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Abstract 
Aims  Litter decomposition affects soil organic car-
bon storage, and nutrient addition alters exogenous 
nutrient availability in soil, thereby affecting the 
endogenous nutrient concentration and extracellular 
enzyme activity in litter. However, how above- and 
belowground litter decomposition responds to nutri-
ent addition is not fully understood.
Methods  We conducted a 7-yr field experiment with 
5 levels (0, 1, 2.5, 5, and 12.5 g P m−2 yr−1) of phos-
phorus fertilization (P). Starting in the 6th year, we 
determine litter decomposition, nutrient elements, 
and enzyme activity to explore the response mecha-
nisms of above- and belowground litter decomposi-
tion to P addition.

Results  All levels of P addition increased the rate 
of aboveground litter decomposition, but only 2.5  g 
P m−2  yr−1 increased that of belowground litter. P 
addition increased the litter initial P and Mn contents, 
while decreased the C/P and N/P ratios of above-
ground litter, which stimulated the activities of β-1,4-
glucosidase and β-1,4-N-acetylglucosaminidase, 
thereby increasing the aboveground litter decompo-
sition rate. The belowground litter decomposition 
was mainly inhibited by lignin content, and 2.5  g P 
m−2 yr−1 addition significantly decreased lignin con-
tent and increased the phenol oxidase activity, thereby 
accelerating the decomposition. P addition promoted 
the accumulation of P and the release of cellulose 
from aboveground litter and promoted the accumula-
tion of calcium and the release of carbon from below-
ground litter.
Conclusions  Different mechanisms of above- and 
belowground litter decomposition under P addition 
were driven by litter quality and enzyme activity, but 
moderate P addition increased semiarid grassland lit-
ter decomposition, which may contribute to low soil 
C sequestration.
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Introduction

Phosphorus (P), is an important regulator of plant 
growth and development, community dynamics, eco-
system structure and function, and plays an important 
role in the nutrient cycle and energy flow of grass-
land ecosystems (Samaddar et  al. 2019; Zhu et  al. 
2021; Sun et  al. 2023). Litter decomposition affects 
the nutrient cycling and soil organic matter forma-
tion processes in grassland ecosystems and is highly 
susceptible to external nutrient changes (Gong et  al. 
2022). Therefore, studying the effect of exogenous P 
addition on grassland litter decomposition is helpful 
to understand the effect of P cycle on C cycle in the 
grassland ecosystem.

Litter can be divided into aboveground litter and 
belowground litter, both of which are of great signifi-
cance to the nutrient cycle of the ecosystem. Above- 
and belowground litters differ fundamentally in their 
tissue chemistry heterogeneity and their decomposi-
tion microenvironment, so their decomposition may 
also respond differently to changes in the environ-
ment (Xia et  al. 2017; DeForest 2019). However, 
many studies describing organic matter cycling in ter-
restrial ecosystems are still based on the characteri-
zation of aboveground litter and rarely explore both 
types of substrate decomposition or their response to 
increased nutrient (especially P) availability, which 
biases our full understanding of the feedback rela-
tionships between plant traits and carbon cycling 
(Norris et  al. 2012; Mariotte et  al. 2018). A current 
study found that P addition simultaneously increased 
the decomposition rate of above- and belowground 
litter (Li et  al. 2017). Conversely, it has also been 
found that P addition can increase aboveground litter 
decomposition but has no effect on belowground litter 
decomposition (Jiang et  al. 2018). Because of these 
discrepancies and the importance of litter decomposi-
tion, it is necessary to study both above- and below-
ground litter decomposition in a single experiment.

The decomposition rates of above- and below-
ground litter are affected by many factors. On the 
ecosystem scale, above- and below-ground litter 
decomposition are mainly influenced by litter quality, 
such as chemical elements, lignin, and cellulose, and 
biological factors, such as microbial enzyme activity 
(Ochoa-Hueso et al. 2019; Dong et al. 2021). Gener-
ally, litter with a high content of water-soluble com-
ponents and a low content of lignin and cellulose will 

be more easily decomposed (Wang et  al. 2020; Kri-
iska et al. 2021). In addition, mineral elements such 
as Mn, Mg, and Ca in above- and belowground lit-
ter can participate in the growth and metabolism of 
microorganisms, thus affecting litter decomposition 
rate (Berg et  al. 2015; Vivanco and Austin 2019). 
In terms of microorganisms, extracellular enzymes 
play a critical role in microbial metabolism and lit-
ter decomposition, reflecting the relationship between 
biological nutrient demand and supply (Cui et  al. 
2019). Microorganisms alter the decomposition 
process of litter by releasing different extracellular 
enzymes to decompose organic substances that con-
tain C, N, and P to obtain the nutrients that main-
tain their metabolism (Jing et al. 2016). P limitation 
may affect the growth of plants and microorganisms. 
However, it remains poorly understood how differ-
ent concentrations of exogenous P inputs regulate lit-
ter quality and enzyme activity, and ultimately affect 
above- and belowground litter decomposition rates.

Two theories are able to explain the changes in 
litter decomposition processes under P addition: the 
stoichiometric hypothesis and the microbial miner-
alization hypothesis. The former suggests that the 
decomposition rate is higher when the stoichiom-
etry of litter is most similar to that of decomposers 
(Sterner and Elser 2002). In other words, P addition 
can accelerate decomposition, especially in nutrient-
deficient environments, by increasing nutrient avail-
ability and stimulating microbial growth and activity 
(Moorhead and Sinsabaugh 2006). The latter suggests 
that the decomposition of litter is driven by microbial 
nutrient demand (Allison and Vitousek 2005). P addi-
tion reduces the limiting effect of nutrients on micro-
organisms, and the activity of enzymes that obtain 
this nutrient will decrease, ultimately inhibiting the 
rate of decomposition of litter. However, it is still 
unclear how the two mechanisms influence above- 
and belowground litter decomposition under nutrient 
deposition.

