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1. Introduction

Grassland degradation disrupts microbial nutrient cycling, yet the role of

nitrogen (N) limitation in regulating soil organic carbon (SOC) dynamics
during restoration remains poorly understood. Here, 10 years of active
(sowing of seeds of native plants) and passive restoration (sand barrier
protection) in degraded grasslands on the Qinghai-Tibetan Plateau are
compared. Restoration impacts are assessed by integrating microbial
metabolic traits such as stoichiometry-based nutrient limitation and C use

Grasslands play a critical role as terrestrial
carbon (C) sinks, containing roughly 20%
of the world’s soil organic C (SOC).['2!
However, approximately half of all global
grasslands are degraded, and on the
Qinghai-Tibetan Plateau (QTP), the degra-
dation exceeds 90%.0* Degradation typi-

efficiency (CUEg;) with SOC fractionation, which considers both POC and
MAOOC). Active restoration reduces microbial N limitation by 44-71%, driving
a 291-467% increase in SOC stocks, from 0.81 to 3.15 kg m~2 in topsoil and
0.54 to 3.08 kg m~2 in subsoil. It also reduces CUEg; by 54% in topsoil and
34% in subsoil, boosting POC by 483-557% and MAOC by 621-1,071%.
MAOC dominates SOC accumulation, exceeding POC by 2.3-7.2 times. The

cally reduces vegetation cover, productivity,
and SOC.B! Strategies for preventing grass-
land degradation and restoring soil C stocks
have attracted extensive scientific attention.

Grassland restoration can be achieved
through active or passive approaches.[®
Active restoration employs direct inter-

CUEg; reduction aids POC transformation into MAOC, stabilizing SOC
storage. In contrast, passive restoration slightly reduces N limitation by
36-39% and CUE; by 10-23%, but failed to enhance C fractions or SOC
stocks due to persistent nutrient constraints. The findings demonstrate that
alleviating microbial N limitation by active restoration is critical for stabilizing

SOC through MAOC accumulation.

ventions, including planting, seeding, soil
amendments, and supplementary manage-
ment techniques, to accelerate ecosystem
recovery. For example, seeding in degraded
areas overcomes seed dispersal limitations
and promotes more effective restoration.!”!
Passive grassland restoration, sometimes
referred to as natural regeneration, is char-
acterized by minimal human involvement.
This approach focuses on removing the primary drivers of on-
going degradation, enabling the ecosystem to recover naturally
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through existing seed banks and ecological processes.®! Stud-
ies have demonstrated that the relative effectiveness of active vs
passive restoration can depend on conditions. Both active and
passive restoration approaches have enhanced soil C storage;[®°!
active restoration tends to enhance SOC to a greater extent
in severely degraded, C-poor soils and topsoil, whereas pas-
sive restoration can be more effective in C-rich soils and sub-
soil horizons.[®] Additionally, active restoration often restores
degraded grasslands faster than passive restoration. For in-
stance, multispecies plantings restored SOC stocks within 13-17
years,[1%l whereas passive succession may require many decades
to return to pre-degradation levels.l''"13] These observations sug-
gest that the outcome of restoration strategies depends on spe-
cific environmental factors which influence how quickly C stocks
can recover. However, the processes by which active and passive
restoration strategies facilitate C sequestration have yet to be fully
clarified.

The nutrient status of soil, especially nitrogen (N), strongly
regulates microbial C use efficiency (CUE), which influences how
C is partitioned between the labile and stable soil pools. CUE is
the fraction of C used by microbes for biomass growth, rather
than being respired.'*] Under N limitation, microbes must di-
vert more C to produce N-acquiring enzymes and other nutrients,
which lowers CUE and causes more C to be lost as CO,.l">! Con-
versely, when N is abundant, microbes can invest a greater share
of substrate C into growth, raising CUE and reducing respiratory
C losses.['®] SOC occurs in two contrasting forms: particulate or-
ganic C (POC) and mineral-associated organic C (MAOC). POC
consists of relatively labile debris and biomass, while MAOC is
the much more persistent fraction that is physically or chemi-
cally bound to soil minerals.!'”] Importantly, high microbial CUE
tends to drive more of the decomposed C into microbial biomass
that can become stabilized as MAOC, whereas low CUE leaves
more C respired or retained as transient POC. For example, Guo
et al. (2025) reported that adding N-fixing legumes to grassland
lowered the soil’s C:N ratio and raised microbial CUE, which led
to an increase of 5.7% in total SOC and 7.4% in MAOC when
compared to the grassland areas that lacked legumes.'®) Overall,
microbial CUE provides a key mechanism connecting soil nutri-
ents to SOC stabilization.

