
Globally, grasslands store approximately 343 Pg of 
soil organic carbon in the top 1 m, representing about 
20% of the global soil carbon pool (Conant et al. 2017, 
FAO 2023). With increasing drought frequency, pro-
longed water scarcity has led to reduced productivity 
and organic carbon depletion, particularly in temper-
ate desert grasslands. Understanding the impacts of 
vegetation management on soil organic carbon (SOC) 
stabilisation is therefore critical for improving carbon 
pool predictions in these vulnerable ecosystems.

Stabilised via divergent biogeochemical mecha-
nisms, plant and microbial residues form persis-
tent SOC components (Whalen et al. 2022). Lignin 
phenols and amino sugars – molecular indicators 
of plant- and microbial-derived carbon – provide 
a targeted approach for assessing their relative con-
tributions to SOC. Global-scale quantitative assess-
ments using amino sugar biomarkers indicate that 
microbial necromass contributes approximately 
47% of soil organic carbon in grasslands and 35% in 
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forests (Wang et al. 2021a). Furthermore, contribu-
tions of lignin phenols and amino sugars to SOC 
vary significantly with herbaceous species (Ao et 
al. 2024). Perennial herbs exhibit greater microbial 
residue accumulation than annual systems, with soil 
moisture exerting considerable influence (Li et al. 
2023). Accordingly, herbaceous species composition 
and phenology strongly shape sequestration of both 
plant- and microbial-derived SOC.

Herbaceous species with varying life cycles directly 
influence litter deposition and underground carbon 
allocation, regulating microbial metabolic activities 
and modifying SOC stabilisation pathways (Li et al. 
2023). In water-scarce desert ecosystems like the 
Tarim River Basin, herbaceous species exhibit di-
vergent adaptive strategies for carbon sequestration. 
Rather than merely reflecting quantitative biomass 
differences, we hypothesise that these strategies are 
mechanistically linked to distinct extracellular enzy-
matic pathways that govern carbon partitioning (Ma 
et al. 2018, Yang et al. 2022). Specifically, perennials 
may preferentially stabilise carbon through oxidative 
enzymes (e.g., polyphenol oxidase, peroxidase) that 
modulate degradation and retention of plant-derived 
lignin (Luo et al. 2022). Conversely, annuals, con-
strained by short life cycles, might stimulate micro-
bial-derived carbon turnover via hydrolytic enzymes 
(e.g., β-1,4-N-acetyl-glucosaminidase, β-glucosidase) 
(Li et al. 2023). However, the relative dominance of 
these pathways in shaping SOC molecular profiles 
across herbaceous life cycles remains unresolved.

Perennial herbaceous species are generally more 
beneficial for SOC accumulation under drought 
than annuals (Siddique et al. 2023). This advantage 
arises from three mechanisms: (i) perennials develop 
extensive root architectures accessing deeper soil 
water and stimulating microbial metabolism via root 
exudation (Li et al. 2023); (ii) they contain elevated 
lignin and cellulose that impede microbial breakdown 
of plant detritus, facilitating plant-derived C reten-
tion (Dai et al. 2022); and (iii) annuals decompose 
large amounts of plant residues during short life 
cycles, potentially accelerating decomposition of 
existing organic matter and triggering a positive 
priming effect that accelerates SOC mineralisation 
(Li et al. 2023).

Despite evidence affirming lignin phenols and amino 
sugars as effective biomarkers, the distribution pat-
terns of plant- and microbial-derived C across differ-
ent herbaceous life cycles in desert grasslands remain 
poorly understood. Furthermore, the mechanisms by 

which herbaceous life cycles govern SOC molecular 
profiles and the key drivers of its stabilisation have 
yet to be elucidated. This knowledge gap limits our 
understanding of SOC sequestration mechanisms and 
hinders the development of vegetation management 
strategies. Therefore, this study aims to investigate the 
accumulation patterns and environmental drivers of 
plant- and microbial-derived carbon under perennial 
and annual herbaceous species in a temperate desert 
grassland of Northwest China.

