.2020.107893.

Deng J (2023) Restoration technology of degraded grassland in Zhaotong city. Forest Inventory and
Planning 48(4): 207-212. https://doi.org/10.3969/j.issn.1671-3168.2023.04.035. (in Chinese).

Page 11/23



12.

13.

14.

15.

16.

17.

18.

19.

20.

Dong S, Shang Z, Gao J, Boone RB (2020) Enhancing sustainability of grassland ecosystems
through ecological restoration and grazing management in an era of climate change on Qinghai-
Tibetan Plateau. Agriculture Ecosystems and Environment 287: 106684.
https://doi.org/10.1016/j.agee.2019.106684.

Drewer J, Anderson M, Levy PE, Scholtes B, Helfter C, Parker J, Rees RM, Skiba UM (2017) The
impact of ploughing intensively managed temperate grasslands on N,0, CH, and CO, fluxes. Plant

and Soil 411: 193-208. https://doi.org/10.1007/s11104-016-3023-x.

Du L, Luo YH, Zhang JT, Shen Y, Zhang JB, Tian R, Shao WQ, Xu ZW (2024) Reduction in precipitation
amount, precipitation events, and nitrogen addition change ecosystem carbon fluxes differently in a
semi-arid grassland. Science of the Total Environment 927: 172276.
https://doi.org/10.1016/j.scitotenv.2024.172276.

Ellsworth DS, Crous KY, De Kauwe MG, Verryckt LT, Goll D, Zaehle S, Bloomfield KJ, Ciais P, Cernusak
LA, Domingues TF, Dusenge ME, Garcia S, Guerrieri R, Ishida FY, Janssens IA, Kenzo T, Ichie T,
Medlyn BE, Meir P, Norby RJ, Reich PB, Rowland L, Santiago LS, Sun Y, Uddling J, Walker AP,
Weerasinghe K, van de Weg MJ, Zhang YB, Zhang JL, Wright IJ (2022) Convergence in phosphorus
constraints to photosynthesis in forests around the world. Nature Communications 13: 5005.
https://doi.org/10.1038/s41467-022-32545-0.

Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS, Hillebrand H, Ngai JT, Seabloom EW,
Shurin JB, Smith JE (2007) Global analysis of nitrogen and phosphorus limitation of primary
producers in freshwater, marine and terrestrial ecosystems. Ecology Letters 10: 1135-1142.
https://doi.org/10.1111/j.1461-0248.2007.01113.x.

Fang JY, Geng XQ, Zhao X, Shen HH, Hu HF (2018) How many areas of grasslands are there in
China? Chinese Science Bulletin 63(17): 1731-1739. https://doi.org/10.1360/N972018-00032. (in
Chinese).

Fay PA, Prober SM, Harpole WS, Knops JMH, Bakker JD, Borer ET, Lind EM, MacDougall AS,
Seabloom EW, Wragg PD, Adler PB, Blumenthal DM, Buckley Y, Chu CJ, Cleland EE, Collins SL, Davies
KF, Du GZ, Feng XH, Firn J, Gruner DS, Hagenah N, Hautier Y, Heckman RW, Jin VL, Kirkman KP, Klein
J, Ladwig LM, Li Q, McCulley RL, Melbourne BA, Mitchell CE, Moore JL, Morgan JW, Risch AC, Schiitz
M, Stevens CJ, Wedin DA, Yang LH (2015) Grassland productivity limited by multiple nutrients.
Nature Plants 1: 15080. https://doi.org/10.1038/NPLANTS.2015.80.

Finn JA, Kirwan L, Connolly J, Sebastia MT, Helgadottir A, Baadshaug OH, Bélanger G, Black A,
Brophy C, Collins RP, Cop J, Dalmannsdottir S, Delgado |, Elgersma A, Fothergill M, Frankow-Lindberg
BE, Ghesquiere A, Golinska B, Golinski P, Grieu P, Gustavsson AM, Hoglind M, Huguenin-Elie O,
Jorgensen M, Kadziuliene Z, Kurki P, Llurba R, Lunnan T, Porqueddu C, Suter M, Thumm U, Lischer A
(2013) Ecosystem function enhanced by combining four functional types of plant species in
intensively managed grassland mixtures: a 3-year continental-scale field experiment. Journal of
Applied Ecology 50: 365-375. https://doi.org/10.1111/1365-2664.12041.