Grassland restoration practices alter the way nutrients affect
CUE and C partitioning. Active restoration increases soil N
rapidly and relieves the N stress that microbes experience.[') For
instance, adding N-fixing legumes or seeding degraded grass-
land improves soil fertility and N availability, which boosts mi-
crobial CUE and accelerates C turnover. Roa-Fuentes et al. (2013)
demonstrated that planting legumes enhanced N cycling and mi-
crobial biomass N (MBN), whereas grazing exclusion mainly en-
riched labile C and N pools, such as litter and microbial biomass
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C (MBC).2% Similarly, Lu et al. (2023) found that seeding in an
arid steppe yielded higher soil-quality indices than simple ex-
clusion, indicating faster recovery of soil C and nutrients.?!l In
contrast, passive restoration, which enables natural vegetation re-
covery, raises N and soil fertility more gradually. Initially, in this
natural process, litter and microbial biomass build up, leading
to higher POC levels. Since decomposition is slow, the soil con-
tains more labile C at first.2%) Over time, nutrient cycling and
CUE increase under passive recovery, but if N remains limiting
for long periods, MAOC formation can lag, potentially leaving
SOC more vulnerable to loss. Therefore, the key factors regulat-
ing the effectiveness of active versus passive restoration for soil C
sequestration remain uncertain. Addressing this gap is essential
for predicting the long-term SOC outcomes of grassland recov-
ery. However, despite the recognized importance of microbial N
limitation in SOC dynamics, the mechanisms linking N availabil-
ity, microbial CUE, and SOC stabilization during restoration re-
main poorly understood.!??] This gap persists because most stud-
ies have either focused on short-term restoration,?*! lacked con-
comitant measurements of microbial CUE and SOC fractions
and/or did not compare active versus passive restoration under
highly degraded conditions.[?*! Specifically, few field-based stud-
ies have investigated the link between restoration and carbon (C)
redistribution in a mechanistic way. This gap includes compar-
ing how active and passive restoration in severely degraded alpine
systems affect microbial N limitation, C use efficiency (CUE), and
the transformation of C between particulate organic C (POC) and
mineral-associated organic C (MAOC) across soil depths.

To elucidate the origins of these differences, microbial CUE,
C pools, and nutrient limitations were assessed in extremely de-
graded grasslands subjected to both passive and active restora-
tion on the QTP for at least a decade. We measured soil mi-
crobial CUE (using a stoichiometry-based community-level es-
timate, CUEg;), SOC fractions (POC and MAOC), and nutrient
limitations.!?>2¢ The following questions were addressed: 1) does
long-term active restoration lead to greater SOC accumulation
than passive restoration in extremely degraded alpine grasslands,
and 2) does active restoration alleviate microbial N limitation and
enhance CUE, leading to a greater conversion of POC to MAOC,
more effectively than passive restoration? We propose the follow-
ing hypotheses: i) active restoration results in greater SOC accu-
mulation than passive restoration after at least 10 years of im-
plementation in extremely degraded alpine grasslands; ii-a) ac-
tive restoration alleviates microbial N limitation more effectively
than passive restoration; and ii-b) as a consequence of reduced N
limitation and enhanced microbial activity, active restoration ac-
celerates the microbial transformation of labile POC into stable
MAOC to a greater extent than passive restoration, resulting in
greater SOC stability. By linking microbial stoichiometry (CUE)
and nutrient limitation to SOC fractions, this study provides new
mechanistic insight into how restoration strategies regulate long-
term C sequestration in alpine grasslands.

2. Results

2.1. Effects of Restoration Type on Soil C Cycling

Actively restored grassland had greater (p < 0.05) SOC stock than
degraded grassland - by 291% in the topsoil and 467% in the
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Figure 1. The effects of active and passive restoration on a) soil organic C stocks, b) soil microbial C use efficiency (CUEsy), c) particulate organic C
(POC), and d) mineral-associated organic C concentration (MAOC). Data are presented as mean + SE. Means with different letters differ from each

other (p < 0.05).

subsoil (Figure 1a); however, SOC stocks did not differ (p > 0.05)
between passively restored and degraded grasslands (Figure 1a).
CUEg; declined with both restoration strategies, displaying a
moderate decrease with passive restoration of 23% in topsoil and
10% in subsoil, but a significant decrease (p < 0.05) with ac-
tive restoration of 54% in topsoil and 34% subsoil (Figure 1b).
These patterns emphasize the distinct impacts of active and pas-
sive restoration on SOC dynamics and microbial functionality.

POC and MAOC were greater (p < 0.05) in actively restored
than degraded grasslands by 483% and 557% in the topsoil and
621% and 1071% in the subsoil, respectively (Figure 1c,d). In con-
trast, POC and MAOC did not differ (p > 0.05) between passively
restored and degraded grasslands (Figure 1c,d).