In this study, we selected four typical desert herba-
ceous species (Karelinia caspia, Glycyrrhiza inflata, 
Chenopodium glaucum, and Salsola lanata) to trace 
plant and microbial inputs into SOC using lignin phe-
nols and amino sugars as biomarkers. This research 
aimed to: (i) evaluate differences in the contributions 
of plant- and microbial-derived C to SOC across the 
four species, and (ii) identify the key factors control-
ling the sequestration of carbon from both sources. 
We proposed the following hypotheses: (1) Perennial 
herbaceous species facilitate greater incorporation 
of both plant- and microbial-derived C into SOC 
compared to annual species; (2) lignin phenols and 
amino sugars exert a stronger effect on SOC preser- 
vation in topsoil layers due to the accumulation of 
aboveground litter inputs, and (3) plant-derived C 
accumulation is predominantly driven by soil pH 
through its influence on lignin preservation, whereas 
microbial-derived C is regulated by stoichiometric 
constraints (C/N, C/P) and salinity (EC) that govern 
microbial metabolism.

MATERIAL AND METHODS

Experiment design and soil sampling. The 
research was conducted in the Yingbaza section 
(84°15'E, 41°09'N) of the Tarim River’s middle reaches 
within Luntai County, Xinjiang Province. The area 
has a temperate continental desert climate, with 
a mean annual temperature of 11.1 °C (range: 10.6– 
11.5 °C) and summer extremes reaching 43.6 °C. Mean 
annual precipitation is 30.1 mm (range: 17.4–42.8 mm), 
contrasting with potential evaporation of 2 670 mm 
(range: 2 429–2 910 mm) (Yusup et al. 2023). Following 
ecological water diversion initiatives, grassland NDVI 
has shown increasing trends (Wang et al. 2021b). Four 
representative desert herbaceous species were inves-
tigated (Figure 1): perennial Karelinia caspica (Pall.) 
Less. (PK), perennial Glycyrrhiza inflata Batalin. 
(PG), annual Chenopodium glaucum L. (AC), annual 
Salsola lanata (Pall.) Botsch. (AS) (Wang et al. 2016).

390

Original Paper	 Plant, Soil and Environment, 72, 2026 (6): 389–402

https://doi.org/10.17221/127/2026-PSE



Experimental design and sample collection. In 
August 2024, soil samples were collected from the root 
zones of the four target species across four spatially 
distinct locations to account for soil heterogeneity 
(Table 1). At each location, a 5 × 5 m main quad-
rat was established, within which three randomly 
positioned 1 × 1 m subquadrats served as spatial 
replicates. To minimise distance-related variation, 
samples were collected at a standardised distance 
(5–10 cm) from plant bases using a stainless-steel 
shovel. Soils were excavated from two depths: topsoil 
(0–20 cm) and subsoil (20–40 cm). Samples from the 
three sub-quadrats at each site were homogenised 
to generate a representative composite sample for 
each depth and species.

Analysis of soil biochemistry. Soil water con-
tent (SWC) was determined gravimetrically by 
oven-drying fresh samples at 105 °C for 24 h. For 
all other analyses, soil samples were air-dried and 
passed through a 2 mm sieve; results are expressed 
on an oven-dried soil weight basis (105 °C). Soil pH 
was measured in a 1 : 5 (w/v) soil-water suspension. 
Electrical conductivity (EC) was determined using 
an EC meter. Cation exchange capacity (CEC) was 

quantified by the cobalt hexamine chloride method 
(Rhoads 1996). Soil organic carbon was analysed 
by potassium dichromate oxidation spectropho-
tometry (K2Cr2O7-H2SO4) (Nelson and Sommers 
1982). Total nitrogen (TN) was determined by the 
semi-micro Kjeldahl technique (Jackson 1958), and 
the ammoniacal nitrogen (NH4

+-N) was extracted via 
the 2 mol/L KCl (Nelson and Sommers 1982). Total 
phosphorus (TP) was analysed by digestion followed 
by molybdenum antimony colourimetric detection 
(Parkinson and Allen 1975). Labile organic carbon 
(LOC) was extracted with 333 mmol/L KMnO4 so-
lution (Xu et al. 2013). Activities of phenol oxidase 
(POX), peroxidase (PERX), β-1,4-glucosidase (BG), 
and β-1,4-N-acetylglucosaminidase (NAG) were 
quantified using microplate-based fluorometric and 
spectrophotometric methods (DeForest 2009).

Analysis of lignin phenols. The lignin phenols 
(VSC) content consists of vanillyl (V) compounds 
(vanillin, acetovanillone, and vanillic acid), syringyl 
(S) compounds (syringaldehyde, acetosyringone, 
and syringic acid), and cinnamyl (C) compounds 
(p-coumaric acid and ferulic acid). Lignin phenols 
were extracted using alkaline cupric oxide oxidation 

 

Figure 1. Images of sampling sites 
representing four herbaceous species

Table 1. Sampling location information

Plant life cycle Herbaceous species Site Altitude (m a.s.l.)