The temperate grasslands of Inner Mongolia not 
only provide edible forage for China’s animal hus-
bandry, but also play a crucial role in ecological pro-
tection, such as carbon sequestration and water and 
soil conservation (Bai et al. 2022). However, the con-
sumption of vegetation by livestock grazing leads to a 
loss of P from grasslands (Chaneton et al. 1996), and 
N deposition may also cause a P deficiency in grass-
lands (Tilman et  al. 2002). However, little is known 
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about the response of above- and belowground litter 
decomposition in grassland ecosystems to multiple 
levels of P addition. To fill this knowledge gap, a 2-yr 
field litter decomposition experiment (final 2- of a 
7-yr experiment) was conducted in this study with 5 
P addition levels (0, 1, 2.5, 5, and 12.5 g P m−2 yr−1). 
The aim was to fully understand the response of 
above- and belowground litter decomposition to dif-
ferent P addition levels. We hypothesized that: (1) 
P addition can increase the decomposition rate of 
above- and belowground litter, but (2) the response 
mechanisms of above- and belowground litter 
responded differently to P addition because of litter 
quality and extracellular enzyme activity. The result-
ing knowledge helps to fully understand the impact of 
changes in the P cycle of grassland ecosystems on the 
C cycle.

Materials and methods

Study area and experimental set‑up

The Grassland Ecosystem Research Station (44° 48’ 
N - 44° 49’ N, 116° 02′ E - 116° 30′ E) was selected 
as the study area in Inner Mongolia, northern China. 
The average temperature from June 2018 to June 
2020 was 4.3  °C. Annual rainfall was 307.5  mm, 
mainly concentrated from June to September (the 
growing season), accounting for about 70% of the 
total annual rainfall (Fig.  S1). The dominant spe-
cies in the study area are two C3 perennial grasses, 

the vegetation cover of Leymus chinensis was about 
40% and that of Stipa grandis was about 10%. Leymus 
chinensis contributes approximately 90% of the total 
aboveground biomass (Wang et al. 2019). The soil is 
a Calcic-orthic Aridisol in the USDA soil taxonomy 
that developed from eolian parent material, and the 
contents of sand, silt, and clay are 60%, 21% and 
19%, respectively (Zeng et al. 2010).

The experiment was a randomized block design 
with three replications. The experiment was estab-
lished on a flat and uniformly vegetated site in 2014. 
P treatments were randomly assigned to 5 plots 
(6  m × 6  m) per block and 15 total plots (5 treat-
ments × 3 blocks). To minimize mutual interference 
and edge effects, a 1.5-m buffer without fertilization 
was established between adjacent plots. We designed 
the P addition based on the fertilization standard for 
soil in Inner Mongolia, which is 5 g P m−2 yr−1. Five 
P addition concentrations (0, 1, 2.5, 5, and 12.5  g 
P m−2  yr−1) were established, and referred to con-
trol, P1, P2.5, P5, and P12.5. The P fertilizer used is 
NaH2PO4 (analytical reagent, test content ≥99.9%), 
which was applied once per year from 2014 to 2020, 
and the control was sprayed with only 25 L of water 
(the amount of dissolved NaH2PO4). Effects of 5-yr 
of P additions on soil characteristics (in 2018) are 
shown in Table 1.

Preparation and retrieval of litterbag

At the beginning of June 2018, we randomly estab-
lished four 1  m × 1  m quadrats in each plot. First, 

Table 1   Effect of 5-yr P additions on soil properties at 0–10 cm soil

pH is soil pH (water); STN is soil total N content; STC is soil total C content; STP is soil total P content; Pavail is soil available P 
content; Porg is soil organic P content; NO3

−-N is soil NO3
−-N content; NH4

+-N is soil NH4
+-N content. Different letters are used to 

indicate significant differences. Values are means and standard errors (n = 3)

Parameters P addition level

Control P1 P2.5 P5 P12.5

pH 8.01 ± 0.01b 8.02 ± 0.01b 8.01 ± 0.01b 7.98 ± 0.01b 8.09 ± 0.00a
STN (%) 0.21 ± 0.01a 0.19 ± 0.01a 0.17 ± 0.01a 0.19 ± 0.00a 0.19 ± 0.00a
STC (%) 2.11 ± 0.01bc 2.25 ± 0.09ab 2.02 ± 0.01c 2.38 ± 0.06a 2.34 ± 0.05a
STP (mg·g−1) 0.35 ± 0.01b 0.39 ± 0.01b 0.42 ± 0.01b 0.40 ± 0.03b 0.74 ± 0.06a
Pavail (mg·kg−1) 3.02 ± 0.17d 10.74 ± 2.18c 18.77 ± 0.75b 21.15 ± 1.16b 58.19 ± 0.11a
Porg (mg·kg−1) 68.06 ± 4.06b 70.05 ± 0.49b 86.69 ± 4.62a 80.66 ± 5.87ab 73.32 ± 3.81b
NO3

−-N (mg·kg−1) 12.49 ± 0.91a 6.27 ± 0.39b 6.71 ± 0.26b 5.89 ± 0.57b 6.30 ± 1.85b
NH4