2.2. Soil Enzyme Activity and Microbial Nutrient Limitation

Phosphorus-acquisition enzyme acid/alkaline phosphatase (AP)
was greater (p < 0.05) in actively restored than degraded grass-
lands by 2689% in topsoil and 5711% in subsoil; C-acquisition
enzymes f-glucosidase (fG) and cellobiohydrolase (CBH) were
greater by 1770% and 8470% in topsoil, and 8647% and 13950%
in subsoil, respectively; and N-acquisition enzymes leucine
aminopeptidase (LAP), B-N-acetylglucosaminidase (NAG), and
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urease (UE) were greater by 208%, 367%, and 977% in the top-
soil and subsoil (Figure S1a, Supporting Information). In con-
trast, extracellular enzyme activity (EEA) did not differ between
passively restored and degraded grasslands (Figure S1, Support-
ing Information). Degraded grassland had greater EEA.;, than
the restored grasslands, indicating elevated microbial N demand
(Figure S1, Supporting Information).

Topsoil and subsoil EEA_.., were greater by 484% and 2428%,
respectively, in actively restored than degraded grasslands, re-
flecting heightened microbial C demand. In passively restored
grassland, EEA in the subsoil was 1373% greater (p < 0.05)
than in degraded grassland (Figure S1b, Supporting Informa-
tion). The enzyme vector angles were greater (p < 0.05) in pas-
sively restored (topsoil: 42.1, subsoil: 36.0) than degraded grass-
land (topsoil: 30.8, subsoil: 25.9) by 36% and 39% in the topsoil
and subsoil, respectively; and were greater (p < 0.05) in actively
restored (topsoil: 44.4, subsoil: 44.2) than degraded grassland by
44% and 71% in the topsoil and subsoil, respectively, Figure S1a,
Supporting Information). This suggests that, compared to de-
graded grassland, both passive and active restoration had lesser
microbial N limitation.

Relative to the degraded site, both restoration approaches al-
tered enzyme stoichiometric ratios, which reflect microbial nutri-
tional status (Figure 2b). To assess microbial nutrient limitation
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Figure 2. a) The effects of active and passive grassland restoration on soil enzyme vectors (means + SE). b) Scatter plot depicting microbial resource
constraints based on soil enzymatic stoichiometry. Means with different letters differ from each other (p < 0.05). D: degraded, PR: passive restoration,

AR: active restoration.

in the soil, we used nutritional limitation parameters based on
ecological enzyme activity stoichiometry. Vector analysis provides
a relative measure of nutrient limitation: longer vector lengths
indicate greater C limitation, angles greater than 45° indicate P
limitation, and angles less than 45° indicate N limitation.?’] In
the degraded grassland, N limitation for soil microbes was rel-
atively severe in both topsoil and subsoil, but it was alleviated
under both passive and active restoration (Figure 2a,b). Notably,
while active restoration reduced the degree of microbial N limi-
tation, it slightly increased C limitation (Figure 2b).

2.3. The Drivers of SOC Stocks

To test linear relationships between microbial and soil variables,
we performed Pearson correlation analysis between microbial
CUEgy, enzyme vector angle and length, POC, MAOC, and SOC
stocks. Under both restoration approaches, SOC stocks were cor-
related positively with enzyme vector angle (p < 0.01), POC (p
< 0.01), and MAOC (p < 0.01), but negatively with microbial
CUEg; (passive restoration, p < 0.05, active restoration, p < 0.01,
Figure 3a,b). Additionally, soil enzyme vector angle, POC, and
MAOC were correlated positively (p < 0.05) with both passive
and active restoration, while CUEg was correlated negatively (p
< 0.05) with all three variables (Figure 3a,b). Soil enzyme vector
angle was correlated positively with SOC stocks, total dissolved
nitrogen (TDN), microbial biomass carbon (MBC), and microbial
biomass nitrogen (MBN), but negatively with soil bulk density
(BD) (Figure 3b).

To identify and rank the most important predictors of SOC
stocks under each restoration type, we employed a random for-
est model with 1000 trees, including POC, MAOC, bulk density
(BD), CUEgy, and enzyme vector metrics. Based on random for-
est modeling, vector angle and POC were the most important fac-
tors influencing SOC stocks, followed by MAOC, TDN, and DOC
in passive restoration (Figure 3c), while BD, CUEgy, and vector
angle were the main factors driving SOC stock, followed by POC,
MBC, and MAOC in active restoration (Figure 3d).
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To test hypothesized causal pathways linking microbial N lim-
itation, microbial CUE, SOC fractions, and total SOC, we gener-
ated a structural equation model (SEM) and evaluated model fit
using chi-square statistics. The SEM analysis revealed that lower
CUEg; was driven by enzyme vector angle, indirectly increasing
SOC stocks under active restoration. In active restoration, the re-
duction in CUEg; facilitated SOC stock increases by promoting
POC accumulation and its transformation into MAOC (Figure 4).