Freschet GT, Violle C, Bourget MY, Scherer-Lorenzen M, Fort F (2018) Allocation, morphology,
physiology, architecture: the multiple facets of plant above- and below-ground responses to
Page 12/23



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

resource stress. New Phytologist 219: 1338-1352. https://doi.org/10.1111/nph.15225.

Garten CT, Brice DJ, Castro HF, Graham RL, Mayes MA, Phillips JR, Post WM, Schadt CW,
Wullschleger SD, Tyler DD, Jardine PM, Jastrow JD, Matamala R, Miller RM, Moran KK, Vugteveen
TW, Izaurralde RC, Thomson AM, West TO, Amonette JE, Bailey VL, Metting FB, Smith JL (2011)
Response of “Alamo” switchgrass tissue chemistry and biomass to nitrogen fertilization in West
Tennessee, USA. Agriculture Ecosystems and Environment 140: 289-297.
https://doi.org/10.1016/j.agee.2010.12.016.

Gough CM, Seiler JR (2004) Belowground carbon dynamics in loblolly pine (Pinus taeda)
immediately following diammonium phosphate fertilization. Tree Physiology 24: 845-851.
https://doi.org/10.1093/treephys/24.7.845.

Hermans C, Hammond JP, White PJ, Verbruggen N (2006) How do plants respond to nutrient
shortage by biomass allocation? Trends in Plant Science 11: 610-617.
https://doi.org/10.1016/j.tplants.2006.10.007.

Huangfu JY, Mao FX, Lu XS (2012) Analysis of grassland resources in southwest China. Acta
Prataculturae Sinica 21(1): 75-82. http://cyxb.magtech.com.cn/CN/Y2012/V21/11/75. (in Chinese).

Ibafiez M, Altimir N, Ribas A, Eugster W, Sebastia MT (2021) Cereal-legume mixtures increase net
CO, uptake in a forage crop system in the Eastern Pyrenees. Field Crops Research 272: 108262.

https://doi.org/10.1016/j.fcr.2021.108262.
Ji Bo, He JL, Wang ZJ, Liu FF, Tian B, Wu XD, Yu HQ, Ren XB, Jiang Q (2022) Effects of tillage on soil
carbon and nitrogen reserves in desert steppe of Ningxia. Chinese Journal of Grassland 44(1): 40-
38. https://link.cnki.net/doi/10.16742/j.zgcdxb.20210002. (in Chinese).

Kong P, Li XP, Gouker F, Hong CX (2022) cDNA transcriptome of Arabidopsis reveals various defense
priming induced by a broad-spectrum biocontrol agent Burkholderia sp. SSG. International Journal
of Molecular Sciences 23: 3151. https://doi.org/10.3390/ijms23063151.

Li WL, Shang XJ, Yan HP, Xu J, Liang TA, Zhou HK (2023) Impact of restoration measures on plant
and soil characteristics in the degraded alpine grasslands of the Qinghai Tibetan Plateau: A meta-

analysis. Agriculture Ecosystems and Environment 347: 108394.
https://doi.org/10.1016/j.agee.2023.108394.

Li WY, He YL, Shen RA, Hou G, Zheng ZT, Zhao B, Zheng JH, Jiang QX, Zhang XZ, Zhang YJ, Zhu JT
(2024) Concurrent nitrogen and phosphorus enrichment increases ecosystem carbon use efficiency
in an alpine grassland. Agriculture Ecosystems and Environment 375: 109182.
https://doi.org/10.1016/j.agee.2024.109182.

Li XL, Ma YQ, Duan CW, Chai Y, Xu WY (2024) Effects of fertilization and reseeding on biomass and
species diversity of patchy degraded alpine meadows with different slope directions. Chinese
Journal of Grassland 46(5): 1-13. https://link.cnki.net/doi/10.16742/j.zgcdxb.20220309. (in
Chinese).