+-N (mg·kg−1) 0.98 ± 0.09c 1.68 ± 0.19b 2.07 ± 0.17a 1.83 ± 0.17a 1.90 ± 0.44a
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dead material on the ground surface was collected, 
and soil and other impurities were removed from it. 
We then used an 8-cm-diameter root drill to collect 
all dead and living roots to 40 cm of soil, including 
coarse and fine roots. We used a 2-mm mesh to sepa-
rate root tissue from the soil and repeated this pro-
cess until no roots were visible in the soil. Ultimately, 
we obtained aboveground material and belowground 
tissue from more species, but mainly those of the 
dominant species Leymus chinensis and Stipa gran-
dis. These samples were used to represent the above- 
and belowground litter in the decomposition study. 
For each plot, the collected litter was homogenized 
to produce a single homogeneous sample.

The litter decomposition experiments were con-
ducted using the in-situ litterbag method. The litter-
bag is a 10 cm × 10 cm nylon mesh bag with a 1 mm 
mesh size. The above- and belowground litterbags 
were filled with 10 g and 5 g of air-dried litter, respec-
tively. In each plot, 30 bags of aboveground litter and 
22 bags of belowground litter were installed. Before 
placing the aboveground litterbags, we removed any 
surface litter or stones that would prevent contact 
with the soil. The aboveground litterbags were then 
attached to the ground surface using bamboo stakes 
to ensure they remained in contact with the soil and 
were distributed evenly throughout the original plots. 
The belowground litterbags were buried into the soil 
at a depth of 10 cm and maintained at an angle of 45° 
to ensure full contact with the soil. Before replac-
ing the original soil above the buried litterbags, we 
removed enough soil to equal the volume of the lit-
ter bag, then provided only enough compression to 
restore the original soil surface; that is, the density 
and porosity of the replaced soil did not differ greatly 
from that of the surrounding soil.

The aboveground litterbags were retrieved at 2, 3, 5, 9, 
12, 14, 15, 17, and 24 months and the belowground litter-
bags were retrieved at 2, 3, 9, 12, 15, and 24 months. On 
each sampling date, three aboveground and three below-
ground litter decomposition bags per plot were retrieved. 
We gently washed away any soil attached to the litter 
surface in the laboratory with tap water and removed the 
live roots, which we identified based on their color.

Assay of microbial enzymatic activities

This study determined the activities of five extracellu-
lar enzymes in litter, which included one C-acquiring 

enzyme (β-1,4-glucosidase, BG), one N-acquiring 
enzyme (β-1,4-N-acetylglucosaminidase, NAG), one 
P-acquiring enzyme (acid phosphatase, AP), and two 
oxidases (phenol oxidase, PhOx; peroxidase, PerOx), 
following a modified method based on the descrip-
tion of Saiya-Cork et  al. (2002). Briefly, 1.5  g of 
litter and 150  ml of Tris buffer (pH = 8) were used 
for enzyme assays with 4- Methylumbelliferyl-β-D-
glucoside (200 μM), 4-Methylumbelliferyl-N-acetyl-
β-D- glucosaminide (200 μM) and 4-Methylumvellif-
eryl Acid phosphate (200 μM) as the BG, NAG and 
AP substrates, respectively. In addition, 3,4-dihy-
droxyphenylalanine was used as the PhOx and PerOx 
substrates. The activity of extracellular enzymes was 
measured using a microplate reader (Synergy H1, 
Bio Tek, USA). The detailed methodology is avail-
able in the supplementary online material (Appendix 
1). Enzyme activity was measured after each collec-
tion of above- and belowground litter, and the sample 
collection time is shown in “Preparation and retrieval 
of litterbag” section. The average value of multiple 
determinations was calculated for statistical analysis.

Litter quality

Litter samples were ground using an electric mill 
(1093 Cyclotec, FossTecator, Högnäs, Sweden) to 
pass through a 40-mesh stainless-steel sieve. The 
total C and N contents were determined by an auto-
matic elemental analyzer (Vario EL, Elementar, Lan-
genselbold, Germany) (Shi et  al. 2021). The total P, 
calcium (Ca), magnesium (Mg), and Mn contents 
were determined by axial-view inductively coupled 
plasma spectrometry (SPECTRO Analytical Instru-
ments, Kleve, Germany) (Li et  al. 2022). The cellu-
lose and lignin contents were determined using the 
Van Soest method (Van Soest 1967). The detailed 
methodology is available in the supplementary online 
material (Appendix 2). The measurement time of the 
above indicators is after each sample is recovered, 
and the sample collection time is shown in “Prepara-
tion and retrieval of litterbag” section.

Soil sampling and analyses

When retrieving the litterbags in August 2018, soil 
samples were collected by soil drills with an inner 
diameter of 8  cm from the 0–10  cm layer under 
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the litterbags. Soil samples were brought back 
to the laboratory in crisper boxes with ice packs, 
and impurities were removed using a 2-mm sieve. 
The contents of soil total C (STC), N (STN) and P 
(STP) were determined by the same method as lit-
ter. We determined the soil NH4

+-N and NO3
−-N 

contents using a continuous flow analyzer (AA3, 
Bran+Luebbe, Norderstedt, Germany). Soil pH 
was measured using a calibrated pH meter. The soil 
available P (Pavail) was determined using molybde-
num blue spectrophotometry with a UV spectrom-
eter (756 PC, Jinghua, China), while soil organic 
P (Porg) was determined using molybdenum blue 
spectrophotometry with the same UV spectrometer 
after combustion of the sample.

