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nitrogen, cumulative C mineralization, and the activities 
of hydrolases and oxidases increased by 7.6–433.5%. Most 
chemical and microbial properties were positively correlated 
with mixed litter proportions and the initial levels of N, P, K, 
Ca, Mg, Mn, Zn and Cu in the litter, while negatively corre-
lated with the initial concentrations of C, Fe and lignin, C/N 
and lignin/N ratios. The results indicate that A. elata litter 
can improve degraded larch soil and the degree depends on 
the proportion of A. elata litter in the litter mixtures.

Keywords  Larch-based agroforestry · Incubation 
experiment · Litter mixtures · Litter quality · Soil properties

Introduction

In Northeast China, extensive areas of secondary forests 
have been replaced by larch (Larix olgensis A. Henry) plan-
tations (2.6 × 106 ha) due to their inability to meet increasing 
timber demands since the 1950s (Mason and Zhu 2014; Gao 
et al. 2018). However, with the establishment of these plan-
tations, soil degradation has occurred, such as soil acidifica-
tion, decline of carbon (C), nitrogen (N), microbial biomass, 
and enzyme activities compared with adjacent secondary 
forests (Yang et al. 2010, 2012, 2013). This is attributed to 
the monoculture system leading to slower litter decomposi-
tion and ultimately resulting in soil degradation (Yang et al. 
2013). In fact, larch litter decomposes more slowly than lit-
ter of other tree species, such as Manchurian ash (Fraxinus 
mandshurica Rupr.), white birch (Betula platyphylla Suk.), 
and David poplar (Populus davidiana Dode), thereby leading 
to the decline of nutrient recycling (Liu et al. 1998) which 
will not sustain the productivity of larch plantations. There-
fore, accelerating the decomposition of litter is essential to 
resolve these problems.

Abstract  Research has indicated that introducing Aralia 
elata into larch plantations forms an agroforestry system 
which could provide economic benefits for local farmers 
and improve degraded soils. However, the impact of lit-
ter mixtures on soil chemical and microbial properties in 
this agroforestry system are unclear, which limits efficient 
management of the agroforestry system. A 365-d incuba-
tion experiment examined the effect of litter mixtures of 
different proportions of larch (L) and A. elata (A) on soil 
chemical and microbial properties. The results show that 
levels of mineral N, available P, microbial biomass carbon 
and nitrogen, cumulative C mineralization, and activities 
of hydrolases and oxidases increased with an increase of 
A. elata in the litter mixtures. Concentration of total soil 
carbon, nitrogen, and phosphorous did not change (except 
for total nitrogen). Compared with larch litter alone, levels 
of mineral N, available P, microbial biomass carbon and 
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Litter decomposition is a fundamental process which 
determines the rate of nutrient cycling and controls the level 
of C and nutrients (e.g. N and P entering the soil (Weedon 
et al. 2009)). Abiotic and biotic factors are the regulators of 
litter decomposition. For abiotic factors, the most important 
is the quality of the litter (Wieder et al. 2009). For exam-
ple, decomposition of higher quality litter (e.g. low C/N 
and lignin/N ratios, higher N) is faster and thereby leads 
to higher nutrient availability (Mukhopadhyay and Joy 
2010). Cabrera et al. (2005) found that plant litter materi-
als with C/N ratios over 40 resulted in net N immobiliza-
tion, while below 20 led to net N mineralization (Whitmore 
1996). In addition, litter with high N levels contributed to 
the decomposition of water-soluble compounds and non-
lignified cellulose; Mn and Ca also had a profound impact 
on litter decomposition rate (Keiluweit et al. 2015; Zhou 
et al. 2020). For biotic factors, microbes have been con-
sidered basic mediators in litter decomposition since they 
secrete various hydrolases [e.g. β-1,4-glucosidase (BG) and 
β-cellobiohydrolase (CB), β-1,4-N-acetyl-glucosaminidase 
(NAG), and acid phosphatase (AP)] and oxidases [e.g. poly-
phenol oxidase (PPO) and peroxidase (PER)] and change the 
composition of their community structure (Voříšková et al. 
2011). In addition, species evenness (mixed proportions) in 
litter mixtures also affect litter quality, microbial biomass, 
and their activities, and thereby the litter decomposition rate 
(Li et al. 2013; Kuebbing and Bradford 2019). For example, 
litter mixtures with high proportions high quality litter lead 
to higher decomposition rates, carbon mineralization, micro-
bial biomass, and activities (Mitchell et al. 2011; Kuebbing 
and Bradford 2019). Therefore, mixed litter proportions 
should not be neglected in the decomposition process.

