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A B S T R A C T   

Increased nitrogen (N) and phosphorus (P) inputs have fundamental effects on the soil organic carbon (SOC) 
composition and dynamics. However, the responses of plant- and microbial-derived SOC components to N and P 
addition in alpine grasslands are poorly understood. Based on a 10-year N and P addition experiment conducted 
in the alpine grassland of the Tibetan Plateau, we used amino sugars and lignin phenols as tracers for microbial 
necromass and plant lignin components, respectively, and explored their accumulation with the addition of N 
and P. We found that P and N + P addition (P supply) decreased microbial necromass, whereas N addition did not 
have a significant effect. In comparison, the P supply increased lignin phenols in the topsoil, but N addition 
decreased them in the subsoil. Among these factors, soil total P played a non-negligible role in controlling the 
accumulation of amino sugars and lignin phenols in soils. In addition, decreased ratios of fungi-to-bacteria 
necromass carbon and amino sugars to lignin phenols were observed with P supply. This implies that 
although the 10-year P supply did not change the SOC significantly, it may have eventually increased the SOC 
loss potential. Collectively, we attempted to elucidate the underlying mechanisms of long-term SOC sequestra
tion, which has important implications for plant- and microbial-mediated carbon processes in the context of 
increasing N and P inputs.   

1. Introduction 

Soil stores approximately 1500 Pg of carbon (C) with varied 
composition and structure in the top meter (Balesdent et al., 2018; Lal 
et al., 2021), more than the global vegetation and atmosphere combined 
(Lehmann and Kleber, 2015). Minor changes in soil organic carbon 
(SOC) profoundly influence atmospheric concentrations of greenhouse 
gases (Lehmann and Kleber, 2015). It has been proven that the SOC 
cycle is tightly interlinked with nitrogen (N) and phosphorus (P) cycles 
on molecular to global scales (Finzi et al., 2011). Globally prevalent N 
and P deposition can substantially influence SOC dynamics by regu
lating plant C inputs and microbial catabolism and anabolism (Finzi 
et al., 2011; Yue et al., 2017). Mounting evidence suggests that SOC 
accumulation largely depends on the relative contribution and 

preservation of plant- and microbial-derived C components (Ma et al., 
2018a; Cotrufo et al., 2019). Thus, understanding the SOC composition 
and accrual under increased N and P inputs through plant- and 
microbial-mediated mechanisms will be beneficial for addressing future 
climate change scenarios. 

The N and P are two fundamental nutrients for plants in terrestrial 
ecosystems and are expected to trigger a net terrestrial C release into the 
atmosphere (Wieder et al., 2015). Increasing N and P inputs can 
potentially enhance plant growth and production, thereby increasing 
plant-derived C input and accumulation in soils (Li et al., 2016; Chenu 
et al., 2019). However, increased plant biomass may not lead to 
increased SOC storage (Jackson et al., 2017), because it depends on the 
relative contribution of plant input and microbial degradation (Angst 
et al., 2021). Increased plant-derived C input with synthetic fertilizers, 
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including N, P, and potassium nutrients, can stimulate microbial pro
liferation and decomposition of plant substrates, leading to unchanged 
plant contributions to SOC in temperate agro-ecosystems (Li et al., 
2020). However, the addition of N and P can also increase litter recal
citrance to microbial degradation (Angst et al., 2021; Ma et al., 2022), 
thereby promoting the preservation of plant-derived C in soils. These 
inconsistencies are likely to induce puzzling responses in plant-derived C 
to N and P addition, which warrant further in-depth study. 

Microbial-derived C plays a more crucial role than plant-derived C in 
mediating SOC cycling and preservation (Liang et al., 2017; Ma et al., 
2018a). Microbial-derived C tends to bind strongly to mineral surfaces 
because of its amphiphilicity compared with plant-derived C (Sollins 
et al., 2006; Kopittke et al., 2018). Microbes can also assimilate plant- 
derived C into microbial cells through in vivo pathways, which can 
further contribute to microbial biomass and accumulate in soils as 
relatively stable microbial residues and byproducts (Liang et al., 2017). 
Microbial necromass is a key component in controlling SOC storage and 
dynamics (Ma et al., 2018a; Zhu et al., 2020). It has been documented 
that microbial necromass can account for as much as > 50% of SOC in 
temperate agricultural (55.6%) and grassland (61.8%) soils (Liang et al., 
2020; Bai and Cotrufo, 2022), and 70% of them are derived from fungal 
necromass (Wang et al., 2021). Recent studies have demonstrated that 
microbial necromass, particularly fungal necromass, is sensitive to 
nutrient addition in grasslands in the USA (Widdig et al., 2020), which 
may be attributed to their habitation in macroaggregates with weaker 
physical protection (Lützow et al., 2006; Angst et al., 2021). Studies on 
the influence and main drivers of N and P addition on microbial nec
romass are inconsistent. For instance, N addition significantly promotes 
the accumulation of microbial necromass (mainly fungal necromass) 
owing to decreased N-acquisition enzyme activity with 4-year N and P 
addition in subtropical forests (Wang et al., 2022a, Wang et al., 2022b). 
In such cases, lower pH with N addition can also restrict enzyme diffu
sion (Tian and Niu, 2015; Chi et al., 2019; Wilpiszeski et al., 2019), 
which appears to be the main driver of the increased accumulation of 
microbial necromass. In contrast, a meta-analysis reported inhibitory 
effects of N combined with P addition on microbial necromass in global 
forests (Hu et al., 2022). The aggravated microbial C limitation and N- 
acquisition enzyme activity were the two main reasons for the decreased 
microbial necromass (Hu et al., 2022). Therefore, studies exploring 
microbial necromass responses to N and P addition, and their corre
sponding mechanisms, are necessary. 

