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Litter decomposition promotes soil carbon andnitrogen cycling and is driven by litter

quality, the soil environment and enzyme activities. The relative importance of these

factors may change during the litter decomposition, however, very few studies have

emphasized the temporal dynamics of these factors across plantation ecosystem,

which limits our understanding of litter decomposition. To evaluate the temporal

dynamicof above-mentioned litter decomposition drivers,we collected leaf and fine

root litters from four different years of restoration of Robinia pseudoacacia on the

Loess plateau of China and placed them on soil from the corresponding sites to

incubate for 210 days. We constructed successive litter decomposition stages

according to litter mass-loss interval, and we also used partial least squares path

modelling (PLSPM) to evaluate the relative importance of these drivers. Our results

showed that the C and N losses in leaf litter were significantly higher than those in

root litter regardless of stand age. Leaf litter C andN losses increasedwith restoration

duration, while root litter C and N showed an opposing trend with restoration

duration,with the lowest levels of losses occurring at older stand ages. The initial litter

quality, litter quality and the soil environment regulated leaf and root litter C loss, and

enzyme activity also determined root C loss. Litter quality, the soil environment and

enzyme activity influence leaf litter N loss, while root N loss was controlled by initial

litter quality and the soil environment. Overall, enzyme activities had a relatively weak

influenceon litter C andN losses, and they impacted litter C andN losses only during

the early stages. Therefore, our results revealed substantial differences in different

restorationdurations and litter types at thedifferent decomposition stages,whichhas

important significance for understanding carbon and nitrogen cycling on the Loess

Plateau of China.
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1 Introduction

Litter decomposition is a key process in carbon and nutrient

cycling in the terrestrial system (Krishna and Mohan, 2017;

Prescott and Vesterdal, 2021). A classic theory suggests that

litter decomposition is regulated by climate, litter quality and soil

organisms (Bradford et al., 2016; Coû;teaux et al., 1995), while at

the local scale, litter decomposition is driven by litter types, litter

quality, soil conditions and enzyme activities (Zhang et al., 2008;

Chen et al., 2018; Lin et al., 2020; Tan et al., 2020). Owing to

different morphological characteristics, chemical components

and decomposition microclimates, the effects of leaf and root

litter on decomposition rates may vary (Sun et al., 2018; Jiang

et al., 2019). Although many studies have tried to explore litter

decomposition and its driving factors (Singer et al., 2014; Veen

et al., 2015), they have primarily focused on aboveground litter

decomposition. Root litter is estimated to account for 48% of

annual plant litter input, which is higher than the proportion

accounted for by leaf litter input (Freschet et al., 2013). Within

the root, fine root (d < 2 mm) is an active component with a high

turnover rate (McCormack et al., 2015); therefore, it is the largest

contributor to root litter (Xia et al., 2015). However, a

comprehensive understanding of fine-root decomposition

relative to aboveground litter is currently lacking.

The Grain for Green Project was implemented in 1999 and has

played an important role in vegetation restoration in China (Fu et al.,

2017). Vegetation restoration can alter the above factors driving

decomposition (Zhang et al., 2019; Xu et al., 2020), thereby

influencing litter decomposition and carbon and nitrogen cycling

in ecosystems. Previous studies have demonstrated that the litter

decomposition rate gradually decreases over the course of vegetation

restoration. For example, the increasing of C concentration and C:P

ratio in litter had driven the decline of litter decomposition (Zhang

et al., 2013). Furthermore, the increase of soil nutrient availabilitymay

cause a decrease in microbial C decomposition genes, which could

decrease litter decomposition rate (Zhong et al., 2017).However, there

are studies showing opposing evidence. One report indicated that

improvements in litter substrate quality accelerated leaf litter

decomposition rates with vegetation restoration (Zhang et al.,

2021), while another showed that leaf litter decomposition is not

affected by stand age (Li et al., 2020). The changing patterns and

influencing factors of litter decomposition during vegetation

restoration are diverse and complex. At present, there is still a

knowledge gap about how leaf litter and fine root decomposition

respond to R. pseudoacacia plantation restoration, which affects our

understanding of nutrient cycle in plantation ecosystems.

The greatest differences in litter decomposition can be explained

by litter quality, the soil environment and enzyme activities (Gunina

et al., 2019; Lin et al., 2019; Joshi andGarkoti, 2021). Generally, high-

quality litter (with higher nitrogen and phosphorous contents and

lower lignin/N) tends to degrade (Guo et al., 2021; Eastman et al.,

2022); soil nitrogen availability can increase or decrease microbial

activities and respiration rates and then influence litter nitrogen

release (Ge et al., 2013; Martínez-García et al., 2021). In addition,

time changes are vital for litter decomposition. Generally, water

soluble components and a small amount of unstable organic

components released at the early stage (Liu et al., 2021), and

then litter will eventually converge towards a common chemistry

(Wickings et al., 2012). Therefore, it is considered that litter

decomposition is driven by the metabolism of active

components. At the same time, litter quality also plays a pivotal

role in litter loss at late decomposition stages due to legacy effect

(García-Palacios et al., 2016; Liao et al., 2022). These indicated that

litter quality exerts an important effect at the different stages of

decomposition. Meanwhile, enzyme activities can be potentially

associated with the stages of litter decomposition (Kourtev et al.,

2002). The production of soil enzyme is a trade-off in the process of

litter decomposition, microbes allocate energy and nutrient by

adjusting soil enzyme production (Bai et al., 2021). Previous

study showed that N and P acquisition enzyme activities

increased at the middle and late stage of decomposition, which

indicated microbial nutrient demand increased (Kourtev et al.,

2002). However, research on the relative contribution of each

driver to the decomposition process is relatively lacking.