Perennial
Karelinia caspica (Pall.) Less. 84°11'56.87"E, 41°16'14.70"N 919

Glycyrrhiza inflata Batalin. 84°18'52.20"E, 41°15'12.06"N 918

Annual Chenopodium glaucum L. 84°17'13.60"E, 41°15'56.84"N 924
Salsola lanata (Pall.) Botsch. 84°17'10.32"E, 41°15'51.01"N 923
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(Hedges and Ertel 1982). Concentrations of plant-
derived lignin biomarkers were normalised to SOC 
(mg/g SOC) to assess their relative distribution (Ma et 
al. 2018). The contribution of plant-derived C to SOC 
(%) was then calculated directly from these normalised 
concentrations, with 10 mg/g SOC corresponding to 
1% contribution (Qin et al. 2024). Furthermore, the 
mass ratios of acid to aldehyde (Ad/Al) for the vanillyl 
(V) and syringyl (S) lignin units, denoted as (Ad/Al)v 
and (Ad/Al)s, were calculated (Hedges and Ertel 1982, 
Xia et al. 2023). These ratios serve as established bio-
geochemical indicators of lignin degradation, with 
higher Ad/Al values indicating more advanced side-
chain oxidation and decomposition of plant residues by 
soil microorganisms (Ma et al. 2020, Chen et al. 2021).

Analysis of amino sugars. Amino sugars, including 
glucosamine (GluN), galactosamine (GalN), mannosa-
mine (ManN), and muramic acid (MurA), were extracted 
using alkaline oxidation (Zhang and Amelung 1996). 
After derivatisation, the concentrations of individual 
amino sugars were determined by gas chromatography. 
Total amino sugar (AS) content was calculated as the 
sum of GluN, GalN, ManN, and MurA. The GluN/MurA 

molar ratio was used to distinguish fungal- from bacte-
rial-derived residues (Engelking et al. 2007). The calcula-
tion method for the contribution of microbial-derived C 
to SOC (%) was consistent with the contribution of 
plant-derived C to SOC (%).

Statistical analyses. All data were processed us-
ing IBM SPSS Statistics (version 26.0, IBM Corp., 
Armonk, USA) and presented as mean ± standard 
error (SE). One-way ANOVA was used to assess 
significant differences among herbaceous species at 
each soil depth. Two-way ANOVA was used to evalu-
ate the main effects and interactions of herbaceous 
species and soil depth on biomarker concentrations 
and ratios. Tukey’s post hoc test (P < 0.05) was used 
for multiple comparisons. Regression modelling 
examined relationships among plant- and microbial-
derived C, their contributions to SOC, and edaphic 
factors. Correlation heatmaps were generated using 
the ‚corrplot‘ package in R (v4.2.1; CRAN, https://
cran.r-project.org/package=corrplot). Redundancy 
analysis (RDA) was performed with CANOCO 5 to 
elucidate relationships between biomarker variables 
and soil physicochemical properties.

Table 2. The soil physicochemical properties and soil nutrients within four herbaceous species