Li YK, Du YG, Zhang ZZ, Lin L, Guo XW, Zhang FW, Li Q, Zhou HK, Cao GM (2017) Research
progresses on seed reseeding to recover the degraded grassland. Acta Agrestia Sinica 25(6): 1171-

Page 13/23



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

1177. https://doi.org/10.11733/j.issn.1007-0435.2017.06.002. (in Chinese).

Li YY, Dong SK, Liu SL, Zhou HK, Gao QZ, Cao GM, Wang XX, Su XK, Zhang Y, Tang L, Zhao HD, Wu XY
(2015) Seasonal changes of CO,, CH, and N,O fluxes in different types of alpine grassland in the
Qinghai-Tibetan Plateau of China. Soil Biology and Biochemistry 80: 306-314.
https://doi.org/10.1016/j.s0ilbio.2014.10.026.

Liu G (1996) Soil physical and chemical analysis and description of soil profles. China Standard
Press, Beijing. (in Chinese).

Liu SX, An H, Zhang XW, Xing BB, Wen ZL, Wang B (2023a) Effects of nitrogen and phosphorus
addition on soil nutrient content and stoichiometry in desert grassland. Environmental Science
44(5): 2724-2734. https://link.cnki.net/doi/10.13227/j.hjkx.202205072. (in Chinese).

Liu YX, Lu JH, Cui L, Tang ZH, Ci DW, Zou XX, Zhang XJ, Yu XA, Wang YF, Si T (2023b) The
multifaceted roles of Arbuscular Mycorrhizal Fungi in peanut responses to salt, drought, and cold
stress. BMC Plant Biology 23: 36. https://doi.org/10.1186/s12870-023-04053-w.

Liu Z, Lan J, Li W, Ma HB (2023c) Reseeding improved soil and plant characteristics of degraded
alfalfa (Medicago sativa) grassland in loess hilly plateau region, China. Ecological Engineering 190:
106933. https://doi.org/10.1016/j.ecoleng.2023.106933.

Lu P, Zheng LQ, Sun JJ, Liu HM, Li SP, Hong Q, Li WJ (2012) Burkholderia zhejiangensis sp nov., a
methyl-parathion-degrading bacterium isolated from a wastewater-treatment system. International
Journal of Systematic and Evolutionary Microbiology 62: 1337-1341.
https://doi.org/10.1099/ijs.0.035428-0.

Ma FF, Zhang FY, Quan Q, Wang JS, Chen WN, Wang BX, Zhou QP, Niu SL (2021) Alleviation of light
limitation increases plant diversity and ecosystem carbon sequestration under nitrogen enrichment
in an alpine meadow. Agricultural and Forest Meteorology 298: 108269.
https://doi.org/10.1016/j.agrformet.2020.108269.

Mi WT, Zheng H, Chi Y, Ren WB, Zhang WY, Zhang HX, Liu YL, Yuan F (2024) Reseeding inhibits
grassland vegetation degradation - Global evidence. Agriculture Ecosystems and Environment 374:
109144. https://doi.org/10.1016/j.agee.2024.109144.

Niu SL, Wu MY, Han Y, Xia JY, Li LH, Wan SQ (2008) Water-mediated responses of ecosystem carbon
fluxes to climatic change in a temperate steppe. New Phytologist 177: 209-219.
https://doi.org/10.1111/j.1469-8137.2007.02237 .x.

Niu SL, Wu MY, Han Y, Xia JY, Zhang Z, Yang HJ, Wan SQ (2010) Nitrogen effects on net ecosystem
carbon exchange in a temperate steppe. Global Change Biology 16: 144-155.
https://doi.org/10.1111/j.1365-2486.2009.01894.x.

Oliver V, Cochrane N, Magnusson J, Brachi E, Monaco S, Volante A, Courtois B, Vale G, Price A, Teh
YA (2019) Effects of water management and cultivar on carbon dynamics, plant productivity and

biomass allocation in European rice systems. Science of the Total Environment 685: 1139-1151.
https://doi.org/10.1016/j.scitotenv.2019.06.110.

Page 14/23



43.

44,

45.

46.

47.

48.

49.

50.

o1.

92.