Here, we collected leaf and fine root litter of Robinia

pseudoacacia in four different restoration durations and

incubated the litter in the corresponding soil. The decomposition

incubation experiment was conducted in the climate chamber for

210 days to validate the following hypotheses: 1) leaf litter has a

higher decomposition rate than fine-root decomposition, which

may be related to the higher initial litter nutrient content and

soil nutrient availability; 2) the decomposition of different types

of litter is regulated by trait, soil conditions, and decomposer; hence,

leaf and root litter decomposition may not be coordinated across

vegetation restoration; and 3) initial litter quality plays an important

role in the early stages, while litter quality, the soil environment, and

enzyme activities play crucial roles in the late stages. We evaluated

the direct and indirect influences of initial litter quality, litter quality,

the soil environment and enzyme activities on leaf and root litter

decomposition and assessed the relative importance of these factors

in different decomposition stages.

2 Materials and methods

2.1 Study site

The sample site was located at Huaiping Forest Farm in

Yongshou County, Shaanxi Province, Northwest China, which

is located in the southern Loess Plateau (34°12′12″-
34°50′50″N, 108°05′7″-108°05′11″E) (Figure 1). The climate

in this area is continental warm-temperature monsoon. The

mean annual temperature is approximately 10.8°C, with a

mean of −2.9°C in January and 23.7°C in July. The mean

annual rainfall is approximately 605 mm, which places this

area in the subhumid climate zone. The altitude ranges from
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1,123 m to 1,464 m. All surveyed soils were derived from the

same parent materials but differed in planting time. Since

1951, large areas of cropland have been converted into Robinia

pseudoacacia and Pinus tabulaeformis plantations to reduce

water loss and soil erosion (Liu et al., 2020). We then

investigated the sites. The understorey vegetation had

recovered well, and the dominant herb species were Rubus

parvifolius, Aster tataricus, Humulus scandens, Leonurus

japonicus, Carpesium abrotanoides, Artemisia argyi,

Chenopodium album and Artemisia selengensis.

2.2 Sample collection

In this study, space instead of time was used to study the

vegetation restoration sequence. The different periods of

agricultural abandonment permitted the formation of a

relatively comprehensive chronosequence for R. pseudoacacia.

Four R. pseudoacacia plantations with different restoration

durations (15 years–45 years) were determined by reviewing

the relevant literature and talking to local elders. A global

positioning system (GPS) was used to measure the longitude

and latitude, altitude, slope and aspect. Site information for each

different stand age of Robinia pseudoacacia plantations is listed

in Table 1.

Three 20 m × 20 m plots were randomly established at each

stand age. We collected fresh senesced leaves, fine roots, and soil

samples from stands of R. pseudoacacia of different ages. New,

naturally fallen leaves were collected and mixed with leaf litter

from the same plots. We dug through the topsoil to collect the

quantity of fine roots needed for the study. We distinguished the

roots of R. pseudoacacia from other herbaceous roots based on

the colour, smell and nodules. Vernier callipers were used to

measure root diameter; those with diameters less than 2 mmwere

chosen. Similarly, fine root samples from the same plot were

mixed. Finally, all leaf and root litters were brought to the

laboratory, cleaned in distilled water, and dried to a constant

weight at 60°C. One portion of each litter was used for measuring

basic properties, and the other portion was stored at an

appropriate temperature for subsequent incubation.

FIGURE 1
Location of sampling area on the Loess Plateau of China.
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In addition to collecting plant samples, we also collected the

corresponding soil samples for each stand age. We drilled the

topsoil to a depth of 0–20 cm (by removing the surface litter and

humus in each plot). Nine soil samples were evenly pooled in

each plot to generate 12 soil sample mixtures. All 12 samples were

sieved through 2 mm sieves to remove roots and other debris. A

proportion of the fresh soil sample was stored at 4°C to measure

soil enzyme activities, and the remaining soil sample was used for

performing fine-root decomposition experiments. Other air-

dried soil was used for further laboratory analysis.

2.3 Incubation experimental design

We performed a 210-day incubation experiment in

microcosms (10 cm in height and 9 cm in diameter) with small

pots, where litter from each stand age was incubated in the

corresponding soil. Mesh nylon cloth was laid flat in the

bottom of each pot to prevent soil loss. Each plot was equipped

with fresh soil equivalent to 300 g of oven-dried soil. Then, we

constructed 10 × 10 cm litterbags for leaf litter decomposition, and

each litterbag was filled with 3 g of oven-dried foliar litter. In

addition, 150-µm nylon mesh litterbags (7.5 cm *7.5 cm) were

filled with 2 g of oven-dried root litter. The size of the litterbags

allowed microorganisms to pass through while preventing litter

loss during decomposition. The leaf litter was placed on the surface

soil, and the root litter was buried in the soil at a depth of 4–5 cm.

In total, 144 litterbags (4 stand ages × 2 litter types × 3 replicates ×

6 sampling events) were placed across the plots in 2020. Every

2 days, the pots were weighed to maintain 60%–70% field capacity.

Litter decomposition incubation was conducted in a dark, closed,

and humid climate chamber at 25°C. On days 15, 30, 70, 112, 154,

and 210 of the experiment, three pots were removed from each

stand age, and a total of 24 nylon bag samples were obtained for

each sampling period. Then, the litter was dried in an oven to a

constant weight at 60°C to measure the elemental content, and the

corresponding soil samples were collected to measure enzyme

activities and other basic physical and chemical properties.