As lignin phenols can exclusively be formed by higher plants, and 
amino sugars are found in microbial cell walls, they are widely used to 
represent plant- and microbial-derived SOC components, respectively 
(Joergensen, 2018; Thevenot et al., 2010). Both are thought to be major 
components of the stable SOC pool that affects long-term SOC seques
tration (Liang et al., 2017; Thevenot et al., 2010). They can provide 
important information to illustrate the sources, compositions, and dy
namics of the SOC (Table 1). Previous studies have shown that N addi
tion does not significantly change lignin phenol content in temperate 
grassland soils (Crème et al., 2018). In comparison, N and P addition 
increases microbial necromass (Luo et al., 2020) in alpine grassland 
soils, but high N addition significantly decreases fungal necromass in 
grassland soils in Switzerland (Van Groenigen et al., 2007). However, 
few studies have investigated the effects of N and P addition on lignin 
phenols and amino sugars simultaneously in grassland soils. In partic
ular, the fate of lignin phenols and amino sugars in alpine grassland soils 
with elevated N and P input is unclear. 

As the largest plateau on Earth, the Tibetan Plateau has been sub
jected to significant climatic change and intensified human activities 
since the 1970s, which has had a striking impact on the biogeochemistry 
of this region (Chen et al., 2022). Atmospheric deposition and fertilizer 
application have substantially increased N and P inputs to the Tibetan 
Plateau (Peñuelas et al., 2013; Wang et al., 2022a, Wang et al., 2022b). 
As a crucial carbon stock with > 48Pg C estimated in the upper 1 m of 
soils (Mu et al., 2015), SOC dynamics may be profoundly influenced by 

increased exogenous N and P inputs. Hence, we examined the responses 
of plant- and microbial-derived SOC components to N and P addition in 
alpine grassland on the Tibetan Plateau. We aimed to (1) investigate the 
effects of N and P addition on plant- and microbial-derived SOC com
ponents in alpine grassland and (2) evaluate how N and P addition in
fluences SOC sequestration and stabilization by combining plant 
biomass, soil properties, and microbial enzyme activities. We hypothe
sized that N and P addition may (1) not influence the accumulation of 
plant lignin components in soils because of the enhanced plant inputs 
and microbial degradation simultaneously and (2) increase the accu
mulation of microbial necromass along with enhanced microbial 
biomass. 

2. Materials and methods 

2.1. Site description and experimental design 

The field experiments on N and P addition were conducted at the 
Haibei Alpine Grassland Ecosystem Research Station (37◦29′-37◦45′ N, 
101◦12′-101◦23′ E; 3220 m above sea level), located in the northeast of 
the Tibetan Plateau in Qinghai Province, China. The climate is consid
ered to be a typical continental monsoon with cold winters and warm 
summers. The mean annual temperature and precipitation were − 1.2 ◦C 
and 489 mm from 1980 to 2014, respectively (Liu et al., 2018), with 
80% of precipitation occurring during the growing season from May to 
September. The soils at this site belong to the Mat-Gryic Cambisols, 
according to the IUSS Working Group World Reference Base for Soil 
Resources (WRB, 2015), with a clay loam texture, relatively high SOC 
concentrations of 6.3%, and a mean pH of 7.9 at 0–10 cm. The native 
plant species are dominated by Kobresia humilis, Elymus nutans, Stipa 
aliena, and Gentiana straminea (Jia et al., 2017). 

The N and P addition experiment on the Tibetan Plateau was con
ducted in May 2011 based on a random block design (n = 6). Six 
treatments were included in each block: no addition (CK, Control), three 
levels of N addition (N1, 25 kg N ha− 1 yr− 1; N2, 50 kg N ha− 1 yr− 1; N, 
100 kg N ha− 1 yr− 1), P addition (P, 50 kg P ha− 1 yr− 1), and combined N 
and P addition (N + P, 100 kg N ha− 1 yr− 1 plus 50 kg P ha− 1 yr− 1). In 
total, there were 36 plots (6 m × 6 m) in six replicate blocks in this study. 
The widths of the buffer strips between the blocks and between the plots 
were 2 and 1 m, respectively. The applied fertilizers were urea for N 
fertilizer and triple superphosphate for P fertilizer, which were divided 
into three equal parts and evenly spread by hand onto the ground 

Table 1 
Biomarkers used in this study and their biological and ecological significance.  

Biomarkers Molecular 
composition 

Abbreviation Parameter Research 
implication 

Lignin 
phenols 

Vanillyl V (Ad/Al)S, 
(Ad/Al)V 

Indicating lignin 
oxidation stage in 
soils, with higher 
values mean 
higher oxidation 
stage 

Syringyl S 

Cinnamyl C S/V, C/V Indicating the 
stability of plant 
substrate, with 
higher values 
mean lower 
stability 

Amino 
sugars 

Glucosamine GluN GluN/ 
MurA 

Indicating relative 
contribution of 
fungi and bacteria 
to the 
accumulation of 
SOC, with higher 
values mean more 
fungi-derived C in 
SOC 

Galactosamine GalN 
Muramic acid MurA 
Mannosamine ManN  
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surface after sunset, with high moisture levels and low temperatures at 
the beginning of June, July, and August during the annual growing 
season. 

2.2. Plant and soil sampling 

After nutrient addition, plant and soil samples were collected on 24 
August 2020, from four selected treatments: CK (no addition), N (100 kg 
N ha− 1 yr− 1), P (50 kg P ha− 1 yr− 1), and N + P (100 kg N ha− 1 yr− 1 plus 
50 kg P ha− 1 yr− 1). Nine species with the top 80% of shoot biomass were 
identified and collected from the four chosen treatments, and roots were 
sampled as mixed roots from the soil cores. Subsequently, shoots of 
different species and roots were mixed into a composite sample based on 
treatment. In three randomly selected replicates out of the six blocks, 
three cores of soil (topsoil, 0–10 cm and subsoil, 20–30 cm) were taken 
from each plot and mixed thoroughly to obtain one composite sample 
after removing grass, roots, and stones, and then passed through a 2-mm 
sieve. The sieved soil samples were immediately shipped to the labo
ratory on ice and were divided into two subsamples. One subsample was 
stored at 4 ◦C for the analysis of extracellular enzyme activities. The 
second subsample was freeze-dried at − 50 ◦C to extract lignin phenols 
and amino sugars. 