Pal G, Saxena S, Kumar K, Verma A, Sahu PK, Pandey A, White JF, Verma SK (2022) Endophytic
Burkholderia: Multifunctional roles in plant growth promotion and stress tolerance. Microbiological
Research 265: 127201. https://doi.org/10.1016/j.micres.2022.127201.

Pan QM, Yang YH, Huang JH (2023) Limiting factors of degraded grassland restoration in china and
related basic scientific issues. Bulletin of National Natural Science Foundation 37: 571-579.
https://link.cnki.net/doi/10.16262/j.cnki.1000-8217.2023.04.002. (in Chinese).

Peix A, Mateos PF, Rodriguez-Barrueco C, Martinez-Molina E, Velazquez E (2001) Growth promotion
of common bean (Phaseolus vulgaris L.) by a strain of Burkholderia cepacian under growth chamber
conditions. Soil Biology and Biochemistry 33: 1927-1935. https://doi.org/10.1016/S0038-
0717(01)00119-5.

Pereira P, Bogunovic I, Munoz-Rojas M, Brevik EC (2018) Soil ecosystem services, sustainability,
valuation and management. Current Opinion in Environmental Science and Health 5: 7-13.
https://doi.org/10.1016/j.coesh.2017.12.003.

Ratnaningsih HR, Noviana Z, Dewi TK, Loekito S, Wiyono S, Gafur A, Antonius S (2023) IAA and ACC
deaminase producing-bacteria isolated from the rhizosphere of pineapple plants grown under
different abiotic and biotic stresses. Heliyon 9: e16306.
https://doi.org/10.1016/j.heliyon.2023.e16306.

Reis VM, Estrada-de los Santos P, Tenorio-Salgado S, Vogel J, Stoffels M, Guyon S, Mavingui P,
Baldani VLD, Schmid M, Baldani JI, Balandreau J, Hartmann A, Caballero-Mellado J (2004)
Burkholderia tropica sp nov., a novel nitrogen-fixing, plant-associated bacterium. International
Journal of Systematic and Evolutionary Microbiology 54: 2155-2162.
https://doi.org/10.1099/ijs.0.02879-0.

Shi JY, Gong JR, Baoyin TT, Luo QP, Zhai ZW, Zhu CC, Yang B, Wang B, Zhang ZH, Li XB (2021) Short-
term phosphorus addition increases soil respiration by promoting gross ecosystem production and
litter decomposition in a typical temperate grassland in northern China. Catena 197, 104952.
https://doi.org/10.1016/j.catena.2020.104952.

Shi LA, Lin ZR, Tang SM, Peng CJ, Yao ZY, Xiao Q, Zhou HK, Liu KS, Shao XQ (2022) Interactive
effects of warming and managements on carbon fluxes in grasslands: A global meta-analysis.
Agriculture Ecosystems and Environment 340: 108178.
https://doi.org/10.1016/j.agee.2022.108178.

Teng YQ, Li BB, Wang YG, Sun J, Yu YX, Yan D (2008) Exploit and use southern grassland properly to
accelerate the development of stockbreeding. China Animal Husbandry and Veterinary Medicine
35(4): 136-140. https://www.chvm.net/CN/Y2008/V1/14/136. (in Chinese).

van der Putten WH, Bardgett RD, Bever JD, Bezemer TM, Casper BB, Fukami T, Kardol P, Klironomos
JN, Kulmatiski A, Schweitzer JA, Suding KN, Van de Voorde TFJ, Wardle DA (2013) Plant-soil
feedbacks: the past, the present and future challenges. Journal of Ecology 101: 265-276.
https://doi.org/10.1111/1365-2745.12054.

Page 15/23



53.

o4.

99.

56.

57.

58.

59.

60

61.

62.

63.

Wang D, Chen J, Felton AJ, Xia LL, Zhang YF, Luo YQ, Cheng XL, Cao JJ (2021) Post-fire co-
stimulation of gross primary production and ecosystem respiration in a meadow grassland on the
Tibetan Plateau. Agricultural and Forest Meteorology 303: 108388.
https://doi.org/10.1016/j.agrformet.2021.108388.