2.4 Litter, soil properties and enzyme
activities analyses

The carbon contents of leaf and root litters were digested in

K2Cr2O4–H2SO4, heated in an oil bath, and titrated with FeSO4

solution. Using H2SO4-H2O2 digestion, the litter total nitrogen

content was measured by a Kjeldahl analyser (Kjeltec

2300 Analyser Unit, Foss Tecator, Hoganas, Sweden), and the

litter total phosphorus content was measured with a

spectrophotometer (U-2800 spectrophotometer, China, Shanghai).

The cellulose, hemicellulose and lignin components of the litters

were extracted in a series of neutral and acid detergents and analysed

in accordance with the National Energy Laboratory Procedure

(NREL) (Rowland and Roberts, 1994). All leaf and root litter

chemical properties are shown in Supplementary Table S1.

Soil particles were analysed with a laser particle size analyser

(Malvern Instruments, Malvern, England). The soil pH was

measured with pH metres with a specific soil/water ratio (1:

2.5; w/v), the soil water content (SWC) was measured by the

drying method in an oven, and the soil bulk density (BD) was

determined by the soil core method. The soil organic carbon

content (SOC) was assayed by the K2Cr2O4 oxidation process.

The soil total nitrogen content (STN) was determined by the

Kjeldahl method, and the soil phosphorus content (STP) was

analysed by the HCLO4-H2SO4 method. The soil soluble carbon

(DOC) and nitrogen (DON) levels were measured by a total

organic carbon (TOC) analysis instrument (Vario TOC, German

Elementar Company), and the ammonium nitrogen (NH4
+-N)

and nitrate nitrogen (NO3
−-N) contents were measured by using

a continuous flow analysis system (Autoanalyzer 3, Bran and

Luebbe, Germany). The soil available phosphorus (SAP) content

was extracted by 0.5 M NaHCO3 and then assayed by

TABLE 1 The basic information about the sampling sites.

Sites Location Elevation/m Aspect/° Slope
degree/°

Slope
position

DBH/cm CB/cm Undergrowth
dominant
species

15Y 108°5′6"E, 34°50′39″N 1,379.5 ES 18° upper 7.39 216.67 R. parvifolius,

P. bisulcatum

25Y 108°5′11"E,
34°50′12″N

1,375.4 ES 15° upper 17.33 391.67 A. argyi,

R.carnea

35Y 108°5′10"E,
34°50′18″N

1,393.6 EN 10° upper 29.33 343.33 H. scandens,

A. selengensis

45Y 108°5′9"E, 34°50′20″N 1,377.6 WS 36° upper 39.0 566.67 H. scandens,

C. album

Note: The 15Y, 25Y, 35Y, 45Ymeans the four different restoration ages, including 15 years (15Y), 25 years (25Y), 35 years (35Y), 45 years (45Y). DBH: diameter at breast height; CB: crown

breadth. R. parvifolius: Rubus parvifolius, P. bisulcatum: Panicum bisulcatum, A. argyi: Artemisia argyi, R. carnea: Reineckea carnea, H. scandens: Humulus scandens, A. selengensis,

Artemisia selengensis, C. album: Chenopodium album.
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spectrophotometry (Bao, 2000). Soil potassium permanganate-

oxidizable C (KMnO4-C) was determined according to Blair et al.

(1995). Briefly, soil samples containing approximately 15 mg of

carbon were weighed in centrifuge tubes, then 25 ml of 333 mM

KMnO4 solution was added; they were shaken for 1 hour, and

centrifugation was applied for 5 min. The samples were then

diluted with deionized water. Finally, the absorbance of the

supernatants was assayed using a spectrophotometer at

565 nm. The changes indicated that the equivalent of

1.0 mmol L−1 of MnO4
− was needed to consume 0.75 mmol

L−1 (9.0 mg) of oxidized carbon. All soil physical and chemical

properties are shown in Supplementary Table S2.

The potential hydrolytic and oxidative enzyme activities were

assayed according to modified methods (Saiya-Cork K R, 2002;

DeForest, 2009). The activities of four hydrolase enzymes, β-1,4-
glucosidase (BG), cellobiohydrolase (CBH), L-leucine

aminopeptidase (LAP) and β-1,4-N-acetylglucosaminidase (NAG),

were determined by microplate fluorescence. The activities of

peroxidase (PERX) and phenol oxidase (PPO) were analysed with

amicroplate spectrophotometer. The specific determinationmethods

were as follows: all soil enzyme activities were measured in a 96-well

plate. Buffers, samples, reference standards, and enzyme substrates

were added according to a strict sequence and position on the 96-well

plate. The standard substance of BG, CBH, and NAG was 4-

methylumbelliferone (4-MUB), and the standard substance of

LAP was 7-amino-4-methylcoumarin. The substrates were

4-MUB-β-D-glucopyranoside, 4-MUB-β-D-cellobioside, 4-MUB-

N-acetyl-β-D-glucosaminide, and L-leucine-7-amino-4-

methylcoumarin. The substrate of oxidase was

L-3,4-dihydroxyphenylalanine (L-DOPA). 1 g fresh soil was

dissolved in 50 ml of buffer solution, and a magnetic mixer was

used to evenly rotate the soil slurry for 1 min. The sample well

contained 150 µL of soil suspension and 50 µL of 10umol L−1

substrate solution, and the blank well contained 150 µL of soil

suspension and 50 µL of buffer. The negative control contained

150 µL of buffer and 50 µL of enzyme substrate solution, quench

wells contained 50 µL of reference standard and 150 µL of

suspension, and the reference standard wells contained 50 µL of

reference substance and 150 µL of buffer. The incubation times were

2 h, 4 h, 4 h, and 2 h, respectively. The reaction was stopped with

10 µL of 1 mol L−1 NaOH. Fluorescence was measured using a

microplate fluorometer (Spectra Max M2, Molecular Device,

California, US) with 365 nm excitation and 450 nm emission

filters. Oxidative activity was quantified by measuring absorbance

at 450 nm using a microplate spectrophotometer. All enzyme

activities were expressed as nmol h−1 g−1.