2.3. Soil property analysis 

SOC and total nitrogen (TN) contents were quantified using an 
elemental analyzer (Elementar vario EL cube, Germany), with inorganic 
C removed using 1 M hydrochloric acid (HCl) before SOC measurement. 
Soil total P (TP) was extracted by digesting the samples in H2SO4-HClO4 
and was analyzed using an Auto Discrete chemical analyzer (AMS 
Smarchem450, Italy). Microbial biomass C (MBC) and N (MBN) were 
measured using the chloroform fumigation-extraction technique (Vance 
et al., 1987). Fumigated and non-fumigated soil samples were extracted 
with 0.5 M K2SO4 in a soil solution with a soil:water ratio of 1:4 (w:v). 
The filtered liquor was analyzed using a total organic carbon analyzer 
(Elementar Vario TOC, Germany). The organic carbon (OC) content of 
non-fumigated samples was defined as the dissolved OC (DOC) content. 
MBC and MBN were calculated as OC and N differences between fumi
gated and non-fumigated samples divided by a factor of 0.45 for MBC 
and 0.54 for MBN. Inorganic nitrogen (IN), including ammonium (NH4

+- 
N) and nitrate (NO3

–-N), was extracted with 2 M potassium chloride at a 
1:10 soil:water ratio (w:v) using an Auto Discrete chemical analyzer 
(AMS Smarchem450, Italy). The soil texture was examined by laser 
diffraction using a Malvern Mastersizer 2000 (Malvern Instruments ltd., 
UK). Soil pH was measured in a 1:2.5 soil:water (w:v) suspension with a 
pH meter. 

2.4. Lignin phenols and amino sugars analysis 

Lignin phenols in soils (top- and subsoils) and plants (shoots and 
roots) were extracted and quantified using the copper oxide (CuO) 
oxidation method (Feng and Simpson, 2007). Briefly, freeze-dried soil 
(2 g) or plant (50 mg) samples were mixed with 1 g of CuO, 100 mg of 
ammonium iron (II) sulfate hexahydrate [Fe (NH4)2(SO4)2⋅6H2O], and 
20 mL of nitrogen-purged NaOH solution (2 M) in Teflon-lined bombs. 
All the bombs were flushed with N2 in the headspace for 10 min and 
heated at 150 ◦C for 2.5 h. After the heating, the bombs were cooled in 
running water. The liquid was decanted into a Teflon centrifuge tube 
(50 mL), and the residue was washed twice with 10 mL Milli-Q water 
using a rotary mixer for 10 min. After centrifugation (10 min at 2500 
rpm), the supernatant was decanted into a fresh Teflon centrifuge tube 
(50 mL). The lignin oxidation products (LOPs) were spiked with a sur
rogate standard (ethyl vanillin), acidified to pH < 2 using 12 M HCl, and 
incubated for 1 h at room temperature in the dark to prevent cinnamic 
acid reactions. After centrifugation (30 min at 2500 rpm), LOPs were 
liquid–liquid extracted from the clear supernatant with ethyl acetate 

three times, spiked with an internal standard (trans-cinnamic acid), and 
concentrated under N2. The quantification of LOPs was based on 
derivatization using N, O-bis-(trimethylsilyl) trifluoroacetamide 
(BSTFA) and pyridine (70 ◦C, 3 h) to yield trimethylsilyl (TMS) 
derivatives. 

Amino sugars were extracted from the freeze-dried soil following the 
classic method described by Zhang and Amelung (1996). Briefly, freeze- 
dried soil (0.5 g) was hydrolyzed with 10 mL of 6 M HCl at 105 ◦C for 8 
h. Then, 100 µg of myo-inositol was injected into the cooled samples as a 
surrogate standard, which was filtered and dried via rotary evaporation 
at 50–53 ◦C under reduced pressure. The residues were re-dissolved in 5 
mL of Milli-Q water and adjusted to pH 6.6–6.8 with 1 M potassium 
hydroxide. After discarding the precipitate by centrifugation, the su
pernatant was dried completely by rotary evaporation. The resultant 
residues were re-dissolved in absolute methanol and transferred to a vial 
to dry them under a gentle stream of N2 at 45 ◦C. Amino sugars were re- 
dissolved in 1 mL Milli-Q water, with an additional 100 µg of recovery 
standard (N-methylglucamine), and subsequently freeze-dried over
night. The purified amino sugars were treated with 0.3 mL derivatiza
tion reagents (32 mg mL− 1 hydroxylamine hydrochloride and 40 mg 
mL− 1 4-dimethylamino-pyridine in pyridine-methanol at a 4:1 vol ratio) 
at 75–80 ◦C for 30 min to obtain the aldononitrile derivatives. After 
cooling to room temperature, the derivatives were further acetylated 
with 1 mL of acetic anhydride at 75–80 ◦C for 20 min and mixed with 
1.5 mL of dichloromethane. Excess derivatization reagents were thor
oughly removed by extraction with HCl (1 M) and Milli-Q water. The 
amino sugar derivatives concentrated by N2 were dissolved in 500 µL of 
a mixture of hexane and ethyl acetate solvent (v:v = 1:1) for analysis. 