Data analysis

Litter decomposition rate and mass remaining

We determined the constant for the decomposition 
rate (k) after 24  months of litter decomposition 
using a single-negative exponential model (Olson 
1963). We then calculated the mass remaining (MR) 
as the ratio of residual litter mass to the initial litter 
mass after a given duration of decomposition (Gao 
et al. 2015):

where X0 (g) is the dry weight of litter at the begin-
ning of the experiment, Xt (g) is the residual mass of 
litter at decomposition time, t, e is the base of the nat-
ural logarithm, and k is the litter decomposition rate.

Nutrient accumulation index

The release or accumulation of each element in lit-
ter can be characterized by the nutrient accumula-
tion index (R). When R < 100%, it indicated that the 
litter nutrient had a net release; when R > 100%, it 
indicated that the net accumulation (McGroddy 
et al. 2004).

X
t
= X

0
e
−kt

MR = X
t
∕X

0
× 100%

R = M
t
× C

t
∕
(

M
0
× C

0

)

× 100%

where C0 (mg·g−1) and M0 (g) represent the initial 
concentrations of litter elements and dry weight, Ct 
(mg·g−1) and Mt (g) represent the concentration and 
dry weight after t time, respectively.

Statistical analysis

Although we collected triplicate decomposition bags 
per plot per time period, we mixed them into a com-
posite sample for the determination of the above 
indicators. All statistical analyses and graphing were 
performed using the R software (version 4.1.0). One-
way analysis of variance (ANOVA) and the Tukey 
test were used the “multcomp” package to detect the 
effect of different P addition levels on soil proper-
ties, decomposition rate, litter mass remaining, ini-
tial litter quality and extracellular enzyme activities. 
Normality and homogeneity of variance tests were 
performed using the Shapiro-Wilk and Bartlett tests, 
respectively, to ensure the validity and reliability of 
the research results. A linear mixed effects model was 
used to determine the effects of P addition, sampling 
times and their interaction on litter element release, P 
addition and sampling time were fixed effects, block 
and block - sampling time interactions as random 
effect. Models were run using the “lmer” function 
from the “lmerTest” package for R. We used Pear-
son correlation to analyze the relationship between 
the litter decomposition rate and the litter quality and 
enzyme activity. To compare and analyze the effects 
of litter chemical properties and biological factors on 
the decomposition rate of above- and belowground 
litter under P addition, we constructed a priori model 
of partial least squares path modeling (Fig. S2). In the 
model, the chemical properties of litter were divided 
into three categories: nutrient element (N, P, Ca, Mg, 
Mn), carbon quality (C, Cel, Lig), ecological stoichi-
ometry (C/N, C/P, N/P, Lig/N). We also considered 
the biological factors, including enzyme activity (BG, 
NAG, AP, PhOx, PerOx), and microbial ecological 
stoichiometry (ln BG/ln NAG, ln BG/ln AP, ln NAG/
ln AP) that respond to microbial nutrient require-
ments. We used the “plspm” package in R to calcu-
late the path coefficients of the model. To improve 
the model fit, we eliminated factors with loading less 
than 0.7 and used goodness of fit (GOF) values to 
evaluate the model fit.
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Table 2   Responses of chemical characteristics of above- and belowground litter to P addition

Different letters are used to indicate significant differences. Values are means and standard errors (n = 3). Values are means and 
standard errors (n = 3)

Litter type P addition level

Parameters Control P1 P2.5 P5 P12.5

Aboveground 
litter

C (%) 45.53 ± 0.09a 45.45 ± 0.26a 44.98 ± 0.06b 44.95 ± 0.12b 44.46 ± 0.11c
N (%) 0.79 ± 0.01a 0.88 ± 0.06a 0.92 ± 0.03a 0.81 ± ±0.03a 0.86 ± 0.06a
P (mg·g−1) 0.19 ± 0.00d 0.38 ± 0.03c 0.47 ± 0.01b 0.45 ± 0.03bc 0.64 ± 0.03a
Ca (mg·g−1) 5.42 ± 0.12bc 5.06 ± 0.06c 5.55 ± 0.11ab 5.16 ± 0.11bc 5.89 ± 0.23a
Mg (mg·g−1) 0.86 ± 0.01d 1.03 ± 0.02bc 1.01 ± 0.03c 1.08 ± 0.02b 1.24 ± 0.02a
Mn (μg·g−1) 58.37 ± 2.40c 62.25 ± 5.96bc 70.38 ± 3.05ab 72.61 ± 0.72ab 77.02 ± 1.89a
Cellulose (%) 33.69 ± 0.73a 33.58 ± 0.90a 34.22 ± 0.33a 33.75 ± 0.38a 33.62 ± 0.34a
Lignin (%) 5.03 ± 0.05b 6.14 ± 0.23a 4.81 ± 0.05c 5.19 ± 0.07b 5.10 ± 0.07bc
C/N ratio 57.34 ± 0.93a 52.08 ± 3.52ab 48.85 ± 1.60b 55.39 ± 2.00ab 51.95 ± 3.53ab
C/P ratio 2415.94 ± 20.96a 1207.27 ± 90.30b 985.35 ± 9.61c 1008.58 ± 65.97c 700.16 ± 33.84d
N/P ratio 42.15 ± 0.96a 23.26 ± 1.54b 19.65 ± 0.62c 18.19 ± 0.77c 13.59 ± 1.03d
Lignin/N ratio 0.06 ± 0.00ab 0.06 ± 0.00a 0.05 ± 0.00a 0.06 ± 0.00a 0.06 ± 0.01a