2.5 Calculation

According to García-Palacios et al. (2016), Liao et al. (2022)

and Yue et al. (2018), litter C and N losses rather than litter

quality loss rate or litter decay rate constant (k) were applied

because the factors regulating the temporal dynamics of litter

decay can differ for C or N losses, and litter decomposition

represent the largest carbon flux and act as primary controls on N

cycling (Parton et al., 2007). The litter C or N losses (i.e., the

percentage of initial dry mass) during decomposition were

calculated as follows:

Ls(%) − M0C0 −MtCt

M0C0
× 100% (1)

where Ls represents the litter C or N loss (%), M0 is the initial

leaf litter dry mass (3 g) or root litter dry mass (2 g), C0 is the

initial leaf or root litter C or N initial content (% of litter dry

mass), Mt is the leaf litter or root litter dry mass at the six

different sampling times, and Ct is the leaf or root litter C or N

content (% of litter dry mass) at the six different sampling

times.

2.6 Statistical analyses

All analyses were conducted with SPSS 20.0 (SPSS Inc.

Chicago, IL, United States). The Shapiro-Wilk test was used

to conduct normal distribution test. One-way ANOVA was used

to compare the leaf and root litter initial traits and soil physical

and chemical properties under different stand ages. When

FIGURE 2
The priori model of the hypothesized relationships among
initial litter quality, litter quality, the soil environment and soil
enzyme activities for litter C or N loss. All measured variables
(except for “initial litter quality”) represent temporal dynamics
during decomposition. The model was applied to conduct
multigroup comparisons among different decomposition stages,
and the smoothing groups were selected using 40% mass
intervals. The single-headed arrows represent a hypothesized
relationship of one variable on another. R is the path coefficient,
and E is the error variance of a variable.
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ANOVA results were significant at p < 0.05, differences among

the different stand ages were tested using Duncan tests. Two-way

ANOVA was used to test the effect of stand ages, litter types and

their interaction on initial litter quality. In addition, the influence

of stand age, litter type and time on litter C and N losses, soil

properties and enzyme activities during the decomposition

process were tested with multiway ANOVA. All graphs were

drawn with Origin 2017 (Origin Lab Corporation).

We used partial least squares path modelling (PLSPM) to

evaluate whether the relative importance of litter quality, the soil

environment, and soil enzyme activities on litter C and N losses

differed under different decomposition stages. We proposed a path

graph (Figure 2) to represent an a priorimodel of the hypothesized

relationships, and then we used the diagram to perform

comparisons across the consecutive decomposition stages. We

compared leaves and roots separately since the relative

importance of regulating factors may differ between litter types

(García-Palacios et al., 2016). Following Parsons et al. (2014) and

García-Palacios et al. (2016), a smoothing approach was chosen to

allow for the determination of consecutive stages along the litter

decomposition. Smoothing was acquired by rounding the mass loss

value of each litterbag to the next 10%; 40% mass loss smoothing

intervals (i.e., 0%–40% and 10%–50%, 20%–60% and 30%–70%

quality loss smoothing intervals) were then chosen for the four

groups. The 40% smoothing interval was chosen because it

contained enough sample sizes for us to conduct multigroup

comparison analysis for each decomposition stage. We then

tested the models of carbon and nitrogen losses in litters. The

relative importance of regulatory factors to decomposition stages

may vary between C or N elements (Liao et al., 2022).

We employed the same a priori model for both leaf and root

litter decomposition in our study. In the predetermined model,

“initial litter quality”was themajor driving factor for decomposition,

and enzyme activity was the final factor. The “initial litter quality”

included total C, total N, total P, cellulose, hemicellulose, lignin, C:N,

C:P, and lignin:N. The “litter quality” represented the temporal

dynamics of litter C, N, and P contents and stoichiometry (C:N, C:P,

andN:P) during decomposition. “Soil environment” represented the

temporal measurements of various soil properties (see Table 3), and

“enzyme activities” represented the dynamic changes in hydrolytic

and oxidative enzyme activities during decomposition (see Table 3).

We first used correlation analysis to screen the indexes that were

significantly related to litter C and N losses. For leaf litter, the initial

litter quality included the total N, cellulose, lignin, C:N and lignin:N.

FIGURE 3
Temporal dynamics of litter and root C (A,B) and N (C,D) remaining in four different restoration durations of Robinia pseudoacacia stands.
Values are means ± standard error.
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Litter quality included C, N, P, C:N, C:P, and N:P. The soil

environment included SOC, STN, NO3
−-N, NH4

+-N, DON, and

pH. Enzyme activities included BG, NAG, LAP, PERX, and PO.