Biomarkers of interest were identified using a gas chromatograph 
(GC) coupled to a single quadrupole mass spectrometer (Shimadzu 
QP2020, Japan) with a DB-5 fused silica capillary column (30 m × 0.25 
mm × 0.25 μm). The GC temperature program for lignin phenols was as 
follows: an initial column temperature of 65 ◦C was maintained for 2 
min, and then the temperature was increased at 6 ◦C/min to 300 ◦C for 
15 min. For amino sugars, the GC temperature program was as follows: 
an initial column temperature of 120 ◦C was held for 1 min, then the 
temperature was increased at 10 ◦C/min to 250 ◦C for 2.5 min, and then 
the temperature was increased again at 40 ◦C/min to 270 ◦C for 5.5 min. 
The mass spectra were compared with surrogate standards of typical 
lignin phenols to quantify the compounds and calculate the losses during 
the extraction procedures. External quantification standards were used 
to normalize the response factors for the different lignin phenols and 
amino sugars (Ma et al., 2018a). 

The lignin phenol contents were calculated as the sum of vanillyl (V; 
vanillin, acetovanillone, vanillic acid), syringyl (S; syringaldehyde, 
acetosyringone, syringic acid), and cinnamyl (C; p-coumaric acid, ferulic 
acid) monomers (Ma et al., 2018a). The amino sugar contents refer to 
the sum of glucosamine, galactosamine, muramic acid, and mannos
amine. Microbial necromass C was estimated using the following for
mula (Liang et al., 2019): 

Fungal necromass C = (glucosamine/179.2 − 2

× muramic acid/251.2) × 179.2 × 9 (1)  

Bacterial necromass C = muramic acid × 45 (2)  

where 179.2 is the molecular weight of glucosamine, and 251.2 is the 
molecular weight of muramic acid, with an assumed 1:2 M ratio on 
average for muramic acid and glucosamine in bacterial cells. The 
average conversion coefficient of fungal glucosamine to fungal necro
mass C was 9 and the average conversion coefficient of bacterial mur
amic acid to bacterial necromass C was 45. Total microbial necromass C 
was calculated as the sum of fungal necromass C and bacterial necro
mass C. 

T. Ma et al.                                                                                                                                                                                                                                      



Geoderma 431 (2023) 116376

4

2.5. Enzyme activity assay 

Activities of AG (α-1,4-glucosidase), BG (β-1,4-glucosidase), NAG 
(β-1,4-N-acetyl- glucosaminnidase), LAP (leucine aminopeptidase), AP 
(acid phosphatase), and PO (phenol oxidase) were measured according 
to the methods of Zhu et al. (2021). The specific substrates of the five 
hydrolases (AG, BG, NAG, LAP, and AP) used sodium acetate as a buffer 
(pH = 5), and the specific substrate of phenol oxidase (PO) used Tris as a 
buffer (50 mM). For each sample, fresh soil (1 g) and Milli-Q water (125 
mL) were mixed into the soil slurry. For hydrolases, the synthetic sub
strates of AG, BG, AP, and NAG were fluorescently labeled with 4-meth
ylumbelliferone (MUB), whereas only the synthetic substrate of LAP was 
fluorescently labeled with 7-amino-4-methylcoumarin (MUC). Standard 
curves for MUB and MUC were prepared for each sample using eight 
concentration gradients. The soil slurry (200 µL) was pipetted into black 
96-well microplates along with 50 µL of 200 µm enzyme substrate or 50 
µL of 200 µm MUB or MUC for each replicate well for enzyme activities 
measurement and standard curves. Six replicates of each soil sample 
were incubated in black 96-well microplates at 25 ◦C for 4 h. For phenol 
oxidase (PO), 200 µL of soil slurry and 50 µL of 200 µm enzyme substrate 
were pipetted into transparent 96-well microplates for each replicate. 
Sample background wells for each sample were pipetted into 200 µL soil 
slurry and 50 µL of 50 mM Tris buffer. The substrate and buffer back
ground wells for each transparent 96-well microplate were pipetted into 
200 µL Milli-Q water and 50 µL of enzyme substrate or Tris buffer, 
respectively. Eight replicates of each soil sample were incubated in 
transparent 96-well microplates at 25 ◦C for 3 h. Fluorescence was 
quantified by excitation at 365 nm and emission at 450 nm (hydrolytic 
enzymes), and the absorbance was measured at 450 nm (oxidative en
zymes) using a microplate reader (Thermo Fisher Scientific, USA). 

2.6. Data analysis 

Before analysis, the normality test (Shapiro-Wilk test) showed that 
most of the variables were not normally distributed. Thus, all variables 
were log10 transformed to achieve a normal distribution and the same 
order of magnitude. Differences in biomarker concentrations and related 
ratios of plants and soils were examined using one-way analysis of 
variance (ANOVA) among treatments and independent sample t test 
between the topsoil and subsoil. A two-way ANOVA was used to 
examine the main effects and their interactions within treatments and 
soil depths on the concentrations and related ratios of the biomarkers. 
The statistical analyses were performed using SPSS 24.0 (IBM SPSS 
Statistics 24.0, Chicago, IL). Redundancy analysis (RDA) was performed 
to visualize the correlations between lignin phenols, amino sugars and 
plant biomass, soil properties, microbial enzyme activities using ‘vegan’ 
package in R software (version 4.1.3). Pearson’s regression analysis was 
used to assess the relationships between lignin phenols, amino sugars, 
and influencing factors, as well as between the two groups of bio
markers, using the R software (version 4.1.3). The random forest (RF) 
modeling analysis created in R ranked the investigated factors (soil 
properties and microbial enzyme activities) in the order of feature 
importance for explaining lignin phenols and amino sugars and identi
fied the number of important factors using 10-fold cross-validation 
implemented with the “rfcv()” function in the R package ‘random
Forest’ with five repeats. The minimum cross-validation error was ob
tained when using six and eleven important factors for lignin phenols 
and amino sugars, respectively (Zhang et al., 2018). The relative 
importance of the variables was expressed as a percentage increase in 
the mean squared error (MSE), with higher MSE% values implying more 
important variables. The significance of each factor was further assessed 
with the ‘rfpermute’ package in R software (version 4.1.3). The differ
ences were considered statistically significant at p < 0.05. 