Wang D, Wu GL, Liu Y, Yang Z, Hao HM (2015) Effects of grazing exclusion on CO, fluxes in a steppe

grassland on the Loess Plateau (China). Ecological engineering: The Journal of Ecotechnology 83:
169-175. https://doi.org/10.1016/j.ecoleng.2015.06.017.

Wang DJ, Zhou HK, Yao BQ, Wang WY, Dong SK, Shang ZH, She YD, Ma L, Huang XT, Zhang ZH,
Zhang Q, Zhao FY, Zuo J, Mao Z (2020) Effects of nutrient addition on degraded alpine grasslands of
the Qinghai-Tibetan Plateau: A meta-analysis. Agriculture Ecosystems and Environment 301:
106970. https://doi.org/10.1016/j.agee.2020.106970.

Wang J, Wang XT, Liu GB, Wang GL, Wu Y, Zhang C (2020) Fencing as an effective approach for
restoration of alpine meadows: Evidence from nutrient limitation of soil microbes. Geoderma 363:
114148. https://doi.org/10.1016/j.geoderma.2019.114148.

Wang XT, Wang W, Liang CZ, Liu ZL (2015) Using positive interaction ecology to explain grassland
degradation induced by overgrazing. Chinese Science Bulletin 60(Z2): 2749-2799.
https://doi.org/10.1360/N972015-00041. (in Chinese).

Wang YY, Xiao JF, Ma YM, Ding JZ, Chen XL, Ding ZY, Luo YQ (2023) Persistent and enhanced carbon
sequestration capacity of alpine grasslands on Earth's Third Pole. Science Advances 9: ade6875.
https://doi.org/10.1126/sciadv.ade6875.

Wen C, Shan YM, Xing TT, Liu L, Yin GM, Ye RH, Liu XC, Chang H, Yi FY, Liu SB, Zhang PJ, Huang JH,
Baoyin T (2024) Effects of nitrogen and water addition on ecosystem carbon fluxes in a heavily
degraded desert steppe. Global Ecology and Conservation 52: e02981.
https://doi.org/10.1016/j.gecco.2024.e02981.

. Wu JP, Liu ZF, Sun YX, Zhou LX, Lin YB, Fu SL (2013) Introduced Eucalyptus Urophylla plantations

change the composition of the soil microbial community in subtropical China. Land Degradation and
Development 24: 400-406. https://doi.org/10.1002/1dr.2161.

Wu Q, Ren HY, Bisseling T, Chang SX, Wang Z, Li YH, Pan ZL, Liu YH, Cahill JF, Cheng X, Zhao ML,
Wang ZW, Li ZG, Han GD (2021) Long-term warming and nitrogen addition have contrasting effects
on ecosystem carbon exchange in a desert steppe. Environmental Science and Technology 55:
7256-7265. https://doi.org/10.1021/acs.est.0c06526.

Xiao C, Zou H, Fan J, Zhang F, Li Y, Sun S, Pulatov A (2021) Optimizing irrigation amount and
fertilization rate of drip-fertigated spring maize in northwest China based on multi-level fuzzy
comprehensive evaluation model. Agricultural Water Management 257: 107157.
https://doi.org/10.1016/j.agwat.2021.107157.

Xiao H, Wang B, Lu SB, Chen DM, Wu Y, Zhu YH, Hu SJ, Bai YF (2020) Soil acidification reduces the
effects of short-term nutrient enrichment on plant and soil biota and their interactions in grasslands.
Global Change Biology 26: 4626-4637. https://doi.org/10.1111/gcb.15167.

Page 16/23



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Xu DH, Mou WB, Wang XJ, Zhang RY, Gao TP, Ai DXC, Yuan JL, Zhang RY, Fang XW (2022) Consistent
responses of ecosystem CO, exchange to grassland degradation in alpine meadow of the Qinghai-
Tibetan Plateau. Ecological Indicators 141: 109036. https://doi.org/10.1016/j.ecolind.2022.109036.

Xu XT, Liu HY, Song ZL, Wang W, Hu GZ, Qi ZH (2015) Response of aboveground biomass and
diversity to nitrogen addition along a degradation gradient in the Inner Mongolian steppe, China.
Scientific Reports 5: 10284. https://doi.org/10.1038/srep10284.