Belowground 
litter

C (%) 30.10 ± 0.01c 38.55 ± 0.36a 34.01 ± 0.01b 33.56 ± 1.84b 37.44 ± 1.30a
N (%) 0.71 ± 0.01b 0.93 ± 0.02a 0.77 ± 0.01ab 0.81 ± 0.12ab 0.91 ± 0.03a
P (mg·g−1) 0.48 ± 0.00d 0.76 ± 0.07c 0.95 ± 0.00b 0.83 ± 0.10bc 1.19 ± 0.04a
Ca (mg·g−1) 15.00 ± 0.01a 11.34 ± 0.64b 12.79 ± 0.01b 12.13 ± 1.24b 10.81 ± 0.29b
Mg (mg·g−1) 1.88 ± 0.02a 1.54 ± 0.44b 1.80 ± 0.01a 1.91 ± 0.13a 1.48 ± 0.09b
Mn (μg·g−1) 119.42 ± 0.82a 97.19 ± 0.44ab 112.12 ± 0.35ab 120.62 ± 15.88a 88.63 ± 7.49b
Cellulose (%) 27.94 ± 0.54a 31.74 ± 0.84a 30.40 ± 0.06a 28.91 ± 4.19a 31.99 ± 1.16a
Lignin (%) 13.84 ± 0.10a 13.03 ± 0.02b 11.21 ± 0.20c 13.36 ± 0.28ab 13.52 ± 0.09ab
C/N ratio 42.69 ± 0.17a 41.52 ± 1.42a 44.17 ± 0.33a 42.93 ± 4.33a 41.37 ± 3.01a
C/P ratio 614.38 ± 2.85a 516.35 ± 35.15ab 359.81 ± 0.43c 409.16 ± 26.85bc 316.27 ± 22.11c
N/P ratio 14.39 ± 0.01a 12.37 ± 0.85ab 8.14 ± 0.05c 9.59 ± 0.32bc 7.64 ± 0.02c
Lignin/N ratio 0.19 ± 0.00a 0.14 ± 0.01b 0.14 ± 0.01b 0.17 ± 0.02ab 0.15 ± 0.01b

Results

Initial litter quality

Compared to the control, P5 significantly increased the 
aboveground litter initial C, P, Mg, and Mn contents, 
while it significantly decreased the C/P and N/P ratios 
(p < 0.05; Table 2). For belowground litter, P2.5 signifi-
cantly increased the initial C and P contents, and signifi-
cantly decreased the Ca and lignin contents and the C/P, 
N/P, and lignin/N ratios (p < 0.05; Table 2). However, 
the differences between the initial litter quality for the 
two litter types and the control values were often only 
significant at high or intermediate P addition levels.

Litter mass remaining and decomposition rate

The litter mass remaining showed an alternating 
trend of rapid decline and then slow decline during 
the whole decomposition process. After 24  months, 
the litter mass remaining was significantly different 
between the different P additions (p < 0.05; Fig.  1a, 
b). P addition significantly increased aboveground 
litter decomposition, with the highest value in the 
P5, which was 2.08 times higher than the control 
(p < 0.05; Table 3). The belowground litter decompo-
sition rate increased significantly only at P2.5, which 
was 1.17 times higher than the control (p <  0.05; 
Table 3).



97Plant Soil (2023) 492:91–108	

1 3
Vol.: (0123456789)

Litter N, P, and mineral element dynamics

During the litter decomposition process, above-
ground litter N accumulated in the first 5  months 
and was then released (Fig.  2a), while P showed 
accumulation, with significant differences observed 
under different P addition treatments (p < 0.01; 
Fig.  2c). Belowground litter N and P showed con-
tinuous release, and P addition had no signifi-
cant effect (p = 0.53, 0.15; Fig.  2b, d). Above- and 
belowground litter Ca accumulated, with signifi-
cant differences observed under different P addi-
tion treatments (p < 0.01; Fig.  3a, b). Mg and Mn 
showed accumulation in aboveground litter and 

release in belowground litter, while P addition did 
not significantly affect the Mg and Mn remaining in 
above- and belowground litter (Fig. 3c to f).

Litter C, cellulose, and lignin dynamics

During the litter decomposition process, above- and 
belowground litter C showed release, and the aver-
age C remaining after two years were 33.0% and 
53.9%, respectively (Fig. 4a, b). The cellulose release 
trend of aboveground litter shows significant differ-
ences under different P additions (p < 0.05, Fig. 4c). 
Compared with the control, P1 to P12.5 reduced the 
cellulose remaining in aboveground litter. The cel-
lulose of belowground litter accumulated first and 
was then released, and the remaining was not sig-
nificantly different between different P additions 
(p = 0.42; Fig.  4d). Above- and belowground litter 
lignin showed accumulation, and P addition had no 
significant effect on the lignin remaining (p = 0.12, 
0.85; Fig. 4e, f).