3. Results 

3.1. Lignin phenols in plants and soils 

The OC-normalized concentrations of lignin phenols in aboveground 
plants ranged from 67.2 ± 1.6 to 78.7 ± 10.3 mg g− 1 OC, lower than 
those in belowground plants which ranged from 61.1 ± 13.5 to 175.3 ±
49.2 mg g− 1 OC (p < 0.05). The aboveground and belowground plants 
were insensitive to the addition of N and P (p > 0.05; Fig. 1a). Compared 
with CK, the S/V ratio decreased by 21.1% on average with P and N + P 
addition in aboveground plants, whereas no change was observed with 
N and P addition in belowground plants (p > 0.05; Fig. 1b). The ratios of 
(Ad/Al)V and (Ad/Al)S were in the range of 0.2 ± 0.01–0.3 ± 0.03, and 
did not respond significantly to N and P addition, except for the 
decreased (Ad/Al)S ratio with N + P addition in the aboveground plants 
(p < 0.05; Fig. 1c). A higher (Ad/Al)V ratio was found belowground than 
aboveground plants, whereas the opposite was true for the (Ad/Al)S 
ratio (p < 0.05; Fig. 1c). 

The SOC-normalized concentrations of lignin phenols varied from 
2.4 ± 0.3 to 4.9 ± 0.4 mg g− 1 SOC, and increased 1–2 times with P and 
N + P addition in the topsoil but decreased by 32.3% with N addition in 
the subsoil (p < 0.05; Fig. 2a). The lignin phenol monomers of V, S, and 
C shared similar concentrations of 0.8 ± 0.1 to 3.0 ± 0.2 mg g− 1 SOC 
among treatments in the top- and subsoils (Fig. 2b-d). All of these 
increased by 83.9–247.5% with P and N + P addition to the topsoil (p <
0.05) and decreased by 28.2–42.6% with N addition to the subsoil (p <

Fig. 1. Effects of nutrient addition on the OC-normalized concentrations of 
lignin phenols (a), the ratios of S/V (b), (Ad/Al)S, and (Ad/Al)V (c) in plants. 
The effects of plant organs (O, aboveground, and belowground plants) are 
shown. Bars indicate standard error (n = 3). Letters indicate the differences 
among treatments of aboveground and belowground plants. S, syringyl; V, 
vanillyl. CK, control; N, N addition; P, P addition; NP, N + P addition. 
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0.05; Fig. 2b-d). Nevertheless, the ratios of (Ad/Al)V and (Ad/Al)S 
showed no significant response to N and P addition in the top- and 
subsoils (Fig. 2e-f). 

3.2. Amino sugars and microbial necromass in soils 

The SOC-normalized concentrations of amino sugars were in the 
range of 32.2 ± 0.6–61.6 ± 2.5 mg g− 1 SOC with 29.5–47.7% lower 
under P and N + P addition relative to CK in the top- and subsoils (p <
0.05; Fig. 3a). Glucosamine was the most abundant component of the 
amino sugars, followed by galactosamine, which accounted for >95% of 
the total amino sugars (Fig. 3b-c). The concentrations of glucosamine 
and galactosamine decreased by 39.3% and 37.0% with P and N + P 
addition in the top- and subsoils, respectively (p < 0.05), which mainly 
contributed to the decreased concentrations of total amino sugars 
(Fig. 3a-c). However, the concentrations of muramic acid and mannos
amine did not vary statistically with N and P addition in the topsoil or 
subsoil (p > 0.05; Fig. 3d-e). These results cooperatively resulted in an 
apparently decreased GluN/MurA ratio with the addition of P and N + P 
to the subsoil (p < 0.05; Fig. 3f). The GluN/MurA ratio was higher in the 
subsoil than in the topsoil (p < 0.05; Fig. 3f). However, N addition had 
no effect on amino sugars or other related parameters (p > 0.05; Fig. 3). 

The SOC-normalized concentrations of microbial necromass C 

ranged from 215.6 ± 2.8 to 401.1 ± 50.2 g kg− 1 SOC, with fungal 
necromass C accounting for 78.5% on average (Fig. 4a-b). Both the total 
microbial necromass C and fungal necromass C decreased with P and N 
+ P addition in the top- and subsoils (p < 0.05; Fig. 4a-b). No significant 
difference was found in bacterial necromass C among the treatments in 
the topsoil or subsoil (Fig. 4c). There was no change in the total mi
crobial necromass C, fungal necromass C, or bacterial necromass C with 
N addition (p > 0.05; Fig. 4). 

3.3. Ratios of fungi-to-bacteria necromass C and amino sugars to lignin 
phenols 

The ratio of fungi-to-bacteria necromass C varied from 2.9 ± 0.6 to 
5.4 ± 0.5, obviously higher in the subsoil than that in the topsoil (p <
0.05; Fig. 5a). This ratio decreased with P and N + P addition in the 
subsoil (p < 0.05), but did not change in the topsoil (p > 0.05; Fig. 5a). 
The ratio of amino sugars to lignin phenols (AS/VSC) was in the range of 
4.7 ± 0.6–23.7 ± 6.3, with lower values with P addition in the topsoil 
and N + P addition in the top- and subsoils but higher values with N 
addition in the subsoil (p < 0.05; Fig. 5b). 

Fig. 2. Effects of nutrient addition on the SOC- 
normalized concentrations of lignin phenols (a-d) 
and the ratios of (Ad/Al)S and (Ad/Al)V (e-f) in soils. 
The effects of soil depth (D), nutrient addition treat
ments (T), and their interactions (D × T) are shown. 
Bars indicate standard error (n = 3). The absence of 
letters on the error bar indicates no significant dif
ference between the topsoil and the subsoil. Asterisks 
denote significant differences between CK and 
nutrient addition treatments (p < 0.05). CK, control; 
N, N addition; P, P addition; NP, N + P addition. *, p 
< 0.05; ***, p < 0.001.   