3. Discussion

Active restoration increases SOC in degraded alpine grasslands
to a greater extent than passive restoration, mainly due to a sub-
stantial rise in MAOC in subsoil under active restoration. En-
hanced CUEgy, driven by reduced microbial N limitation, pro-
moted the conversion of POC into MAOC. Although the reduced
CUEy; altered the way microbes allocated resources, it was linked
to an increase in both microbial biomass and the formation of
MAOC. In contrast, passive restoration alleviated N limitation
only slightly and failed to increase SOC, POC, or MAOC. These
findings indicate that, by addressing microbial nutrient deficits,
active restoration stabilized more C in the soil. This study inte-
grates measurements of SOC fractions, microbial enzyme sto-
ichiometry, and CUE, providing new insights into the mecha-
nisms by which active versus passive restoration influences soil
C accumulation.

3.1. Active, Rather than Passive, Restoration Enhanced SOC
Stocks by Alleviating Soil Microbial N Limitation

Active restoration generally led to faster and larger gains in soil C
and nutrient status than passive restoration. For example, global
studies reported that restoration of degraded sites increased
SOC substantially more than the degraded statel?*] while meta-
analyses concluded that active measures tended to boost SOC
more than passive measures.[?®! In dryland meta-analyses, ac-
tive restoration consistently improved soil C, whereas passive soil
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Figure 3. Correlations between soil enzyme vectors, SOC stocks, SOC component pools (POC and MAOC), and soil properties under passive a) and
active c) restorations. Random forest modelling estimates of the importance of predictors of soil enzyme vector angle, microbial CUEgy, and SOC
components on SOC stocks under passive b) and active d) restorations. The insets (the circle) in (c) and (d) represent the relative contributions of

soil (purple), microbial (blue), and irrelevant (gray) to the variability of SOC stocks in passive and active restorations.

*1p <0.05 7 p<0.01, " p

< 0.001. The relative importance of predictors was estimated by the percentage increase in the mean square error (%MSE). Significance levels: “p <
0.05. Network graphs displaying Pearson correlation coefficients between variables. Length: soil enzyme vector length, Angle: soil enzyme vector angle,

CUEg: microbial C use efficiency, BD: bulk density, SM: soil moisture, pH:

soil pH, MBC: soil microbial biomass C, MBN: soil microbial biomass N,

DOC: soil dissolved organic C, TDN: soil total dissolved N, POC: particulate organic C, MAOC: mineral-associated organic C.

restoration often produced only weak or even negative gains.!?52]
In the present study, active restoration increased SOC stocks,
consistent with previous studies demonstrating its effectiveness
for C storage.[?! This increase was driven by the alleviation of
microbial N limitation, as both passive and active restoration re-
duced N constraints, but active restoration did so more effectively.
Active restoration in the present study included planting the
leguminous species Melissitus ruthenica, which was still present

during our survey (Table S1, Supporting Information). The pres-
ence of this legume likely contributed to biological N fixation in
the soil, providing additional N inputs that helped relieve mi-
crobial N limitation and supported greater microbial activity and
SOC stabilization.?®] This was supported by strong correlations
between soil enzyme vector angle (indicative of reduced micro-
bial N limitation) and increases in SOC stocks, TDN, MBC, and
MBN, as well as reductions in soil BD. In addition, soil bulk den-
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sity was reduced with active restoration, likely reflecting greater
root activity and soil aggregation, which can improve soil struc-
ture and enhance plant productivity, further boosting C inputs.>!]

In the present study, both restoration treatments reduced mi-
crobial N-limitation (as indicated by enzyme stoichiometry), but
the effect was stronger under active than passive restoration. This
agrees with other reports that vegetation restoration boosts N-
cycling enzymes and soil N availability.*?! For example, grassland
restoration can increase N-acquiring enzyme activities, which en-
able microbes to overcome N scarcity. Because active restoration
typically accelerates plant growth and organic inputs, it tends to
build up total soil N (e.g., total dissolved N, microbial N biomass,
Table S2, Supporting Information) more rapidly than passive re-
covery.

Enzyme stoichiometry further reflected shifts in microbial
nutrient demands. Active restoration increased extracellular

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. Structural equation model (SEM) examining the standard total effects of soil enzyme vector angle, vector length, CUEs, POC, and MAOC
on SOC stocks under passive and active restoration. Solid red and blue arrows represent negative and positive standard path coefficients (p < 0.05),
respectively, and dotted gray arrows represent non- 5|gn|ﬁcant paths (p > 0.05). The thickness of the arrows indicates the strength of the path coefficients.