Litter extracellular enzyme activities

P addition significantly increased the activities 
of C- and N-acquiring enzymes in aboveground 
litter, and the activities of BG and NAG reached 

Fig. 1   Litter mass remaining of above (a) and belowground 
litter (b) under the P addition. Significance: The * mark indi-
cates that litter mass remaining has a significant difference 

among different P addition treatments at the same sampling 
time (ANOVA followed by LSD, p < 0.05). Error bars show 
standard errors of means for n = 3

Table 3   Decomposition rate of above- and belowground litter 
under the P addition

k is the litter decomposition rate. Different letters are used to 
indicate significant differences at different P additions. Values 
are means and standard errors (n = 3)

Treatment Aboveground litter Belowground litter

k r2 k r2

Control 0.24 ± 0.03d 0.84 0.30 ± 0.02bc 0.89
P1 0.37 ± 0.03c 0.86 0.34 ± 0.03ab 0.88
P2.5 0.42 ± 0.02b 0.86 0.35 ± 0.02a 0.87
P5 0.50 ± 0.02a 0.87 0.29 ± 0.02c 0.88
P12.5 0.35 ± 0.03c 0.88 0.26 ± 0.02c 0.86
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the highest values in P12.5 and P5, respectively 
(p <  0.05; Fig.  5a, b). In the belowground lit-
ter, the activity of P-acquiring enzymes (AP) 
decreased significantly in the P2.5 and P5 treat-
ments, with the lowest value at the P2.5, and 
PhOx activity reached the maximum at the P2.5 
treatment (Fig.  5c, d). The enzyme activity in 
the belowground litter was lower than that in the 
aboveground litter, and the mean (for all P lev-
els) BG, NAG, and AP activity decreased by 
78%, 81%, and 56%, respectively, compared with 
the aboveground litter, whereas PhOx and PerOx 
activity decreased by 1% and 14%, respectively 
(Fig. 5e).

Main factors affecting the above‑ and belowground 
litter decomposition

The correlation matrix showed the aboveground litter 
decomposition rate was significantly positively corre-
lated with the NAG and BG activities (p < 0.05), BG/
AP (p < 0.05) and NAG/AP ratios (p < 0.01; Fig. 6a); 
it was significantly negatively correlated with the 
initial C/P, N/P, and BG/NAG ratios (p < 0.05). The 
belowground litter decomposition rate was signifi-
cantly positively correlated with the PhOx activity 
(p <  0.01) and negatively correlated with the initial 
lignin content (P < 0.01; Fig. 6b). Across the experi-
mental P fertilization gradient, we observed divergent 

Fig. 2   The dynamics of aboveground (a, c) and belowground (b, d) litter N, P under the P addition. Error bars show standard errors 
of means for n = 3. *** p < 0.001, ** p < 0.01, * p < 0.05
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Fig. 3   The dynamics of aboveground (a, c, e) and belowground (b, d, f) litter Ca, Mg, Mn under the P addition. Error bars show 
standard errors of means for n = 3. *** p < 0.001, ** p < 0.01, * p < 0.05
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Fig. 4   The dynamics of aboveground (a, c, e) and belowground (b, d, f) litter C, cellulose, and lignin under the P addition. Error 
bars show standard errors of means for n = 3. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05
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Fig. 5   Enzyme activity in the above- and belowground litter 
under the P addition. Abbreviations: BG is β-1,4-glucosidase, 
NAG is β-1,4-N-acetylglucosaminidase, AP is acid phos-
phatase, PhOx is phenol oxidase, and PerOx is peroxidase. 

Bars for a given enzyme labeled with different letters differ 
significantly between P addition levels, p <  0.05. Error bars 
show standard errors of means for n = 3
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drivers of decomposition of above- and belowground 
litter.

Using partial least squares-path modeling, we 
investigated the mechanism of P addition on the 
decomposition rate of above- and belowground litter 
(Fig. 7). P addition had a significant positive effect on 
aboveground litter nutrient elements and a significant 
negative effect on carbon quality and ecological stoi-
chiometry, with standard direct path effects of 0.87, 
−0.85, and − 0.37, respectively (Fig.  7a). Above-
ground litter decomposition rate was controlled by 
enzyme activity with a standard direct path effect of 
0.96 (Fig.  7a, Fig.  S3). P addition had a significant 
negative effect on belowground litter nutrient ele-
ments and ecological stoichiometry, with standard 
direct path effects of −0.54 and − 0.85, respectively 
(Fig. 7b). The belowground litter decomposition rate 
was controlled by carbon quality, ecological stoi-
chiometry, and enzyme activity with standard direct 
path effects of −0.60, 0.51, and 0.52, respectively 
(Fig. 7b, Fig. S3). In general, P addition had a posi-
tive effect on aboveground litter decomposition with a 

standard total path effect of 0.34 and a negative effect 
on belowground litter decomposition with a standard 
total effect of −0.38.

Discussion

The effects of P addition on nutrient dynamics in 
above‑ and belowground litter

Litter decomposition is accompanied by dynamic 
changes of nutrients, and the release or accumulation 
of nutrients mainly depends on the balance between 
the chemical composition of the litter and the nutrient 
requirements of microorganisms (Martínez-García 
et  al. 2021). In our study, both above- and below-
ground litter C showed a continuous release process, 
which was consistent with litter mass loss, and P 
addition reduced C remaining (Fig. 4). C is the main 
constituent element of litter quality, and the precipi-
tation during the growing season had a strong physi-
cal leaching effect on non-structural carbohydrates in 