Fig. 3. Effects of nutrient addition on the SOC- 
normalized concentrations of amino sugars (a-e) and 
GluN/MurA ratio (f). The effects of soil depth (D), 
nutrient addition treatments (T), and their in
teractions (D × T) are shown. Bars indicate standard 
error (n = 3). Bars with different capital letters are 
significantly different between the topsoil and the 
subsoil. Asterisks denote significant differences be
tween CK and nutrient addition treatments (p < 0.05). 
MurA, muramic acid; GluN, glucosamine. CK, control; 
N, N addition; P, P addition; NP, N + P addition. **, p 
< 0.01; ***, p < 0.001.   
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3.4. Factors controlling lignin phenols and amino sugars 

According to the RDA results, plant biomass, soil properties, and 
microbial enzyme activities played important roles in determining lignin 

phenols and amino sugars (R2 = 84.9%; Fig. 6). TP and pH, with the 
longest projections, had the most dominant effects on lignin phenols and 
amino sugars, followed by clay and MBC, respectively. Pearson’s linear 
correlation analysis also revealed significant correlations between the 
lignin phenols (r = 0.69; Fig. S1), amino sugars (r = -0.50; Fig. S2), and 
TP. In addition, lignin phenols were negatively correlated with the ratios 
of SOC/TP and TN/TP, but positively correlated with clay (Fig.S1). 
Amino sugars showed negative correlations with the MBC/MBN ratio 
and LAP but positively correlated with pH (Fig. S2). The RF analysis was 
further performed to explore the dominant factors controlling the amino 
sugars and lignin phenols (Fig. 7). The RF model explained 54.75% and 
45.92% of the variance in the lignin phenols and amino sugars, 
respectively. The relative importance ranking of the investigated factors 
(soil properties and microbial enzyme activities) revealed that TP was 
the most important factor for both biomarkers, followed by the ratios of 
TN/TP, SOC/TP, NAG, and AP for lignin phenols and the ratio of MBC/ 
MBN for amino sugars (p < 0.05; Fig. 7). 

4. Discussion 

4.1. P supply suppressed the accumulation of microbial necromass in soils 

The contribution of microbial necromass C to SOC in our study was 
similar to the 35.8–48.4% contribution in other alpine grassland soils 
(Ding et al., 2019), but lower than that in temperate grassland soils 
(Liang et al., 2019; Zhang et al., 2021). The inhibitory effects of low 
temperatures on plant production (Piao et al., 2006) and microbial 
growth, proliferation, and turnover (Chen et al., 2021; Zhang et al., 
2021) impede microbial anabolism (Wang et al., 2020), which limits the 
accumulation of microbial necromass in alpine soils. Additionally, 
freeze–thaw events that occur on the Tibetan Plateau may lead to lower 
concentrations of amino sugars in soils (Sawicka et al., 2010; Jia et al., 

Fig. 4. Effects of nutrient addition on SOC- 
normalized concentrations of microbial necromass 
(a-c). The effects of soil depth (D), nutrient addition 
treatments (T), and their interactions (D × T) are 
shown. Bars indicate standard error (n = 3). The 
absence of letters on the error bar indicates no sig
nificant difference between the topsoil and the sub
soil. Asterisks denote significant differences between 
CK and nutrient addition treatments (p < 0.05). CK, 
control; N, N addition; P, P addition; NP, N + P 
addition. **, p < 0.01; ***, p < 0.001.   

Fig. 5. Effects of nutrient addition on the ratio of 
fungi-to-bacteria necromass C (a), and the ratio of 
AS/VSC (b) in soils. The effects of soil depth (D), 
nutrient addition treatments (T), and their in
teractions (D × T) are shown. Bars indicate standard 
error (n = 3). The absence of letters on the error bar 
indicates no significant difference between the topsoil 
and the subsoil. Asterisks denote significant differ
ences between CK and nutrient addition treatments 
(p < 0.05). AS, amino sugars; VSC, lignin phenols; F- 
MNC, fungal necromass C; B-MNC, bacterial necro
mass C. CK, control; N, N addition; P, P addition; NP, 
N + P addition. *, p < 0.05; **, p < 0.01.   

Fig. 6. Redundancy analysis (RDA) performed on two groups of biomarkers 
(green lines: lignin phenols; orange line: amino sugars) profiles and plant 
biomass, soil properties, and microbial enzyme activities (black lines) with N 
and P addition in the top- and subsoils. Arrows indicate correlations between 
biomarkers and plant biomass, soil properties, and microbial enzyme activities. 
Circles of different colors are used to distinguish the treatments. CK, control; N, 
N addition; P, P addition; NP, N + P addition. 
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2021). Freeze-thaw events may accelerate the fragmentation and release 
of microbial cell walls into soils (Sawicka et al., 2010; Jia et al., 2021), 
further increasing the leaching loss and recycling of the microbial nec
romass (Nielsen et al., 2001; Matzner and Borken, 2008; Xu et al., 2018). 