Properties Units

Topsoil Subsoil
perennial annual perennial annual

Karelinia 
caspica

Glycyrrhiza 
inflata

Chenopodium 
glaucum

Salsola 
lanata

Karelinia 
caspica

Glycyrrhiza 
inflata

Chenopodium 
glaucum

Salsola 
lanata

SWC (%) 6.00 
± 1.58

8.18 
± 3.96

6.68 
± 0.09

15.06 
± 2.08

6.32 
± 1.06b

11.04 
± 1.56b

5.40 
± 0.81ab

15.52 
± 1.85a

pH 7.56 
± 0.04ab

7.46 
± 0.08b

7.70 
± 0.02a

7.52 
± 0.02ab

7.62 
± 0.06

7.72 
± 0.13

7.75 
± 0.06

7.45 
± 0.09

EC 1.17 
± 0.07ab

1.59 
± 0.52ab

0.69 
± 0.05b

2.93 
± 0.46a

0.56 
± 0.10ab

1.02 
± 0.48ab

0.45 
± 0.08b

2.67 
± 0.61a

CEC (cmol+/kg) 6.02 
± 0.42

4.71 
± 0.23

8.11 
± 2.27

5.22 
± 1.18

5.96 
± 0.63

5.35 
± 0.39

4.84 
± 0.48

5.01 
± 0.43

TP (g/kg) 0.68 
± 0.03

0.71 
± 0.04

0.58 
± 0.06

0.55 
± 0.01

0.65 
± 0.05

0.60 
± 0.03

0.57 
± 0.04

0.57 
± 0.01

TN (g/kg) 0.30 
± 0.03

0.33 
± 0.10

0.23 
± 0.06

0.41 
± 0.09

0.23 
± 0.04

0.23 
± 0.05

0.19 
± 0.03

0.33 
± 0.03

NH4
+-N (mg/kg) 8.40 

± 1.00
8.78 

± 1.52
9.12 

± 0.46
7.01 

± 0.48
9.60 

± 0.90
10.62 
± 2.23

8.55 
± 1.08

7.16 
± 0.19

LOC (g/kg) 0.25 
± 0.04

0.48 
± 0.016

0.32 
± 0.07

0.29 
± 0.03

0.37 
± 0.14

0.30 
± 0.10

0.21 
± 0.07

0.17 
± 0.01

Soil properties in different herbaceous species and soil depth (mean ± SE). Lowercase letters indicate different levels 
between the four herbaceous species (P < 0.05). SWC – soil water content; pH – soil pH; EC – soil electric conductivity; 
CEC – soil cation exchange capacity; TP – total phosphorus; NH4

+-N – soil ammonium nitrogen; LOC – labile organic 
carbon. Lowercase letters (a, b, and c) in the same row indicate significant differences among herbaceous species at 
the 0.05 level
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RESULTS

Soil physicochemical attributes and enzymatic 
activities. Table 2 lists the soil chemical properties 
in different herbaceous species. Soil depth did not 
significantly affect these properties. In subsoil, SWC 
was 15.52% in AS compared to 5.40% in AC, while 
pH was markedly higher in AC (7.75) than in AS 
(7.45). Topsoil SOC was significantly determined 

by herbaceous species, with AS exhibiting 2.1- and 
2.4-fold higher concentrations than PK and AC, re-
spectively (Figure 2A). The C/N and C/P in the topsoil 
were markedly influenced by herbaceous species 
(Figure 2B, C). Herbaceous species effects on enzyme 
activities were enzyme-specific. BG activity in PG and 
AC was higher in topsoil than in subsoil (Figure 3D). 
POX activity differed significantly among herbaceous 
species and was highest in AS (Figure 3C).

Figure 2. Soil organic carbon (SOC) content of four herbaceous species at different soil depths. C/N and C/P are 
the ratios of SOC to total nitrogen and total phosphorus, respectively. Significant differences (P < 0.05) between 
herbaceous species are indicated using lowercase letters. Only significant differences were labelled. The influences 
of herbaceous species and soil depth were evaluated through two-way ANOVA. Perennial herbaceous species: 
Glycyrrhiza inflata, Karelinia caspica. Annual herbaceous species: Chenopodium glaucum, Salsola lanata. Hs – 
herbaceous species; Sd – soil depth; Hs × Sd – interaction effect

Figure 3. Soil enzyme activity of four 
herbaceous species in different soil 
depths. (A) NAG (N-acetyl-D-(+)-
glucosamine); (B) PERX (peroxidase); 
(C) POX (polyphenol oxidase), and 
(D) BG (β-Glucosidase). Error bars 
represent the standard error of the 
mean (n = 6). Lowercase letter indi-
cates significant difference (P < 0.05) 
among herbaceous species, and up-
percase letter indicates significant dif-
ference (P < 0.05) among soil depths. 
Hs – herbaceous species; Sd – soil 
depth; Hs × Sd – interaction effect
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Figure 4. Associations between soil 
organic carbon (SOC) and the con-
tents of lignin phenols and amino 
sugars. (A) and (C) show concentra-
tions normalised per gram of SOC; 
(B) and (D) display values expressed 
per kilogram of soil
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Soil lignin phenol. Lignin phenol contents in 
desert grassland ranged from 0.91 to 2.49 mg/g SOC 
(Figure 5), with vanillyl and syringyl as dominant 
components (Figure 5B, C). Soil depth exerted no 
significant influence on lignin phenol concentra-
tions. Herbaceous species significantly altered lignin 
phenol concentrations in topsoil. In PK, the levels 
of VSC, V, and S were markedly higher than in AS 
(Figure 5B, C). The (Ad/Al)S was notably greater 
in AC than in AS (Figure 5F). Lignin phenol con-
centrations normalised to SOC showed a positive 
but non‑significant correlation with SOC content 
(Figure 4C), whereas the lignin phenol content was 
significantly and positively correlated with SOC in 
the topsoil (Figure 4D).