Fig. 6   The correlation between aboveground (a) and 
belowground (b) litter decomposition rate and nutrient ele-
ment, carbon quality, ecological stoichiometry, and enzyme 
activity. Cel is cellulose, Lig is lignin, NAG is β-1,4-N-
acetylglucosaminidase, AP is acid phosphatase, BG is β-1,4-

glucosidase, PhOx is phenol oxidase, and PerOx is peroxidase, 
BG/NAG is the ln BG/ln NAG ratio, BG/AP is the ln BG/ln 
AP ratio, NAG/AP is the ln NAG/ln AP ratio, and Lignin/N is 
lignin/N ratio. Significance: * p < 0.05, ** p < 0.01
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the litter, resulting in a gradual decrease in C content 
(Dong et al. 2021). The addition of P reduced the lit-
ter C/P ratio, which stimulated microbial demand for 
C, and microorganisms accelerated the decomposi-
tion of C by increasing the secretion of BG (Gong 
et  al. 2022). N showed a trend of accumulation fol-
lowed by release in aboveground litter and continuous 
release in belowground litter (Fig. 2). This is mainly 
because the C/N ratio of aboveground litter was rela-
tively high, which cannot meet the demand of decom-
posers for N (Chen et al. 2016). High concentrations 
of P addition (P5 and P12.5) promoted the accumula-
tion of P in the aboveground litter and inhibited the 
release of P in the belowground litter, which was sim-
ilar to other studies (Jiang et al. 2018). We know that 
microorganisms decompose organic matter to obtain 
P requires a high cost, and P addition results in a sur-
plus of readily available P in the soil, which inhibits 

microbial metabolism (Zheng et  al. 2017). The ini-
tial N/P of aboveground litter was higher than that of 
belowground litter. This indicated that the P content 
of aboveground litter may not be sufficient for its own 
nutrient requirements and that it needs to absorb P 
from the outside, so P showed accumulation (Cleve-
land et al. 2006).

The metal element Ca, as a structural component 
of litter, plays an important role in litter decomposi-
tion. The underlying mechanism of litter Ca accu-
mulation may be related to the microbial demand for 
Ca (Berg 2014; García-Palacios et  al. 2016). In our 
study, the accumulation of Ca was highest at low 
concentration of P (P1), suggesting that moderate P 
addition can enhance microbial activity and promote 
calcium demand. However, the high P concentration 
would increase the soil pH, thereby promoting the 
mineral binding of P and Ca, resulting in a decrease 

Fig. 7   Partial least squares 
path modeling of the 
effect of P addition on the 
above- and belowground 
litter decomposition 
rate. NAG is β-1,4-N-
acetylglucosaminidase, BG 
is β-1,4-glucosidase, PhOx 
is phenol oxidase, Cel is 
cellulose, Lig is Lignin and 
Lignin/N is lignin/N ratio. 
GOF is goodness of fit. 
Significance: * p < 0.05, ** 
p < 0.01
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in Ca accumulation (Hobbie et al. 2006; Reich et al. 
2005). Our study revealed an interesting phenom-
enon, Mg and Mn showed an accumulation trend in 
aboveground litter, but a release trend in belowground 
litter. Mg and Mn act as regulators of cell growth and 
division, as well as cofactors of enzyme synthesis, 
which have significant effects on microbial growth 
and reproduction (Xu et al. 2006; Vivanco and Austin 
2019). Aboveground litter had lower initial Mg and 
Mn compared to belowground litter, which could not 
meet the demands of microbial growth. Consequently, 
the acquisition of exogenous nutrients by microorgan-
isms led to the accumulation of Mg and Mn in above-
ground litter (Zheng et al. 2017).

The effects of P addition on enzyme activities in 
above‑ and belowground litter

Microorganisms are the ultimate decomposers of lit-
ter, and their functional activities can be character-
ized by differences in extracellular enzyme activi-
ties. P addition can affect microbial species and 
thereby affect the activities of extracellular enzymes 
by altering nutrient availability to these microbes 
(Dong et al. 2019). We found that the BG and NAG 
activities increased in the aboveground litter with 
P addition (Fig.  5). This may be because P addi-
tion stimulated microbial activity and increased the 
demand for C and N. BG could hydrolyze the litter 
cellulose into glucose that the microbes could utilize 
(Chen et al. 2018), and NAG can degrade chitin and 
peptidoglycan in the litter, and help microorganisms 
obtain nitrogen sources for growth and reproduction 
(Shi et al. 2021). These results support the microbial 
resource allocation theory of litter decomposition, 
which suggests that when the P availability increases, 
the original balance among microbial C, N, and P is 
disrupted, microorganisms redistribute resources to 
increase the production of enzymes that acquire lim-
iting elements to maintain their elemental balance 
(Sinsabaugh et al. 2002).

The microbial mining hypothesis of litter decom-
position proposes that increasing nutrient availability, 
will decrease the limiting effect of nutrients on micro-
organisms, and the resource allocation by microor-
ganisms to obtain such nutrients will decrease (Alli-
son and Vitousek 2005). In other words, an increase 
in P concentration may reduce AP activity, thereby 
inhibiting litter decomposition (Xiao et  al. 2018). 

However, our study found that the AP activity of 
aboveground litter was only inhibited at P12.5, and 
the AP activity of belowground litter was inhibited 
at P2.5 and P5. Interestingly, the litter decomposition 
rate was not the lowest under these gradients, which 
reflects that the response of AP to P addition is not 
the key to causing the change of litter decomposition 
rate. P addition had no significant effect on the activi-
ties of two hydrolases (BG and NAG) in the below-
ground litter but increased the activities of PhOx. 
This may represent a trade-off between the enzymes 
responsible for obtaining easily available C (such as 
cellulose) and the enzymes responsible for depolym-
erization of more difficult to degrade C compounds 
(such as lignin) to obtain nutrients (DeForest 2019).