For root litter, the initial litter quality included the total C, total

N and C:N. Litter quality included C and C:N. The soil

environment included STP, NO3
−-N, NH4

+-N, DOC and

KMnO4-C. Enzyme activities included CBH, LAP, and

PERX. Then, the selected indexes were used to conduct

PLSPM analysis. The goodness-of-fit of each model is listed

in Supplementary Table S3; the related statistical analyses were

carried out with SPSS 20.0 and the R package “PLSPM”.

3 Results

3.1 Variations in leaf and root litter C and N
losses during decomposition

The temporal dynamics of litter C and N losses were

influenced by litter type and restoration duration (Figure 3;

Table 2). Generally, leaf litter C loss (70.02%) was

significantly higher than that of root litter (46.74%) (Figures

3A,B). Similarly, leaf litter N loss (70.72%) was faster than that of

root litter (32.39%) (Figures 3C,D). Restoration duration had a

TABLE 2 Significance of the effects of litter type (L), restoration duration (R), decomposition time (T) and their interactions on litter C and N losses
based on multiway ANOVA.

Source of
variation

C Loss N loss

df F- value p value df F- value p value

Litter type (L) 1 408.235 <0.001 1 464.081 <0.001

Restoration duration (R) 3 4.297 0.007 3 7,707 <0.001

Time (T) 6 466.314 <0.001 6 222.619 <0.001

L × R 3 13.906 <0.001 3 21.023 <0.001

L × T 6 24.002 <0.001 6 26.047 <0.001

R × T 18 0.719 0.785 18 0.882 0.601

L × R × T 18 2.277 0.005 18 1.065 0.396

The bold p values are significant (p < 0.05)

TABLE 3 Significance of the effects of litter type (L), restoration duration (R), decomposition time (T) and their interactions on soil properties and
enzyme activities based on multiway ANOVA.

Parameters Litter
type (L)

Restoration
duration (R)

Time (T) L*R L*T R*T L*R*T

F p F p F p F p F p F p F p

SOC (g kg−1) 0.395 0.531 687.3 <0.001 117.1 <0.001 1.031 0.382 1.634 0.144 7.263 <0.001 1.839 0.029

TN (g kg−1) 23.4 <0.001 648.9 <0.001 197.3 <0.001 2.093 0.105 3.529 0.003 7.944 <0.001 1.417 0.137

TP (g kg−1) 1.343 0.249 808.3 <0.001 458 <0.001 2.468 0.066 2.482 0.027 11.48 <0.001 1.003 0.462

NO3
−N (mg kg−1) 814.6 <0.001 58.75 <0.001 976 <0.001 22.03 <0.001 84.9 <0.001 6.275 <0.001 2.833 <0.001

NH4
+N (mg kg−1) 15.83 <0.001 4.061 0.01 200.5 <0.001 0.264 0.851 7.651 <0.001 7.068 <0.001 2.149 0.008

SAP (mg kg−1) 12.13 0.001 4.447 0.01 94.57 <0.001 1.544 0.207 4.213 0.001 3.486 <0.001 1.408 0.141

DOC (mg kg−1) 0.999 0.32 18.38 <0.001 81.58 <0.001 2.45 0.067 1.262 0.281 28.59 <0.001 1.318 0.19

DON (mg kg−1) 340.7 <0.001 52.09 <0.001 355.9 <0.001 9.39 <0.001 24.62 <0.001 6.994 <0.001 3.698 <0.001

EOC (g kg−1) 1.409 0.238 159.3 <0.001 83.93 <0.001 3.358 0.021 1.307 0.26 8.07 <0.001 1.05 0.412

pH 250.4 <0.001 14,627 <0.001 305.2 <0.001 10.85 <0.001 11.76 <0.001 62.43 <0.001 3.943 <0.001

CBH (nmol g−1 h−1) 2.484 0.118 81.04 <0.001 1.949 0.079 0.34 0.796 2.281 0.041 6.585 <0.001 1.208 0.267

BG (nmol g−1 h−1) 0.198 0.657 44.47 <0.001 8.742 <0.001 0.349 0.79 1.535 0.173 4.133 <0.001 0.846 0.644

NAG (nmol g−1 h−1) 0.889 0.348 74.87 <0.001 8.447 <0.001 0.611 0.609 2.868 0.012 1.355 0.169 0.597 0.896

LAP (nmol g−1 h−1) 1.284 0.26 1,163 <0.001 51.25 <0.001 1.394 0.248 1.015 0.42 37.7 <0.001 1.879 0.025

PERX (nmol g−1 h−1) 3.288 0.072 570.1 <0.001 7.526 <0.001 1.557 0.204 0.826 0.552 2.911 <0.001 0.773 0.727

PO (nmol g−1 h−1) 0.004 0.948 1,554 <0.001 10.4 <0.001 5.38 0.002 0.887 0.507 2.741 0.001 1.636 0.063

The bold p values are significant (p < 0.05)
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significant effect on leaf and root litter C and N losses (Table 2).

The leaf litter C and N losses increased with the restoration

duration, with higher C and N losses in the older stands (45Y)

(Figures 3A,C). However, the root litter C loss at 45 Y (37.74%)

was lower than those at 35 Y (47.53%), 25 Y (49.59%), and 15 Y

(52.09%) (Figure 3B), and the root litter N loss at 45 Y was also

lower than those at the other three restoration durations

(Figure 3D).

3.2 Variations in the soil environment and
enzyme activities under decomposition

The soil environment and enzyme activities were

significantly influenced by restoration duration, decomposition

time and their interactions (Table 3). Litter type had a significant

effect on nitrogen-related soil properties (such as TN, NO3
−-N,

NH4
+-N, DON) (Figures 4A–H) and pH (Figure 4K–L), whereas

there was no significant effect on soil enzyme activities

(Figure 5A; Table 3). For both leaf and root litter, the SOC,

STN, STP, NO3
−-N, NH4+-N, and DON contents increased

during the late stages of decomposition, while enzyme

activities fluctuated during the decomposition processes

(Figure 5A–L).