The accumulation of microbial necromass generally depends on the 
balance between the production and degradation of microbial metabo
lites (Joergensen, 2018). Inconsistent with our hypothesis, we found 
significantly decreased microbial necromass C with 10-year P and N + P 
addition (P supply; Fig. 4). Contrary to our results, Luo et al. (2020) 
found significantly increased microbial necromass due to a decrease in 
SOC with a 4-year P supply in the same field experiment. However, our 
results are consistent with those of Yuan et al. (2021), who also found 
significantly decreased microbial necromass with a 10-year P addition in 
a tropical forest. They suggested that the increased C- (BG) and N- 
acquisition enzyme (NAG) activities caused by P addition enhanced the 
degradation of the microbial necromass and hampered its accumulation. 
We also detected stimulated C- (AG and BG) and N-acquisition enzyme 
(LAP) activities with N + P addition in the topsoil and P addition in the 
subsoil, respectively (Fig. S3a-c). A negative correlation was observed 
between LAP and microbial necromass in the subsoil (Fig. S4d), 
implying that the increased degradation of microbial necromass might 
have contributed to the decrease in microbial necromass with P addi
tion. Nevertheless, P supply did not decrease MBC in the top- and sub
soils (Fig. S3d), which was combined with an insignificant correlation 
between MBC and amino sugars (Fig. S2), and ruled out the effect of 
microbial production on the reduced microbial necromass. In addition 
to increased enzyme activities, mineral protection largely influences the 
recycling of microbial necromass (Lützow et al., 2006; Sollins et al., 
2006). When microbial necromass is desorbed from mineral surface, it is 
more easily degraded and reutilized by microorganisms (Cui et al., 2020; 
Cai et al., 2022). In our study, the P supply introduced a considerable 
amount of competing phosphate ions into the topsoil (Table S1), because 
phosphate can bridge two or more metals on the mineral surface to form 
bi- or multinuclear surface complexes that block sorption sites for mi
crobial necromass (Stumm, 1997; Mikutta et al., 2011; Kleber et al., 
2015). This can markedly decrease the amount of microbial necromass 
adsorbed onto mineral surfaces (Alliot et al., 2005; Gasser et al., 2008; 
Hiemstra et al., 2010; Hiemstra, 2013), and increase the possibility of 
degradation and reutilization. 

Moreover, microbial necromass is considered an N-enriched organic 
substrate (Liang et al., 2019), and the N restriction caused by P supply 
(Table S2) may accelerate the decomposition of microbial necromass to 
obtain N for microorganisms. Furthermore, the local charge disequilib
rium encouraged by the depletion of desorbed microbial necromass 
stimulates the continuous release of microbial necromass from mineral- 

organic-associated complexes into desorbed phases over longer time
scales (Kleber et al., 2015). Finally, the decrease in soil pH with P supply 
(p < 0.05; Table S1) may also drive the decline in microbial necromass. 
Minerals tend to dissolve at low pH (Blume et al., 2015), reducing their 
capacity to stabilize microbial necromass (Angst et al., 2021), and 
resulting in more unprotected microbial necromass that can be easily 
reutilized under N deficiency caused by P supply (Lützow et al., 2006). 
The positive correlation between the microbial necromass and pH also 
supports this view (Fig. S4h). Taken together, the decrease in microbial 
necromass with P supply may be associated with increased decomposi
tion, implying the potential role of mineral protection affected by P and 
soil pH in determining the accumulation of microbial necromass in soils. 

It is worth mentioning that the decreased microbial necromass was 
mainly derived from fungal necromass with P supply. Ding et al. (2019) 
also found that a significant increase in fungal necromass, but not bac
terial necromass, induced changes in total microbial necromass after 3- 
year warming in an alpine meadow. This indicates that fungi are more 
responsive to changing environments, given their preferential habita
tion in macroaggregates with weak physical protection (Lützow et al., 
2006; Ding et al., 2019). Additionally, fungal necromass with a broad 
range of SOC/TN ratios (Kallenbach et al., 2016) can meet the microbial 
stoichiometric demand (Cui et al., 2020) at different levels of C and N 
limitation; thus, more fungal necromass was degraded with P supply 
(Fig. 4b). This result conflicted with that of a 7-year nutrient addition 
experiment that found decreased fungal residues because of decreased 
fungal biomass with N addition in an N-saturated tropical forest (Ma 
et al., 2020). However, N constraint is common in our study area (Chen 
et al., 2022), and P supply exacerbates the N demand of microorganisms 
(Table S2; Vitousek et al., 2010; He and Dijkstra, 2015). Therefore, the 
aggravated N restriction resulting from the P supply led to the asyn
chronous decomposition of microbial necromass components because of 
their possibly different intrinsic stabilities (He et al., 2011), eventually 
altering the contribution of fungal and bacterial necromass (Ma et al., 
2018b). 

4.2. P supply stimulated the accumulation of plant lignin components in 
soils 

The SOC-normalized concentrations of lignin phenols were 2.4 ±
0.3–8.4 ± 0.7 mg g− 1 SOC on average (Fig. 2a), which were in a lower 
range of 1.7–30.3 mg g− 1 SOC in alpine grassland soils (Zhu et al., 2019; 
Dai et al., 2022), whereas lower than 10–25 mg g− 1 SOC in subtropical 
forest soils (Wang et al., 2022a, Wang et al., 2022b). Surprisingly, we 
found that contrary to microbial necromass and our hypothesis, P supply 
remarkably increased the concentration of lignin phenols in the topsoil, 