Soil amino sugars. Amino sugar contents in desert 
grassland ranged from 6.33–11.85 mg/g SOC (Figure 6). 
Glucosamine and galactosamine predominated among 
amino sugar components (Figure 6B, C). Soil depth 
exerted no significant effect on amino sugar concen-
trations. However, herbaceous species significantly 
altered amino sugar concentrations. In topsoil, PK 
exhibited higher total amino sugars and glucosamine 

than AC and AS (Figure 6A, B). PG contained more 
galactosamine than AS in topsoil, while PK surpassed 
AS in subsoil galactosamine (Figure 6C). Amino sugar 
concentrations normalised to SOC were significantly 
and positively correlated with SOC content in both 
topsoil and subsoil (Figure 4A), whereas the absolute 
amino sugar content showed a significant positive 
correlation with SOC only in the topsoil (Figure 4B).

Assessment of the plant- and microbial-derived C. 
The carbon concentration from plant-derived C 
ranged from 60.37 ± 18.48 to 156.63 ± 26.15 mg/g 
SOC (Figure 7A), while that from microbial-derived C 
ranged from 41.24 ± 8.42 to 71.54 ± 5.67 mg/g SOC 
(Figure 7B). Across all herbaceous species and 
soil depths, the contribution of plant‑derived C to 
SOC ranged from 6% to 16%, and that of microbi-
al‑derived C ranged from 4% to 7% (Figure 7A, B). 
Plant‑derived C contributed more to SOC than 
microbial‑derived C (Figure 7A, B). In the topsoil, 
the plant- and microbial-derived C of perennial 
herbaceous species were significantly higher than 
that of annuals (Figure 8). Among the species, PK 
demonstrated the highest microbial-derived C ac-

Figure 6. Soil organic carbon (SOC) normalised amino sugars concentrations (A–E) and glucosamine (GluN)/
mannosamine (ManN) ratio (F) in different soil depths of the four herbaceous species. Significant differences 
(P < 0.05) between herbaceous species are indicated using lowercase letters. Only significant differences were 
labelled. Hs – herbaceous species; Sd – soil depth; Hs × Sd – interaction effect
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cumulation, with fungal-derived C accounting for 
89.0% of the total (Figure 7C). Both carbon fractions 
showed minimal vertical differentiation between 
topsoil and subsoil. Herbaceous species exerted sig-
nificant effects on topsoil carbon pools: PK surpassed 
AS in plant-derived C accumulation (Figure 7A). 
At the same time, PK and PG exhibited elevated 
microbial- and fungal-derived C relative to AC and 

AS (Figure 7B, C). Bacterial-derived C was highest 
in AS across both soil depths (Figure 7D).

Relationship between soil environmental factors and 
soil plant- and microbial-derived C. According to the 
RDA results, soil properties significantly influenced 
the levels of lignin phenols and amino sugars (Figure 9). 
SOC, C/N and C/P had the longest predictions and 
had the greatest impact on lignin phenols and amino 

Figure 7. Soil organic carbon 
(SOC)-normalised concentra-
tions of plant-derived C (A) and 
microbial-derived C (B–D) in 
different soil depths of the four 
herbaceous species. Significant 
differences (P < 0.05) between 
herbaceous species are indicated 
using lowercase letters. Only sig-
nificant differences were labelled. 
Hs – herbaceous species; Sd – 
soil depth; Hs × Sd – interaction 
effect

Figure 8. Soil organic carbon (SOC)-normalised levels of plant- and microbial-derived C (A, B) in the topsoil and 
subsoil under perennial and annual herbaceous species. The silhouette of each violin plot depicts the probability 
density of the data. Within the box plot, a horizontal bar and a cross represent the mean and median values for 
each group, respectively. Filled circles represent experimentally obtained measurements. *P < 0.05; **P < 0.01
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sugars. Pearson’s linear correlation analysis further 
demonstrated statistically significant associations 
among plant- and microbial-derived C and key soil 
properties (Figure 10). Microbial-derived C showed 
positive correlations with EC, LOC, C/N, and C/P 
ratios (Figure 10C–F), but was inversely correlated 
with pH (Figure 10B). Plant-derived C showed nega-
tive correlations with pH (Figure 10A).