R? denotes the proportion of variance explained. *, **, and *

enzyme activities (EEAs) associated with C, N, and P cycling to a
greater extent than degraded soils.[**} However, this increase in
EEAs came at the cost of reduced microbial CUEy, as microbes
allocated more resources to enzyme production to acquire C and
nutrients, thereby facilitating the transformation of POC into
MAOC.[?34 Such a trade-off between CUE and enzyme invest-
ment is consistent with ecological theory and has been observed
in other studies,*l where microbes facing nutrient limitation in-
crease resource acquisition at the expense of growth efficiency.
Increased soil moisture in the topsoil (Table S2, Supporting Infor-
mation), a critical limiting factor in degraded grasslands, further
amplified these effects by enhancing microbial activity.** Active
restoration increased root biomass and litter cover, which im-
proved soil water retention!®”! and further amplified enzyme ac-
tivity. The reduction in CUE under active restoration thus played
a crucial role in promoting stable SOC storage through MAOC
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*“* indicate significance at p < 0.05, p < 0.01, and p < 0.001.

accumulation. Greater microbial biomass (MBC and MBN) and
EEAs under active restoration indicated increased microbial pro-
cessing of organic matter,’**#l as was evidenced by the domi-
nance of MAOC in SOC accumulation. Microbial enzymes facil-
itated the breakdown of organic matter and its aggregation with
soil minerals, forming stable MAOC.*! These processes could
explain the increase in subsoil SOC, as MAOC is inherently more
stable than POC.

3.2. Mechanisms Linking N Limitation Alleviation and C
Stabilization
Active restoration increased SOC stocks primarily through in-

creases in MAOC, which aligns with studies emphasizing
mineral-associated C as a key stable pool.[**] A notable finding
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was the negative correlation between microbial CUEg; and SOC
stocks, while isotope-based studies often reported a positive CUE-
SOC relationship.'***2] Reduced N limitation lowers CUEqr,
increasing SOC through POC accumulation and MAOC con-
version. The SEM confirmed this mechanism: microbial energy
shifted from N acquisition (lower CUEg;) to biomass production
and C mineralization, enhancing MAOC formation.[?! Despite
the high CUE; in degraded soils, low productivity limited stable
SOC formation due to insufficient C inputs. Soil moisture lim-
itations in degraded grasslands further elevated CUEg; by sup-
pressing metabolic rates.[**]

Higher plant productivity and root biomass under active
restoration likely contributed additional organic substrates to
microbes, linking vegetation recovery with microbial SOC
stabilization.!**] For example, the presence of leguminous species
or improved N cycling in restored sites may have provided N
inputs and C substrates, although we did not directly measure
N fixation or plant traits in this study. These enhanced inputs
and nutrient availability can help explain the observed rise in mi-
crobial biomass and stable SOC pools. Notably, POC displayed
smaller gains, highlighting MAOC’s critical role in stabilizing
SOC.**] The increase in microbial biomass and the development
of more stable SOC pools, particularly MAOC, were in line with
the decrease in CUEg;. The accumulation of POC and its sub-
sequent conversion into MAOC were due to the increasing mi-
crobial biomass,[*! which also helped to increase SOC stocks
overall. Active restoration alleviated N limitations, likely linked to
increased N fixation rates. Although POC is generally more sensi-
tive to N availability than MAOC,[#647] active restoration predom-
inantly increased SOC through MAOC.

This contrasts with N-addition studies on the QTP, which re-
ported greater increases in POC than MAOC.[*!l We propose
that this discrepancy between studies arises from fundamen-
tal differences in ecosystem responses between direct N-input
and restoration practices.*’] N-addition stimulates mainly labile
C inputs through enhanced plant productivity and root exuda-
tion, resulting in POC accumulation; while active restoration es-
tablishes self-sustaining nutrient cycles by enhancing microbial
biomass, reducing CUEgy, and accelerating the transformation
of POC into MAOC, ultimately promoting long-term stabiliza-
tion of soil C sequestration.!** The transition from severe to mild
N limitation under restoration shifts microbial contributions to-
ward stable MAOC. This implies that the availability of nutrients,
especially N, is essential for controlling the efficiency of micro-
bial C consumption and, in turn, SOC dynamics.['®! However,
these processes may change with different ecosystem contexts
as the balance between CUE, N limitation, and SOC stabiliza-
tion can be influenced by soil texture, climate, and vegetation

type.

3.3. Differential Responses of POC and MAOC to Restoration
Strategies

POC and MAOC responded differently to restoration approaches,
reflecting distinct roles in soil C cycles. Active restoration in-
creased both fractions, but MAOC increased to a greater extent,
which indicates that microbial stabilization processes responded
strongly to restoration than POC. Vegetation recovery modifies
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rhizosphere microbiota, likely via enhanced symbiotic N fixation
and enzymatic conversion of POC to MAOC."!