Many studies of litter mixtures focus on mass loss, nutri-
ent release and litter mixing effects (Makkonen et al. 2013). 
However, Jiang et al. (2013) indicated that soil properties 
(e.g. C, N and P cycling) are closely related to litter decom-
position. Understanding litter decomposition on soil C, N, 
and P cycling is necessary for studying plant-soil interac-
tion (Kuiters 1990). However, few studies have addressed 
the effect of litter decomposition on soil properties, espe-
cially for agroforestry systems. In addition, few results of the 
response of soil properties to litter mixtures decomposition 
came from relatively short duration experiments (e.g. six-
week incubation, 65-d incubation, and 120-d incubation) or 
from equal mass mixed ratio (1:1) experiments (Yang and 
Zhu 2015; Chen et al. 2018; Zeng et al. 2021). However, as 
affected by forest structure, reforestation patterns, and plant-
ing duration, litter does not always strictly follow the equal 
mass mixed rules, especially in agroforestry systems which 
usually have a single tree species and perhaps inter-planted 
shrub(s) (Naeem et al. 2021). For example, Gao et al. (2022) 
found that litter mixed proportions changed significantly 

(Table S1) according to inter-planting years of Aralia elata 
(Miq.) Seem. in larch-A. elata agroforestry system (LAAS).

The LAAS, planting A. elata (a native broadleaved shrub 
or small tree with high economic values) into larch plan-
tations, is becoming increasingly widespread in northeast 
China. The agroforestry system can improve degraded soils 
over 5 years, while achieving economic benefits (selling 
tender shoots or terminal buds of A. elata in spring with 
profits of approximately $ 2500–3500 ha−1 a−1) in the short-
term simultaneously in the context of poverty alleviation and 
natural forest conservation (Gao et al. 2022). However, the 
impacts of the LAAS with different litter mixtures propor-
tions on degraded soils remain unclear, especially over the 
long-term. Therefore, it is important to clarify the effect of 
litter mixtures of different proportions on soil properties in 
relatively long-term experiments in agroforestry systems.

In this study, soil chemical and microbial properties of 
different mixed proportions of larch and A. elata litter were 
compared over the 365-d incubation, which will provide evi-
dence for our previous field study (a degraded larch soil was 
ameliorated after > 5 years since inter-planting), and refer-
ences for the effects of other agroforestry systems on soil 
properties. It is hypothesized that soil chemical and micro-
bial properties will improve with the increase of A. elata in 
the litter mixtures.

Materials and methods

Study site

The study was carried out on the Qingyuan Forest CERN, 
National Observation and Research Station, Liaoning Prov-
ince, China (41°51′ N, 124°54′ E, 500 − 1100 m a.s.l.). The 
region has a temperate, continental monsoon climate (warm 
and humid summers, cold and dry winters) with annual rain-
fall in 700–850 mm, with more than 80% falling in sum-
mer. Mean annual temperature ranges from 3.9 to 5.4 °C. A 
frost-free period lasts approximately 130 d. Soils are typical 
forest brown soil (Udalfs), with 25.6% of sand, 51.2% of 
silt, and 23.2% of clay. Historically, more than 70% of the 
primary forests in northeast China have been destroyed by 
anthropogenic activities (e.g. logging) or by extreme natural 
causes (e.g. snow and wind), and secondary forests were 
formed through natural regeneration of native broadleaved 
species. Since the 1950s, patches of secondary forests have 
been converted to larch plantations for timber production 
(2.6 × 106 ha) (Gao et al. 2018). The management strategies 
lasted for decades until they shifted from pursuing timber 
production to providing ecological services (e.g. improv-
ing soil quality), which resulted in economic losses to local 
foresters (Li and Zhou 2000). To obtain economic benefits 
in the short-term, A. elata (a local cash crop shrub) was 
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inter-planted at 1 m × 1 m spacing, creating a larch-A. elata 
agroforestry system (LAAS). The LAAS used for this study 
was selected from six spatially separated sites in Qingyuan 
Forest. Each site consisted of paired stands of LAAS with 
as many inter-planting years of A. elata as logistically pos-
sible. Some LAAS stands shared the same larch plantation 
because of their closeness (details in Fig. 1 and Table S2) 
and adjacent larch plantations (400–1600 m), from similar 
ages and sizes of trees, geographical locations, and soil par-
ent material (Table S2). In each paired stand, three replicates 
20 m × 20 m plots, separated by > 80 m, were established to 
represent the characteristics of the stand, resulting in six-
teen paired stands with 66 plots from 6 study sites (Fig. 1). 
Thickness of the litter layer ranged from 3.9 to 6.2 cm. The 
LAAS was managed according to standard practices, e.g. 
before and after the first 2 years of inter-planting, shrubs 
and herbaceous plants were removed to ensure the best sur-
vival of A. elata, and then clear-cut every 5 years to facili-
tate the harvest of tender shoots or terminal buds once or 
twice a year from late April to early May three years after 
inter-planting. The effects of harvesting terminal buds on A. 
elata input to the soil was negligible because of their low 
proportion in the whole plant biomass (approximately 2.2% 
for 3 years, 1.1% for 5 years, and 0.6% for > 10 years of 
inter-planting). The shrub layer of LAAS included A. elata 
and other naturally regenerated species such as Euonymus 
alatus (Thunb.) Sieb. and Lonicera japonica Thunb. The 
herbaceous layer of LAAS included Carex spp., Athyrium 
multidentatum (Döll) Ching, Sanicula chinensis Bunge, 
Rubus crataegifolius Bunge, Geranium wilfordii Maxim., 
and Rubia sylvatica (Maxim.) Nakai.