DISCUSSION

The proportional contribution of plant-derived C 
to SOC (6–16%) was higher than microbial-derived C 
(4–7%) in a temperate desert grassland. This pat-
tern was attributed to moisture-limited microbial 
degradation activities in arid temperate desert soils, 

resulting in higher relative proportions of plant-
derived C and lower microbial-derived C in SOC, 
as previously observed by Ma et al. (2018).

Differential contributions of plant- and micro-
bial-derived C to SOC across herbaceous species. 
Consistent with Hypothesis 1, perennial herbaceous 
species (PK and PG) demonstrated greater incorpo-
ration of both plant-derived C (16%) and microbial-
derived C (6%) into the SOC pool relative to annual 
species (AC and AS), which contributed 11% and 
4%, respectively.

In the topsoil, perennial species accumulated more 
plant-derived C than annuals (Figure 8A), likely due 
to their dense root systems in the upper 30 cm, which 
may physically protect organic carbon through con-
tinuous inputs of lignin-rich root residues (Yang et al. 

Figure 9. Redundancy analysis (RDA). It was performed to investigate the compositional patterns of two bio-
marker – lignin phenols (green lines) and amino sugars (orange lines) – in relation to soil properties (black 
lines) across both topsoil and subsoil layers. Arrows represent the correlations between the biomarkers and soil 
properties. PDC – plant-derived C; MDC – microbial-derived C; FDC – fungal-derived C; BDC – bacterial-
derived C; SOC – soil organic carbon; TLP – total lignin phenols; TAS – total amino sugars; C/V – ratio of 
cinnamyl to vanillyl; S/V – ratio of syringyl to vanillyl; SWC – soil water content; SWC – soil water content; 
pH – soil pH; EC – soil electric conductivity; CEC – soil cation exchange capacity; NH4

+-N – soil ammonium 
nitrogen; LOC – labile organic carbon; TN – total nitrogen; TP – total phosphorus; C/N – ratio of SOC to TN; 
C/P – ratio of SOC to TP; N/P – ratio of TN to TP
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2022). Furthermore, sustained rhizodeposition inputs 
(e.g., polysaccharides, organic acids) from perennials 
may contribute to greater soil aggregate stability than 
from annuals, as suggested by Baumert et al. (2018), 
thereby potentially protecting plant-derived organic 
matter from decomposition. This aligns with Yang et 
al. (2022), who reported 30–50% higher root inputs 
and reduced soil disturbance in perennial grasslands, 
leading to increased plant-derived C contributions. 
In contrast, annuals (AC and AS) have shallow roots 
(< 30 cm) and short life cycles, concentrating litter 
inputs in topsoil and accelerating microbial turnover. 
In the subsoil, (Ad/Al)V values were slightly lower in 
annual species than in perennials, with significant 
differences detected among species (Figure 5E). In 
the topsoil, (Ad/Al)S was notably greater in AC than 
in AS (Figure 5F), indicating species-specific vari-
ation in side-chain oxidation rather than a general 
pattern across all annuals (Chen et al. 2021). As 
a key agent in lignin decomposition, phenol oxidase 
(POX) promotes lignin breakdown, thereby inhibiting 
plant-derived C accumulation (Chen et al. 2018, Luo 
et al. 2022). Consistently, higher POX activity was 
observed in annuals (Figure 3C), suggesting greater 
lignin degradation capacity. This may be attributed 

to annuals completing their growth within a sin-
gle season, resulting in litter that is lower in lignin 
and higher in nitrogen, making it more susceptible 
to rapid microbial decomposition (Li et al. 2017). 
Additionally, lacking deep roots and storage organs, 
annuals under drought stress rely more heavily on 
enzymatic antioxidant mechanisms such as POX for 
stress mitigation.