Yan HL, Gu SS, Li SZ, Shen WL, Zhou XL, Yu H, Ma K, Zhao YG, Wang YC, Zheng H, Deng Y, Lu GX
(2022) Grass-legume mixtures enhance forage production via the bacterial community. Agriculture
Ecosystems and Environment 338: 108087. https://doi.org/10.1016/j.agee.2022.108087.

Yang ZZ, Zhang CP, Dong QM, Yang XX, Chu H, Li XA, We LN, Zhang YF (2018) Effects of reseeding
on plant community composition and diversity of moderately degraded alpine grassland in Qinghai
Tibetan plateau. Acta Agrestia Sinica 26(5): 1071-1077. https://doi.org/10.11733/j.issn.1007-
0435.2018.05.005. (in Chinese).

Zeng WJ, Wang W (2015) Combination of nitrogen and phosphorus fertilization enhance ecosystem
carbon sequestration in a nitrogen-limited temperate plantation of Northern China. Forest Ecology
and Management 341: 59-66. https://doi.org/10.1016/j.foreco.2015.01.004.

Zhang KF, Zhong YJ, Sun LL, Liao H (2021) Plant-associated beneficial Burkholderia. Acta

Microbiologica Sinica 61(8): 2205-2218. https://link.cnki.net/doi/10.13343/j.cnki.wsxb.20200562.
(in Chinese).

Zhang MY, Liu YP, Yang GM, Zhang Y, Huang MF, Xue SM (2020) Response to allelopathic effect of
different tissues of Trifolium repens during flowering period on Dactylis glomerata seedlings.
Southwest China Journal of Agricultural Sciences 33(9): 1943-1949.
https://link.cnki.net/doi/10.16213/j.cnki.scjas.2020.9.010. (in Chinese).

Zhang, PQ, Yu TQ, Shan D, Yan RR, Zhang LY, Wang JJ, Wuren Q (2024) Investigation into the effects
of different restoration techniques on the soil nutrient status in degraded Stipa grandis grassland.
Agronomy-Basel 14: 57. https://doi.org/10.3390/agronomy14010057.

Zhang R, Yang W, Wang W, Ren J, Tian JF, Liu L, Ma XL (2022) Effects of reseeding on forage
nutrition and physical and chemical properties of' degraded alpine meadow soils. Pratacultural
Science 39(6): 1059-1068. https://doi.org/10.11829/j.issn.1001-0629.2021-0446. (in Chinese).
Zhang TA, Chen HYH, Ruan HH (2018) Global negative effects of nitrogen deposition on soil
microbes. The ISME Journal 12: 1817-1825. https://doi.org/10.1038/s41396-018-0096-y.

Zhang XY, Zhang J, Chen X, Chao LM, Xi YQ, Jin J, Feng CX, Hunusitu, Zhang TY, Wang YR (2024)
Effects of different remediation measures on the restoration of degraded grassland. Animal
Husbandry and Feed Science 45(2): 45-49. https://doi.org/10.12160/j.issn.1672-5190.2024.02.006.
Zong N, Shi PL (2019) Enhanced community production rather than structure improvement under

nitrogen and phosphorus addition in severely degraded alpine meadows. Sustainability 11: 106361.
https://doi.org/10.3390/su11072023.

Page 17/23



Figures

o] AGB (Z-score)
2 a 5
L DT{ ——o—
21l e
bl '
2 i
$ D | ———
O H
1 : T
-1 0 1
Effect size
» AGB (Z-score)
g d |
@ NPy i ——=
[ \
o A
i NPy —e—
= '
'E NP1 .+
s J v -
-1 0 1 2
Effect size
1%} AGB (Z-score)
[ 1
> g i
= B1207 ——
g i
S Beo B
e ;
£ Bao] o
@ T T
-2 -1 0
Effect size
Figure 1