3.3 Effect of litter quality, the soil
environment, and enzyme activities on
litter C and N losses under decomposition

The path diagram shows the direct and indirect effects of

initial litter quality, litter quality, the soil environment and

enzyme activities on litter C and N losses (Figure 2). The

PLSPM shows that the effects of all regulating factors on litter

C and N losses differed in various decomposition stages

(Figures 6, 7).

For C loss, during the early and middle stages, the initial leaf

litter quality had a significantly negative direct effect and a

positive indirect effect. There was no significant effect at the

late stage (Figure 6A). However, it had a significant positive effect

on root C loss (Figure 6E). The effect of initial litter quality on

root N loss was similar to that on litter C loss in the 10%–50%

decomposition stage (Figure 7A), and it had a significant positive

effect on root N loss in all stages (Figure 7E).

Litter quality had a significant positive effect on leaf litter C

and N losses during the middle and late decomposition processes

(Figures 6B, Figure 7B). It had a significantly negative direct

effect and positive indirect effect on root C loss (Figure 6F), but

there was no significant effect on root N loss.

The soil environment had a significant positive direct effect

on leaf litter C and N losses during the early and middle stages;

however, there was no significant effect in the late decomposition

process (Figures 6C, Figure 7C). Similarly, the soil environment

had a significant positive effect on root C and N losses in all decay

stages.

Enzyme activities had a weaker influence on litter

decomposition. They had a significant negative direct effect

on leaf litter C loss in the middle stages; their effect on leaf

litter N loss changed from a positive direct effect in the early stage

to a negative direct effect in the middle and late stages. However,

the effect of enzyme activities on root C loss was negative and

direct during the early and middle decomposition stages, but

there was no significant effect on root N loss.

4 Discussion

Our results provide a comparative assessment of the

temporal dynamics of leaf and root litter decomposition and

quantify the relationships among litter quality, the soil

environment and enzyme activities, which support a

comprehensive understanding of the effect of litter

decomposition of Robinia pseudoacacia on carbon and

nitrogen cycling on the Loess Plateau of China (Figure 8). We

found that the C or N losses in leaf litter were significantly higher

than those in root litter regardless of stand age (Figure 3; Table 2).

The carbon and nitrogen losses in leaf litter increased over the

course of the restoration duration, whereas there was an opposite

trend in root litter carbon and nitrogen losses, which had the

lowest losses in the older stand ages (45 Y). The carbon and

nitrogen loss patterns were driven by litter quality, the soil

environment and enzyme activities (Figures 6, 7). More

importantly, our results demonstrated that the effects of litter

quality and the soil environment on litter decomposition were

stronger than those of enzyme activities, and the effects differed

with decomposition stage.

4.1 Increased leaf litter carbon and
nitrogen losses compared with root litter

In agreement with our first hypothesis, the C and N losses in

leaf litter were higher than those in root litter. First, there were

higher initial N and P contents and lower C:N ratios in the leaf

litter than in the root litter (Supplementary Tables S1,S3). The

chemical traits of N, P and lignin content had different effects on

leaf and root decomposition, and litters with higher nitrogen and

phosphorus contents and lower lignin content generally

decomposed faster (Canessa et al., 2020; Cornwell et al., 2008;

Guo et al., 2021; See et al., 2019). The C:N ratio represented the

ratio of carbohydrates to protein (Zhang et al., 2018). High-

quality litters (low C:N) were easily degraded by decomposers;

they may have lacked the complex structures needed to endure

adverse environments. The complex structure compound means

some recalcitrant substrates, such as lignin and cellulose. The

presence of this structural defensive compound, which confers
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FIGURE 4
Temporal dynamics of soil properties after the leaf and root litter addition of four different restoration durations ofRobinia pseudoacacia stands.
Values are means ± standard error. The dynamic changes of soil total nitrogen when leaf litter and root addition (A–B); the dynamic changes of soil
nitrate nitrogen when leaf litter and root addition (C–D); the dynamic changes of soil ammonia nitrogen when leaf litter and root addition (E–F); the
dynamic changes of soil dissolved organic nitrogen when leaf litter and root addition (G–H); the dynamic changes of soil available phosphorus
when leaf litter and root addition (I–J); the dynamic changes of soil pH when leaf litter and root addition (K–L).
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FIGURE 5
Temporal dynamics of soil enzyme activities after the leaf and root litter addition in four different restoration durations of Robinia pseudoacacia
stands. Values are means ± standard error. The dynamic changes of soil β-1,4-glucosidase (BG) activity when leaf litter and root addition (A–B); the
dynamic changes of soil cellobiohydrolase (CBH) activity when leaf litter and root addition (C–D); the dynamic changes of β-1,4-N-
acetylglucosaminidase (NAG) activity when leaf litter and root addition (E–F); the dynamic changes of soil L-leucine aminopeptidase (LAP)
activity when leaf litter and root addition (G–H); the dynamic changes of soilperoxidase (PERX) activity when leaf litter and root addition (I–J); the
dynamic changes of soil phenol oxidase (PPO) activity when leaf litter and root addition (K–L).
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toughness on leaf litter, protects the litter from microbial

degradation and constitutes waterproofing properties of plant

cell walls, slowing down physical abrasion (Zhang et al., 2019).