Perennial species also accumulated more microbial-
derived C than annuals (Figure 8B), attributable to 
their deep-rooted nature. Their root systems pen-
etrate deeper layers, maintaining water and nutrient 
uptake during drought. Crucially, these deep roots 
transport photosynthetic carbon to deeper strata 
with lower microbial activity, where it may undergo 
enhanced physicochemical stabilisation, thereby in-
creasing long-term stability of microbial-derived C 
(Mou et al. 2025). In contrast, annuals rely on sur-
face moisture; their microbial activity is more easily 
disrupted during drought, leading to intensified 
losses of carbon mineralisation in topsoil (Zhao et 
al. 2024). Moreover, microbial-derived C in perenni-
als was dominated by fungal-derived C (Figure 7C), 
associated with higher mycorrhizal colonisation rates 
and diversity indices – characteristics known to pro-

Figure 10. Analysis of regression between plant- and microbial-derived carbon (C) and soil properties. Association 
of plant-derived C with pH (A); depicts the associations of microbial-derived C with pH, labile organic carbon, 
electrical conductivity (B–F); the ratios of soil organic carbon (SOC) to total nitrogen and total phosphorus
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mote microbial carbon accumulation and stabilisation 
(Zhang et al. 2025). Annuals, however, experience 
disrupted carbon inputs due to short life cycles, 
resulting in microbial communities dominated by 
more fluctuating bacterial populations (Figure 7D), 
thereby weakening long-term accumulation of mi-
crobial-derived C (Fan et al. 2025). 

Differential contributions of plant- and mi-
crobial-derived C to SOC under topsoil condi-
tions. Consistent with Hypothesis 2, plant-derived C 
abundance showed a significant decline with greater 
soil depth (Figure 7A), whereas microbial-derived C 
showed minimal vertical variation (Figure 7B). This 
stratification primarily resulted from the concentration 
of root litter and rhizodeposits in topsoil across both 
perennial and annual species. High lignin content in 
topsoil promoted the formation of a recalcitrant carbon 
pool through enhanced physicochemical protection or 
aggregation (Ma et al. 2020). Limited decomposition 
under arid conditions further enhanced the direct 
stabilisation of lignin phenols, as reported in shallow-
rooted systems, where clay protection combined with 
suppressed microbial decomposition accounted for 
58% of surface SOC from lignin phenols (Yusup et 
al. 2023). While we did not directly quantify clay 
mineralogy in the present study, this previous finding 
supports the possibility that similar mechanisms may 
be relevant in our desert grassland.

Lignin phenols, as molecular indicators of plant-
derived C, were detected at higher concentrations in 
topsoil and showed a significant positive association 
with SOC (P < 0.01; Figure 4D). This trend may be 
attributed to constraints on microbial decomposi-
tion due to limited moisture availability in topsoil 
(Figure 7A). Given that lignin degradation depends 
on fungal-secreted oxidases (e.g., POX) whose syn-
thesis requires adequate moisture (Ma et al. 2018), 
the observed lower topsoil water content creates 
unfavourable conditions for decomposition (Table 2). 
Additionally, herbaceous plants continuously deposit 
lignin-rich organic matter into topsoil via root exu-
dates, litterfall, and fine-root turnover.

Amino sugars, as tracers of microbial-derived C, 
showed marked positive associations with SOC across 
both soil depths, with a stronger correlation in the 
subsoil (P < 0.001; Figure 4A). This pattern suggests 
more effective physical protection mechanisms at 
deeper layers, where limited oxygen availability and 
diminished microbial activity could facilitate long-term 
stabilisation of microbial residues via organo-mineral 
association and aggregate occlusion (He et al. 2024).

BG, a key enzyme hydrolysing cellobiose to glucose, 
was significantly higher in topsoil than in subsoil. 
This likely reflects the preferential decomposition of 
labile cellulose and hemicellulose in topsoil, releasing 
soluble carbon for microbial utilisation while reduc-
ing the co-metabolic demand on recalcitrant lignin, 
thereby indirectly preserving plant-derived C (He et 
al. 2022). Concurrently, drought-induced suppression 
of microbial activity further limits enzymatic degra-
dation of plant residues, enhancing plant-derived C 
enrichment in topsoil (Yang et al. 2022).

Factors governing the formation of plant- and 
microbial-derived C. Redundancy analysis, heatmap 
visualisation, and correlation assessments identified 
distinct environmental drivers governing plant- and 
microbial-derived C incorporation into SOC. C/N, 
C/P, pH, and extracellular enzyme activities gov-
erned these processes (Figures 9 and 10), confirming 
established soil carbon stabilisation frameworks 
(Chen et al. 2021).