By contrast, passive restoration reduced microbial N limita-
tion only slightly but failed to enhance SOC stocks as POC and
MAOC did not increase.l’'*?] The slow natural succession may
have failed to boost plant productivity and microbial activity suffi-
ciently in the nutrient-poor soils. Random forest modelling sup-
ported these findings, identifying soil BD, CUEg;, and enzyme
vector angle as the primary factors influencing SOC stock un-
der active restoration. POC, MBC, and MAOC followed in im-
portance; however, these factors did not lead to increases in SOC
stocks under passive restoration. Under passive restoration, en-
zyme angle and POC had the greatest relative importance, but
since overall SOC did not increase, changes in these factors were
insufficient to build soil C stock. In particular, soil BD played an
important role under active restoration:>3! decreased BD can im-
prove soil physical conditions and increase C inputs, but under
passive restoration, BD remained relatively unchanged, limiting
its influence on SOC.

3.4. Study Implications and Limitations

Our results have important implications for the restoration and
management of degraded grasslands. In the short to medium
term, active restoration strategies (such as planting, fertilization,
or other interventions) may be more effective than passive recov-
ery for sequestering soil C. By alleviating microbial nutrient limi-
tations and boosting microbial processing of organic matter into
stable C pools, active restoration can accelerate soil C accumula-
tion. These findings can benefit the development of conservation
and land management policies aiming to maximize C sequestra-
tion and ecosystem recovery.

We also acknowledge several limitations. First, the 10-year du-
ration of the restoration may be relatively short to capture the full
effects of passive restoration, which often requires longer periods
for changes in SOC stock. Thus, passive restoration might even-
tually lead to larger SOC gains than observed here. Long-term
restoration would be needed to determine whether SOC stocks
in passive restoration sites eventually equal those of active sites.
Second, we did not directly measure vegetation traits (e.g., plant
productivity, species composition, litter quality) or biological N
fixation rates, which are known to influence SOC inputs. Future
work quantifying these plant-driven factors would help disentan-
gle their effects from microbial processes. Third, our method for
assessing microbial nutrient limitation was based on ratios of po-
tential enzyme activities, which provides only a qualitative index.
Enzyme assays measure potential activity under laboratory con-
ditions, not actual in situ rates, and the stoichiometric vector ap-
proach simplifies complex nutrient demands.>* These method-
ological uncertainties mean that any quantitative interpretation
of N limitation relief should be made with caution. Finally, our
findings are specific to the alpine grassland ecosystem. Soil tex-
ture, climate, and restoration practices can all influence microbial
responses and C stabilization, so applying these results to other
locations should be done carefully. Nevertheless, despite these
caveats, our analyses of SOC fractions, enzyme activity, and mi-
crobial CUE provide a useful framework for understanding how
different restoration strategies impact soil C.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

B5UB 1T suOLILWOD aAIER1D) 3|edt|dde ay) Aq pausenoh ale sapiLe YO ‘8sn Josajni 1oy ARiqiauluQ 8|1\ UO (SUOIPUOI-pUE-SLUIBIWI0Y' A3 | IM' ALeiq 1 U |UO//SdNY) SUOIPUOD pue SWB | aY) 88S *[S202/2T/T0] uo ARiqiauluQ A8|IM ‘(Pepiues ap OLBISIULA|) UOSINOL [euOIIeN aueIyR0D usiueds AQ 67S0TSZ0Z SAPR/Z00T OT/I0p/Wod 8| 1M Ale.q | jpul [uo’paoueApe//sdny wolj papeojumoq ‘0 ‘8E86T2


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

4. Conclusion

Active restoration for over 10 years alleviated microbial nitro-
gen limitation substantially and increased SOC stocks in the
degraded alpine grassland. The latter occurred mainly through
large gains in MAOC, which is the more stable soil C pool. By
reducing microbial N limitation, active restoration enhanced mi-
crobial processing of organic inputs and promoted the transfer
of POC into MAOC. Active restoration also increased extracellu-
lar enzyme activities related to C, N, and phosphorus cycling and
reduced CUEg; changes that are consistent with greater micro-
bial processing of organic inputs and with enhanced transfer of
POC into MAOC. Passive restoration resulted in little change in
SOC over the 10 years, but passive recovery can require decades
to centuries in some systems to increase SOC. Where is a man-
agement priority. Active restoration can be effective for rapid soil
C gains, but managers should weigh benefits against costs and
local conditions. We recommend continued, long-term monitor-
ing and further measurements of plant productivity, N sources
such as biological fixation, and soil mineralogy to better resolve
the long-term effectiveness of active versus passive restoration
for soil C sequestration.