Fertilization levels

Burkholderia levels

3 BGB (Z-score) i TB (Z-score)
£ o | £ [c |
2 DT E—u 2 DT+ -—o—
2 T{ g T —te—
3 : 2 !
% D- b —e— 9 DA P —e—
' Q 1
14 ' . . x ; : :
-1 0 1 2 3 -1 0 1 2
Effect size Effect size
BGB (Z-score) » TB (Z-score)
H [7] 1
NP S 1 —e— R A R——
H c ;
NPy | —e— %NPM— P —e—
NP —e— ENP | —e—
; w E , :
-1 0 1 2 3 -1 0 1 2
Effect size Effect size
BGB (Z-score) % TB (Z-score)
: > i ;
Bi207 = < Brao™ P ——
‘ b~ ]
BGO_ E —l— ;‘g— BBO_ E ——
: s} :
; < PN
By i@ T By T ®
l\ T T m : T T
-1 0 1 2 3 -1 0 1 2
Effect size Effect size

@ Negative effect (P<0.05)
@ Negative effect (P> 0.05)
@ Positive effect (P

-0.05)

@ Positive effect (P< 0.05)

Effects of experimental treatments on Z-Score transformed AGB, BGB, and TB. a, AGB under reseeding;
b, BGB under reseeding; ¢, TB under reseeding; d, AGB under fertilization; e, BGB under fertilization; f, TB
under fertilization; g, AGB under Burkholderia sp. addition; h, BGB under Burkholderia sp. addition; i, TB
under Burkholderia sp. addition. Linear mixed-effects models were applied to calculate the estimated
effect size. Wald type Il x2 tests are applied to determine statistical significance. The estimated effect
sizes are represented as mean values + standard errors. Significant effects are denoted by asterisks: * P
< 0.05.

Page 18/23



g DOC (Z-score) 3 NO3™-N (Z-score)
£ __|a = b
S DTH E & NP E *x—Q—
; c :
= S NPy :
O ' © '
@ : N :
4 DI i —e—= | ENP{ o
(b} ' ) '
e : | | L |l T
-1 0 1 2 3 -1 0 1 2
Effect size Effect size
3 AP (Z-score)
= C
GE) NPH_ ¥k il
-
-% NP —O—
% NP, - x —— @ Positive effect (P < 0.05)
T , [
0 1 2 3
Effect size

Figure 2

Effects of experimental treatments on Z-Score transformed Soil physicochemical. a, DOC under
reseeding b, NO5™-N under fertilization; c, AP under fertilization. Linear mixed-effects models were

applied to calculate the estimated effect size. Wald type Il X2 tests are applied to determine statistical
significance. The estimated effect sizes are represented as mean values * standard errors. Significant
effects are denoted by asterisks: * P< 0.05, ** P< 0.01.
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Effects of experimental treatments on Z-Score transformed NEE, ER, and GPP. a, NEE under reseeding; b,
ER under reseeding; ¢, GPP under reseeding; d, NEE under fertilization; e, ER under fertilization; f, GPP
under fertilization; g, NEE under Burkholderia sp. addition; h, ER under Burkholderia sp. addition; i, GPP
under Burkholderia sp. addition. Linear mixed-effects models were applied to calculate the estimated
effect size. Wald type Il x2 tests are applied to determine statistical significance. The estimated effect
sizes are represented as mean values + standard errors. Significant effects are denoted by asterisks: *
P<0.05,* P<0.01, *** P<0.001.
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Figure 4

Relationships between ecosystem carbon fluxes with soil physicochemical factors under different
experimental treatments. a, Regression analysis of GPP and DOC under reseeding; b, Regression
analysis of GPP and AP under fertilization. The grey area represents the 95% confidence interval.
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Figure 5

Relationship between ecosystem carbon fluxes with grassland biomass under different experiment
treatments. a, Regression analysis of NEE and TB under reseeding; b, Regression analysis of GPP and

BGB under reseeding; ¢, Regression analysis of GPP and TB under reseeding; d, Regression analysis of

NEE and TB under fertilization; e, Regression analysis of ER and BGB under fertilization; f, Regression

analysis of GPP and BGB under fertilization; g, Regression analysis of GPP and TB under fertilization; h,
Regression analysis of GPP and BGB under Burkholderia sp. addition; i, Regression analysis of GPP and
TB under Burkholderia sp. addition. The grey area represents the 95% confidence interval.
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