Microbial-derived C exhibited marked positive 
relationships with C/N and C/P (Figure 10E, F). 
Elevated C/P ratios typically indicate phosphorus 
limitation, under which microorganisms enhance 
carbon assimilation efficiency and allocate more 
resources to microbial residue synthesis (Tao et al. 
2023). Similarly, in high C/N desert soils, fungal-
derived C was relatively high (Figure 9), reflecting 
fungi’s superior carbon use efficiency in forming 
stable microbial-derived pools (Yu et al. 2025). EC 
demonstrated a significant positive correlation with 
microbial-derived C (Figure 10D). This is consistent 
with Rath and Rousk (2015), who reported that under 
salinised conditions (EC > 0.2), microbial communi-
ties produce compatible solutes (e.g., glycerol, proline, 
betaine), which contribute to microbial-derived C 
pools following cellular mortality.

While neutral-to-alkaline pH typically enhances 
plant-derived C preservation in non-saline soils 
through fungal-mediated mineral associations (Malik 
et al. 2018), our data demonstrate the opposite effect in 
arid saline-alkali systems. Elevated pH reduced plant-
derived C through dual mechanisms (Figure 10A). 
First, high pH inhibited lignin-degrading fungal 
communities, accelerating mineralisation of labile 
carbon pools (Yang et al. 2022). Second, alkaline 
conditions are known to alter clay surface chemistry 
and compromise aggregate stability, thereby weak-
ening mineral protection of plant residues (Shen 
et al. 2024). Although we did not directly measure 
these structural properties, this mechanism provides 
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a plausible explanation for the negative effect of high 
pH on plant-derived C retention observed in our 
study. These processes disrupted the equilibrium 
between carbon input and stabilisation, ultimately 
diminishing plant-derived C retention. Notably, pH 
also had negative effects on microbial-derived C, 
likely due to alkaline suppression of acidophilic fungal 
activity (Figure 10B; Rousk et al. 2010). Although 
pH-tolerant Actinobacteria dominated under these 
conditions, their necromass exhibited lower chemi-
cal stability than fungal necromass, thereby reduc-
ing microbial carbon accumulation rates (Chen et 
al. 2021). This creates a self-reinforcing depletion 
cycle where impaired stabilisation synergistically 
reduces both plant- and microbial-derived C pools 
in saline-alkali ecosystems.

In conclusion, this study demonstrates that her-
baceous species play a critical role in regulating the 
incorporation of plant- and microbial-derived carbon 
into SOC in temperate desert grasslands. Across all 
species examined, plant-derived C was the dominant 
contributor to SOC pools, confirming that plant 
residues constitute a major fraction of SOC in arid 
ecosystems. Perennial herbaceous species exhibited 
a significantly greater capacity to sequester both 
plant- and microbial-derived C than annual species, 
particularly in topsoil (0–20 cm), where distinct ver-
tical stratification in SOC stabilisation mechanisms 
was observed. The incorporation of these carbon 
pools was primarily governed by C/N, C/P, pH, and 
extracellular enzyme activities.

These findings have important implications for 
ecosystem restoration. Given the central role of 
plant- and microbial-derived C in SOC formation, 
future efforts should focus on understanding SOC 
preservation mechanisms under perennial herbaceous 
species. Prioritising perennial herbs in restoration 
plans is strongly recommended to enhance carbon 
sequestration, improve soil health, and bolster eco-
system resilience. This study provides a scientific 
framework for developing species-specific manage-
ment strategies to optimise soil carbon storage and 
ecosystem recovery in temperate desert grasslands.

Limitations and future directions. Several limi-
tations of this study should be acknowledged. First, 
biomarker assessments were conducted on bulk 
soils, which cannot differentiate specific physical 
fractions (e.g., particulate vs. mineral-associated 
organic matter). Consequently, discussions regarding 
mineral-organic complexation remain inferential due 
to the absence of quantitative soil mineralogy and 

texture data. Moreover, we did not directly quan-
tify soil structural properties such as aggregate size 
distribution or soil texture. Therefore, inferences 
regarding the physical protection of SOC (e.g., via 
aggregate occlusion or organo-mineral association) 
remain speculative and require confirmation in future 
studies integrating physical fractionation techniques 
and detailed soil mineralogical analyses. Second, 
while extracellular enzyme activities reflect carbon 
turnover potential, the lack of microbial biomass or 
metagenomic data limits our ability to normalise these 
activities and link them directly to specific micro-
bial communities. Future studies integrating physi-
cal fractionation techniques and high-throughput 
sequencing would provide a more comprehensive 
understanding of SOC formation and stabilisation 
mechanisms under different herbaceous species.
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