5. Experimental Section

Location, Vegetation, and Climatic Conditions of Study Area:  The study
was carried out in Zoigé County, Sichuan Province, China (33°42'N,
102°29’E; 3,410 m above sea level), which lies on the eastern margin of the
Tibetan Plateau. This region was selected as a representative alpine grass-
land ecosystem with severe desertification due to overgrazing and climate
change, making it a critical area for studying restoration impacts on soil C
dynamics. The area was characterized by a plateau cold-temperate humid
monsoon climate, with an average yearly temperature of 1.1 °C and no
frost-free days during the year. January was the coldest month with a daily
mean of —10.6 °C, and July was the hottest month with a daily mean of
10.8 °C. Annual rainfall averages 600 mm, with 86% falling during the wet
season from May to October.>*] Subalpine meadow soil was the dominant
soil type, but also contains marshy meadow soil, alpine cold desert soil,
windblown sandy soil and rock-forming soil. The soil type was Arenosol,
as classified by the World Reference Base,[*®] and has a loose structure,
with low resistance to wind erosion. In desertified areas, the soil texture
was predominantly sandy, with particle size consisting of #96% sand, 1-
2% silt, and 2-4% clay.>”8] Grassland vegetation was comprised mainly
of Gramineae and Cyperaceae, which together cover ~80% of the area.
The most abundant species include Kobresia pygmaea, K. humilis, Elymus
nutans, Potentilla anserina, Carex scabrirostris, and Oxytropis ochrocephala.

Field Site:  The study used a stratified random sampling design to es-
tablish nine independent 10 m x 10 m plots, with three replicate plots in
each of the three grassland types: degraded, passively restored, and ac-
tively restored. Plots within the same grassland type were separated by a
minimum distance of >200 m to ensure spatial independence and mini-
mize potential autocorrelation effects. Desertified grasslands at each site
underwent active and passive regeneration, while part of the degraded
grassland was preserved to enable comparison with the restored grass-
lands. To ensure that sampling locations were not influenced by factors
such as site-specific conditions, climate, or elevation, the study sites were
selected to maintain consistency in elevation and climatic conditions.
Prior to restoration, all restored sites underwent severe desertification, and
grasslands currently experiencing these conditions were selected as de-
graded sites. Passive restoration enables degraded grasslands to recover
with minimal human intervention by using sand barriers to block sand
flow, a process that was initiated in 2012. In active restoration, the grass-
lands were seeded with dominant native grasses from late April to early
May 2012 at a rate of 0.1 kg ha™" for Elymus sibiricus, 0.1 kg ha=" for Elymus
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nutans, 0.1 kg ha= for Melilotoides ruthenicus, and 0.3 kg ha=1 for Avena
sativa. Generally, no further seeding was required in the first year. Fenc-
ing excluded livestock during the seeding year, with winter grazing permit-
ted in subsequent years following an assessment of grass establishment.
Degraded sites were subjected to unrestricted grazing, while passively re-
stored and actively restored grasslands were used as winter pastures at
stocking densities of 3.3-5.2 sheep units per hectare. For detailed infor-
mation on the three types of grasslands, see Table S1 (Supporting Infor-
mation).

Soil Sampling: In August 2022 (the peak growing season), five soil
cores were collected, each at 015 cm and 15-30 cm from random points
within each plot, and were subsequently combined into one sample per
depth per plot. This compositing integrates within-plot spatial variabil-
ity while maintaining plot-level biological replicates (n = 3 per grassland
type) for statistical analysis.[>>1 Samples were sieved through a 2-mm
mesh to remove litter, stones, and debris, and subsequently were sepa-
rated into two subsamples. The first subsample was air-dried for physico-
chemical analyses, while the second was stored at 4 °C to determine mi-
crobial biomass carbon (MBC) and microbial biomass nitrogen (MBN).

Soil C Stocks and Physicochemical Analysis:  Soil was oven-dried at
105°C for 48 h to determine moisture content; BD was calculated by di-
viding the soil’s dry weight by its bulk volume; Soil pH was quantified by a
glass electrode in a 1:2.5 soil-deionized water (w/v) mixture;!52] and SOC
was measured by the potassium dichromate oxidation procedure of Walk-
ley and Black.[®3] POC and MAOC concentrations were determined follow-
ing Cambardella et al. (2022).[84] Twenty g of air-dried soil were centrifuged
in a 5% sodium hexametaphosphate solution at 180 rpm for 2 h and were
then sieved through a 53 um mesh. The material that remained (>53 um)
was defined as POC, while that passing through (<53 um) was defined as
MAOC. Soil C stocks were calculated following Deng et al. (2014)[6%] as:

Soil C stock (kg m™2) = SOC (%) x BD (kg m™) x soil depth (m)
(M

The chloroform fumigation-extraction technique was used to measure
the soil MBC and MBN levels.[] Twenty g of fresh soil were fumigated
in a vacuum dryer for 24 h in the dark with ethanol-free chloroform.
Fumigated and non-fumigated samples were then treated and shaken
with 0.5 M K,SO, for 1h, after which time they were filtered with a 0.45-
um membrane. TDN and dissolved organic C (DOC) were quantified
as the amounts of N and organic C extracted from non-fumigated soil,
respectively.[%®] MBC and MBN were calculated as the difference between
the organic C and N levels in soil that underwent fumigation and soil that
did not.17]

The activities of six extracellular enzymes, including cellobiohy-
drolase (CBH) and f-glucosidase (G) for C acquisition,[®¥] g-N-
acetylglucosaminidase (NAG), leucine aminopeptidase (LAP), and ure-
ase (UE) for N acquisition, and acid/alkaline phosphatase (AP) for
P acquisition,[®®] were measured. fG, CBH, and NAG activities were
determined using p-nitrophenyl-g-D-glucopyranoside, 4-nitrophenyl-g-D-
cellobioside, and N-acetyl-D-glucosamine as substrates, respectively. Fol-
lowing an hour's incubation at 37 °C, the p-nitroaniline concentration was
measured colorimetrically at 405 nm, and LAP activity was determined us-
ing L-leucine-p-nitroanilide as the substrate. After a 24 h incubation at
30 °C, the p-nitroaniline concentration was measured colormetrically at
405 nm. Soil AP activity was determined using disodium phenyl phosphate
as a substrate. After incubation for 24 h at 37 °C, the phenol concentration
was determined at 660 nm. Urea was used as the substrate to determine
UE activity. Following incubation for 24 h at 37 °C, ammonia concentra-
tion was measured colorimetrically at 578 nm. Enzyme activities were de-
termined with commercial assay kits (Solarbio Science and Technology,
Beijing, China) following the manufacturer’s instructions.

To date, CUE has been measured mainly by using labelled substrate
approaches in culture-based experiments. However, resource manipula-
tion or addition in culture studies may alter the native microbial com-
munity structure and function, leading to cascading effects on micro-
bial metabolism that can bias CUE measurements.[2670] Therefore, to
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estimate the intrinsic differences in CUE across grassland types, the
CUEgt model was used based on a stoichiometric model. Microbial CUEgt
was determined with C:N stoichiometry as follows:

CUEgr = CUE 5 [Sen/ (Sen + Kn)l ()
Scen = (1/EEAcN) X (Ben/Ren) (3)

where CUEs was specified as the microbial C use efficiency, and Sc.y
was treated as a scalar quantifying the extent to which enzyme activi-
ties redressed disparities between resource ratios and biomass. The half-
saturation constant Ky, was assigned a value of 0.5. CUE,,,,, served as the
upper threshold for growth efficiency and was defined as 0.6 based on ther-
modynamic constraints.[?’] EEA..,, was derived as the ratio of C-related to
N-related enzyme activities, calculated by fG/(NAG + LAP). Ry was cal-
culated as dissolved C divided by dissolved N.I”"I

Microbial nutrient limitation was assessed based on ecological enzyme
activity stoichiometry. It was important to note that vector analysis pro-
vides only a relative measure of nutrient limitation: longer vector lengths
indicate greater C limitation, vector angles greater than 45° indicate P lim-
itation, while angles less than 45° indicate N limitation.[?”] These metrics
were calculated using the following equations:

Vector angle = Degrees{ATAN2 [(In(fG + CBH)/InAP), In(8G + CBH)/

In (NAG + LAP + UE)]} (4)

2
Vector length — J [In (BG + CBH) / In (NAG + LAP + UE)] 5

+[InBG/InAP |2

Statistical Analyses: ~ All values were presented as means + SE. Resid-
ual normality for each response variable was tested by the Shapiro—Wilks
test to validate parametric conditions. A square-root transformation was
applied to skewed data. A one-way ANOVA compared SOC stocks and mi-
crobial parameters among grassland types, with Tukey's method separat-
ing means. Pearson’s correlation tested relationships between soil micro-
bial CUEgy, nutrient limitation (vector angle and length), and SOC stocks
using R statistical software (v. 4.3.0). To identify key predictors of SOC
stocks and rank their importance, a random forest analysis was imple-
mented with 1000 decision trees. Significance of predictors was assessed
at the p < 0.05 level. Structural equation modelling (SEM) tested hypoth-
esized causal pathways linking soil microbial N limitation (enzyme vector
angle and vector length), microbial CUE, MAOC, POC, and SOC stock.
The maximum likelihood method compared the variance-covariance ma-
trix implied by the SEM with the observed matrix. Model parameters were
estimated using AMOS 24 (AMOS Development Corporation, Chicago,
IL, USA). Goodness-of-fit was evaluated via chi-square statistics, where
non-significant p-values (p > 0.05) indicated consistency between model
predictions and empirical data.l”?!
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