Fig. 7. Random forest (RF) mean predictor importance (percentage increase in mean square error) of lignin phenols (a) and amino sugars (b) among treatments in 
the top- and subsoils, showing factors with relative importance scores. The accuracy importance measure was computed for each tree and averaged over a forest (500 
trees). The percentage increases in the mean squared error (MSE) of the variables were used to estimate the importance of these predictors; higher MSE% values 
imply more important predictors. *, p < 0.05; **, p < 0.01. 
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whereas N addition decreased it in the subsoil (p < 0.05; Fig. 2a). The 
increased concentrations of lignin phenols were the result of increased 
V, S, and C monomers with P supply to the topsoil (Fig. 2a-d). Previous 
studies have reported that the concentrations of lignin phenols increase 
in warmed soils which are associated with the suppression of lignin 
oxidation (Ma et al., 2022). However, we observed unaffected ratios of 
(Ad/Al)S and (Ad/Al)V with N and P addition (Fig. 2e-f), indicating that 
the preferentially accumulated lignin phenols were unrelated to mi
crobial degradation. Conversely, decreased lignin phenols were found 
with P addition, along with unaffected (Ad/Al)S and (Ad/Al)V in a 
subalpine forest (Luo et al., 2022). They attributed the decreased lignin 
phenols to a greater reduction in C input from fine roots and the nuanced 
alteration of microbial community functions (Luo et al., 2022). By 
comparison, we excluded the influence of plant inputs, as no significant 
changes in plant lignin phenols and no increase in plant biomass were 
found with P supply (Fig. 1a and S6). However, P supply significantly 
decreased the S/V ratio of aboveground plant materials (Fig. 1b), indi
cating an improved chemical recalcitrance of plant substrates (Otto and 
Simpson, 2006; Clemente et al., 2011). Therefore, the enhanced con
centrations of lignin phenols may originate from increased chemical 
recalcitrance and preferential accumulation with P supply in the topsoil. 
In addition, the degradation of lignin phenols is associated with the 
availability of labile C compounds, which are C and energy sources for 
microbial proliferation and use of organic matter (Frey et al., 2008; Cui 
et al., 2016; Ma et al., 2022). The N addition alleviated the C limitation 
of microorganisms in the subsoil (indicated by decreased vector length; 
p < 0.05; Table S2); thus, lignin phenols were decomposed as C sources 
by microorganisms. Together, these findings conjointly contribute to the 
selective retention of plant lignin components in soils. 

4.3. Implications of N and P addition on SOC sequestration in alpine 
grassland 

The 10-year P supply significantly increased lignin phenols in the 
topsoil, but decreased amino sugars in both the top- and subsoils 
(Figs. 2-3), which did not match the change in SOC (Table S1). The 
accumulation of SOC was fundamentally determined by the balance 
between organic matter inputs (i.e., plant residues) and losses (i.e., 
microbial decomposition) (Six et al., 2006). In our study, amino sugars 
and lignin phenols in soils constitute 3.2–6.2% and 0.2–0.8% of SOC, 
respectively (Figs. 2-3). These two groups of SOC components were 
probably inadequate to specify the overall SOC changes, as recently 
reported by Whalen et al. (2022). Therefore, separate or combined 
amino sugars and lignin phenols are inaccurate indicators of SOC dy
namics in the context of N and P addition in alpine grasslands of the 
Tibetan Plateau. However, their feedback to N and P addition may 
indicate SOC stability, because they represent stable SOC components 
from microorganisms and plants, respectively. 

As tracers of microbial necromass, amino sugars are typically made 
up of > 90% fungal and bacterial populations (Six et al., 2006). As 
discussed above (see section 4.1), the imbalanced soil stoichiometric 
ratio led to varied degrees of decreased fungal necromass and bacterial 
necromass, and generated a prominent decline in the fungi-to-bacteria 
necromass C ratio with P supply in the subsoil (p < 0.05; Fig. 5a). The 
ratio of fungi-to-bacteria necromass C had an average value of 3.9 in the 
top- and subsoils, at the high end of 1.2–4.1, which has recently been 
reported for global grasslands (Bai and Cotrufo, 2022). Previous evi
dence suggests that the ratio of fungi-to-bacteria necromass C ranges 
from 2.0 to 4.0 in forests globally (Ni et al., 2020; Luo et al., 2022). This 
result is at odds with the idea that fungal necromass contributes more to 
microbial necromass in forest soils than in grassland soils (Wang et al., 
2021). Because fungal necromass is more chemically recalcitrant than 
bacterial necromass (Martin and Haider, 1979; Simpson et al., 2004; 
Joergensen, 2018), this ratio can be used to evaluate the stability of 
microbial necromass (Amelung, 2001; Six et al., 2006; Ma et al., 2018b). 
Consequently, the significantly decreased ratio of fungi-to-bacteria 

necromass C in the subsoil resulting from decreased fungal necromass 
but constant bacterial necromass with P supply (Figs. 4-5) implies less 
stable microbial-derived C in the future. 

The long-term build-up of the SOC pool is regulated by the retention 
of microbial and plant products in soils (Li et al., 2020). In our study, 
amino sugars played a more important role than lignin phenols in the 
formation of stable SOC, as reflected in two aspects: (1) the SOC- 
normalized concentrations of amino sugars were 20 times higher than 
those of lignin phenols (Figs. 2-3); and (2) the preferential degradation 
of amino sugars resulted in the concomitant retention of lignin phenols. 
Several studies have shown that stable SOC usually comprises more 
microbial compounds than plant constituents despite their high molec
ular stability (Lützow et al., 2006; Thevenot et al., 2010; Zhu et al., 
2020). Therefore, the AS/VSC ratio may be indicative of the SOC sta
bility to some extent. As a result, the significantly decreased AS/VSC 
ratio with 10-year P supply in soils may indicate decreased SOC stability. 
In general, both decreased fungi-to-bacteria necromass C and AS/VSC 
ratios with a 10-year P supply point to a higher SOC loss potential in the 
future, and the composition and stability of SOC with increased N and P 
inputs warrant more attention. 

5. Conclusions 

A continuous P supply suppressed the accumulation of microbial 
necromass, whereas N addition did not significantly alter it. In com
parison, the P supply enhanced lignin phenols in the topsoil, but N 
addition decreased them in the subsoil. With continuous P supply, the 
enhanced degradation of microbial necromass due to weakened mineral 
protection results in reduced microbial necromass, whereas the 
increased recalcitrance of plant lignin components leads to their selec
tive retention in soils. TP is a vital factor that affects the accumulation of 
amino sugars and lignin phenols in soils. Furthermore, P supply reduced 
the relative stability of microbial necromass and SOC in soils, tending to 
increase SOC loss in the future. In brief, our study facilitates an accurate 
understanding of the complex SOC response to increased N and P inputs 
from plant lignin components and microbial necromass biomarker per
spectives in the alpine grasslands of the Tibetan Plateau. 
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