Thus, they were occupied by fungi and microbes and had a faster

decomposition rate (García-Palacios et al., 2013; Li et al., 2020).

Low-quality litters (high C:N) tended to degrade slowly because

they had more recalcitrant substances, and the microbial

community needed to mine N from external sources (such as

SOM) to degrade. Therefore, high-quality litters tended to degrade

more rapidly than low-quality litters (Prieto et al., 2019; Shen et al.,

2021). Second, higher leaf litter C and N losses compared with

those of root litter may be related to the soil environment. There

was a higher mineral N and DON content after litter addition

(Figure 4), and litter type had a significant effect on nitrogen-

related soil nutrients (Table 3). Litter addition may enhance

microbial growth and activities, promote the microbial nutrient

utilization rate, and accelerate litter decomposition processes and

carbon and nitrogen dynamics (Martínez-García et al., 2021).

Carbon and nitrogen losses from leaf litter increased during

vegetation restoration, while those from root litter showed the

opposite trend; the older stand ages (45 Y) had the lowest carbon

and nitrogen losses, which agrees with our second hypothesis. A

previous study demonstrated that the rate of decomposition of R.

pseudoacacia plantation litter increased during the revegetation

process (Zhang et al., 2021), similar to our results. Litter N and P

contents increased with restoration duration (Supplementary

Table S1), which may have been beneficial for rapidly growing

microbes and accelerating carbon and nitrogen losses (Xiao et al.,

2019), as the effect of restoration duration on litter

decomposition was more pronounced during the early stage.

There have been relatively few studies on the fine-root

decomposition of different stand ages; possible explanations

for the difference in fine-root decomposition are as follows.

Compared with other young stand ages, the older stand age

(45 Y) experienced decreases in soil pH after litter addition; thus,

soil acidification inhibited litter decomposition (Shen et al.,

2021). In addition, a less complex but more specialized

microbial network resulted in faster fine-root decomposition

in young stands of R. pseudoacacia (data not shown).

Different types of litter decomposition showed a contrasting

trend with increasing restoration duration, which reflected

inconsistencies in leaf and root litter carbon and nitrogen

losses over the course of vegetation restoration. Further

validation is needed in combination with field experiments.

FIGURE 6
The standardized direct and indirect effects derived from partial least squares pathmodelling (PLSPM) to assess the effects of initial litter quality,
litter quality, the soil environment and enzyme activities on leaf and root litter C loss during decomposition. (A) and (E) represent the effect of initial
litter quality on C loss for leaf and root litter, respectively. (B) and (F) represent the effect of litter quality on C loss for leaf and root litters, respectively.
(C) and (G) represent the effect of the soil environment on C loss for leaf and root litters, respectively. (D) and (H) represent the effect of enzyme
activities on C loss for leaf and root litters, respectively. DE, standardized direct effect; IE, standardized indirect effect. **p < 0.01, *p < 0.05.
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FIGURE 7
Standardized direct and indirect effects derived from partial least squares pathmodelling (PLSPM) to assess the effects of initial litter quality, litter
quality, the soil environment and enzyme activities on leaf and root litter N losses during decomposition. (A) and (E) represent the effect of initial litter
quality on N loss for leaf and root litters, respectively. (B) and (F) represent the effect of litter quality on N loss for leaf and root litters, respectively. (C)
and (G) represent the effect of the soil environment on N loss for leaf and root litters, respectively. (D) and (H) represent the effect of enzyme
activities on N loss for leaf and root litters, respectively. DE, standardized direct effect; IE, standardized indirect effect. **p < 0.01, *p < 0.05.

FIGURE 8
Schematic diagram of carbon and nitrogen losses of Robinia pseudoacacia leaf and fine root litter in different restoration durations. 15 Y to 45 Y
represent stand ages from 15 years to 45 years. The early stage, middle stage and late stage represent three different decomposition stages. All
factors in the ovals (initial litter quality, litter quality, the soil environment and enzyme activities) changed with decomposition stage, which showed
the difference in relative importance. The C and N losses in leaf litter are in bold, which indicated that the C or N losses in leaf litter were
significantly higher than those in root litter.
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4.2 Relative importance of influencing
factor on litter C and N losses

The relative importance of initial litter quality differs between

leaf and root litters during different decomposition stages, which

suggests that leaf and root litter decomposition is decoupled with

decomposition duration (Ma et al., 2016). In our studies, the initial

litter quality had a significant influence on leaf litter carbon and

nitrogen losses at the early stages, while it also had a significant

impact on root litter carbon and nitrogen losses at the late stages.

Previous studies have demonstrated that litter quality is primarily

important in the early stage of decomposition (Canessa et al., 2020;

Zheng et al., 2020). Litter nitrogen rapid mineralization may have

been conducive to lignin degradation during early decomposition,

and lignin degradation may have led to carbohydrate decay,

supplying a carbon source and energy to microbial decomposers

(He et al., 2019). While the mineralization of root litter was lower

than that of leaf litter (Figures 3B,D), the legacy effect of initial litter

quality may have played a crucial role in root litter decomposition in

the late stages (García-Palacios et al., 2016; Yue et al., 2018). The

difference in leaf and root litters in the late decomposition stages

may have resulted in the slow decomposition of root litter. Initial

litter quality represented the variation in litter chemical and

morphological composition and was the most important

determinant of litter decomposition (Wang et al., 2021a; Wang

et al., 2021b; Fu et al., 2021). Moreover, initial litter quality also

indirectly regulated litter carbon and nitrogen losses by influencing

litter quality (nutrient content and stoichiometry) (Wang et al.,

2021b; Liao et al., 2022).