The contrasting mechanisms for decomposition of 
above‑ and belowground litter under P addition

Previous studies on the decomposition of grassland 
litter mainly focused on the growing season, neglect-
ing the slow decomposition process of litter in the 
non-growing season. This may have led to a sig-
nificant overestimation of the turnover time of litter 
in grassland ecosystems (Zhao et  al. 2016). In this 
study, the decomposition process showed a three-step 
pattern with time, with a significantly faster decom-
position rate during the growing season than in the 
non-growing season. On the one hand, precipitation 
during the growing season can cause the litter to be 
washed and broken down, resulting in the loss of 
organic matter through physical leaching (Dong et al. 
2021). In addition, the soil microbial environment 
improves during the growing season, and microbial 
activity and metabolism are more vigorous, leading 
to an accelerated litter decomposition rate (Trevathan-
Tackett et  al. 2020). The solar radiation during the 
growing season is stronger than in the non-growing 
season, which promotes photochemical reactions in 
the recalcitrant compounds of litter and also acceler-
ates litter decomposition (Gallo et al. 2006).

The addition of exogenous nutrients altered the 
litter decomposition rate. P addition significantly 
increased the aboveground litter decomposition rate, 
but for belowground litter, the decomposition rate 
was lower than that of aboveground litter, and only 
the P2.5 significantly promoted litter decomposition. 
One important reason is that P addition changed the 
above- and belowground litter quality to P addition, 
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but their responses to P addition were not the same. 
P addition significantly decreased the C/P and N/P 
ratios of the aboveground litter, which may cause C 
and N to become the elements that limit the growth 
of microorganisms. The acquisition of C and N by 
microorganisms may accelerate the decomposition 
of aboveground litter. We also found that mineral 
elements, particularly Mn, played an important role 
in litter decomposition, and P addition increased the 
content of Mn in aboveground litter. It can form Mn 
peroxidase (Berg et al. 2015) and regulate the activ-
ity of fungi that produce lignin degrading enzymes, 
and accelerate litter decomposition (Vivanco and 
Austin 2019). In addition, the study found that the 
decomposition rate of belowground litter in the con-
trol plot was higher than that of aboveground litter, 
but P addition reversed this pattern. We speculate 
that this may be due to the lower Mn content in the 
aboveground litter of the control, which is not condu-
cive to its decomposition. The carbon quality of litter 
also affects its decomposition. Compared with above-
ground litter, belowground litter contains a higher 
initial lignin content. These insoluble substances can 
combine with soil inorganic nitrogen ions to form 
new compounds that are more difficult to decompose, 
resulting in a further slowing of the decomposition 
rate (Xia et al. 2017).

Microbial extracellular enzymes represent trade-
offs based on the availability of nutrient resources, 
and the litter extracellular enzyme stoichiometry 
can reflect changes in nutrient availability and in the 
demand for energy and nutrients to support micro-
bial growth, ultimately affecting litter decomposition 
rate (Xiao et al. 2020; Xu et al. 2022). In this study, 
the microbes of leaf litter invested more in C- and 
N-acquisition enzymes under P addition, thereby 
accelerating litter decomposition (Shi et  al. 2021). 
This is also an important reason why the decomposi-
tion rate of aboveground litter was higher than that of 
belowground litter under P addition. In addition, there 
was a negative correlation between aboveground lit-
ter decomposition rate and the ln BG/ln NAG ratio, 
which indicates that microorganisms have a greater 
demand for N. It also showed that P addition can 
accelerate N cycling in the grassland ecosystem, 
thereby accelerating litter decomposition. PhOx activ-
ity in the belowground litter significantly affected its 
decomposition. PhOx is mainly produced by white 
rot fungi, which can oxidize the benzene rings in 

phenolic compounds and promote the decomposi-
tion of refractory substances such as lignin (Luo et al. 
2019). Belowground has a particularly high decom-
position rate at P2.5, and PhOx plays a key role. The 
enzymatic activities and stoichiometry of above- and 
belowground litter under P addition produced differ-
ent effects on decomposition, which may be related to 
the different microenvironments (Deng et  al. 2019). 
In general, the factors affecting the decomposition 
rates of above- and belowground litter were different, 
but appropriate P addition can promote litter decom-
position, thereby improving the recycling of grass-
land nutrients. It could also lead to a reduction in soil 
carbon, potentially resulting in soils emitting more 
carbon than they store.

Conclusions

The response of litter decomposition to P addition 
varied with litter types and P addition gradients. 
P addition significantly increased the decomposi-
tion rate of aboveground litter. The application of 
P fertilizer increased the aboveground litter initial 
P and Mn contents and decreased the C/P and N/P 
ratios, improving the chemical properties of the lit-
ter, and reducing the difficulty of decomposition. 
This also caused the redistribution of resources 
by microorganisms, increased the investment in 
C- and N-acquiring enzymes, and further pro-
moted the litter decomposition rate. Different from 
aboveground litter, only 2.5 g P m−2 yr−1 addition 
significantly increased the decomposition rate of 
belowground litter. This concentration of P addi-
tion reduced the initial lignin content of below-
ground litter, increased the activity of polyphenol 
oxidase, accelerated the decomposition of refrac-
tory substances, and thus increased the decompo-
sition. P addition also promoted carbon return by 
promoting the release of cellulose and carbon from 
above- and belowground litter. Overall, our results 
suggest that the different mechanisms of above- 
and belowground litter decomposition under P 
addition were driven by litter quality and enzyme 
activity. The resulting knowledge is enhancing our 
comprehension of the effects of nutrient addition 
on litter decomposition, as well as the role of P to 
the carbon cycle.
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