The variation in litter quality with decomposition duration is

an important part of litter decomposition. Previous studies have

shown that litter quality and stoichiometry directly and indirectly

regulate soluble carbon and phosphorus release (Wang et al.,

2021a). Similarly, our results demonstrated that the chemical

component changes in leaf litter directly and indirectly

regulated litter carbon and nitrogen losses, with mainly a direct

impact (Figures 6, 7). Litter nutrient contents and C:N:P

stoichiometry reflected metabolic limitation for decomposers.

During different stages of litter decomposition, differences in

litter quality and microbial available carbon influenced

microbial community structure and activities (Zheng et al.,

2018). Litter quality significantly influenced fine-root carbon

loss throughout the decomposition process, while it had no

significant effect on fine-root N loss, suggesting that root litter

carbon loss was more sensitive to litter quality changes. Taken

together, these results show that litter quality had a positive

influence on leaf litter carbon and nitrogen losses but a

negative influence on fine-root N loss. These different patterns

for litter carbon and nitrogen losses indicated that there was a high

uncertainty for leaf and root litter decomposition (Sun et al., 2018).

The relative importance of litter quality on litter carbon and

nitrogen losses depended on whether basic energy could satisfy

the demand of microbes (Hättenschwiler and Jørgensen, 2010).

The soil environment is an important factor that affects the litter

decomposition rate. Soil not only supplies necessary nutrients for

decomposers to maintain life activities but also alters the

microclimate or nutrient conditions for litter decomposition (Ge

et al., 2013). Therefore, changes in the soil environment significantly

influence leaf litter and fine-root carbon and nitrogen losses. This

influence mainly had a significant positive direct effect regardless of

decomposition stage and litter type (Figures 6, 7). Previous studies

have indicated that soil nitrogen availability can influence litter

nitrogen release (Ge et al., 2013; Martínez-García et al., 2021).

The main soil chemical properties, such as pH and nutrient

content, are limiting factors for litter decomposition (Zhang et al.,

2018). Soil pHdeclined during the decomposition process, which had

a negative effect on microbial process that are difficult to breakdown

(Li et al., 2022). es (Tanikawa et al., 2018; Shen et al., 2021), and thus

litter carbon and nitrogen losses decreased during the late period.

There are two mechanisms underlying nutrient availability in the

decomposition process: microbial and chemical mechanisms (Jiang

et al., 2018). Litter carbon andnitrogen are rapidly released during the

early stages, and thus, the nutrient supply ratiomatches themicrobial

requirement, so litter has a high decomposition rate (stoichiometric

theory). Recalcitrant carbon gradually plays an important role in

decomposition after the rapid release of labile carbon. Nutrient

availability enhancement (NO3
−-N, NH4

+-N, DON) may ease

microbial demand for nutrients based on “N mining theory”, and

litter carbon and nitrogen losses gradually decrease (Fanin et al.,

2020). The chemical mechanism is related to initial litter chemical

properties, as acid unhydrolyzed residue in litter can absorb inorganic

nitrogen ions to create new compounds.

Enzyme activities significantly varied during the

decomposition of leaf litter and fine roots (Table 3; Figure 5).

Previous studies have demonstrated that enzyme activities

mediate the litter decomposition process (Fu et al., 2021; Li

et al., 2021; Zhang et al., 2021; Li et al., 2022). Enzyme activities

often have a positive effect on litter decomposition at the local

scale (Zhong et al., 2017; Zheng et al., 2021). However, our

analyses showed that enzyme activities had a negative effect on

litter carbon and nitrogen losses during early decomposition,

which is inconsistent with our third hypothesis. Litter carbon and

nitrogen have a rapid release at the early stage of litter

decomposition (Figure 3), which may satisfy the nutrient

demand of microorganism and then inhibit the mining of

corresponding nutrients by extracellular enzymes (Kourtev

et al., 2002). Though enzyme exists in soil, the efficiency was

largely decreased (Allison and Vitousek, 2004). Overall, the

production of soil enzymes involves a trade-off to maximize

carbon, nitrogen and phosphorus production in response to

nutrient resources and substrate changes (Bai et al., 2021). As

reported by Song et al. (2021), the effects of C, N and P-related

enzyme activities on litter carbon and nitrogen losses were

weaker than those on litter quality. Indeed, our study

demonstrated that the effects of enzyme activities on litter

carbon and nitrogen losses were weaker than those of other
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driving factors. We speculated that the enzyme may be a product

secreted by microorganisms, so the relative importance of biotic

factors on carbon and nitrogen losses in litters should be further

evaluated in combination with specific microorganism groups.

5 Conclusion

Our results demonstrate that the relative importance of litter

quality, the soil environment and enzyme activities on litter C andN

losses changes with the litter decomposition process. Initial litter

quality, litter quality and the soil environment determined leaf and

root litter C loss, while enzyme activities has a minor effect on litter

C loss. Litter quality, the soil environment and enzyme activities

directly influenced leaf litter N loss, while initial litter quality and the

soil environment affected fine-root N loss. The effect of enzyme

activities on litter C and N loss was weaker than substrate and soil

environment. These results indicated that leaf and fine root litter

decomposition decoupled during the decomposition process. Litter

type and decomposition stages should be comprehensively

considered when assessing litter decomposition to better

understand the relationships between litter decomposition and

carbon and nitrogen cycling in ecosystems.
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