Soil and litter collection

Soil used for incubation was collected from 20 m × 20 m 
plots in 6 spatial sites with each site adjacent to LAAS 
(Table S2 and Fig. 1). After handpicking the litter layer 
and removing visible debris (e.g. plant roots and stones), 
the upper 10 cm the soil was randomly sampled at 9 points 
and pooled into one homogeneous sample of each plot. The 
pooled samples were passed through a 2-mm sieve and 
stored at 4 ℃ until the incubation experiment was set up.

Litter (larch and A. elata) for incubation was collected 
from one of the LAAS plots inter-planted with A. elata for 
5 years, adjacent to larch plantations. After removing any 
diseased and insect-infested and rotten leaves, fresh leaves 
were collected in September–December 2019 at the time of 
natural abscission. The leaves were air-dried and cut into 
1-cm pieces (only A. elata leaves were cut, larch leaves were 
not cut) and stored in paper bags until the incubation experi-
ment started. The initial chemical properties of the litter are 
listed in Table 1.

Microcosm design and incubation

In the microcosm experiment, six litter mixtures were car-
ried out with larch litter alone (10L:0A), A. elata litter alone 
(0L:10A), and litter mixtures of larch and A. elata (8L:2A, 
6L:4A, 5L:5A, and 4L:6A), which represent the proportions 
of larch and A. elata in LAAS with different inter-planting 
years (1, 3, 5 and > 10 years). Soil without litter (CK) was 
used as a control.

Before incubation microcosms were set up, the soil was 
pre-incubated for a week at 25 ℃ and 60% water holding 

Fig. 1   An overlay of study sites of selected larch-A. elata agroforestry systems
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capacity to recover soil microbial activity. After pre-incuba-
tion, litter or litter mixtures mixed with predefined propor-
tions were added on soil (20 g dry mass, with litter: soil = 1: 
100) in 80 mm high × 67 mm diameter containers sealed 
with plastic wrap and incubated for 365 d at 25 ℃ under 
light shielding. The incubated microcosms also included a 
10-mL centrifuge tube with 5 mL NaOH (0.5 M) used for 
measuring C mineralization. Each treatment had six rep-
licates as the soil used for incubation was collected from 
six sites. During the incubation process, soil moisture was 
maintained by weighing the microcosms every 3 d and add-
ing distilled water if necessary (Almagro et al. 2021).

The C mineralization was measured as CO2 evolution at 
3, 7, 15, 30, 60, 90, 120, 180, 287, 328, 342 and 365 d of 
incubation. The incubated soil of each microcosm was sam-
pled at the end of incubation. After sampling, soils from 
microcosms were mixed thoroughly after removing the litter, 
and stored at 4 °C until further analyses.

Litter and soil properties analysis

Total C and N of litter and soil were determined by dry 
combustion analysis (vario EL III elemental analyzer). Con-
centration of P, K, Ca, Mg, Fe, Mn, Zn and Cu of litter were 
determined by atomic absorption spectrophotometer (5100 
ICP-OES) digested through concentrated HNO3–HClO4. 
The lignin concentration of litter was measured according 
to Wang et al. (2015).

Total P of soil was extracted by the H2SO4-HClO4 diges-
tion method and measured by the ascorbic acid-molybdenum 
blue method (Olsen and Sommers 1982). Available P (Av-P) 
(extracted by 0.5 M NaHCO3, pH = 8.5, 0.5 h) of soil was 
determined using the method of John (1970). Soil mineral N 
(e.g. NH4

+-N and NO3
−-N) was determined by an auto ana-

lyzer (AutoAnalyzer III, Bran + Luebbe GmbH, Germany). 
Microbial biomass carbon (MBC), and microbial biomass 
nitrogen (MBN) were determined using the chloroform 
fumigation extraction method (Brookes et al. 1985; Vance 
et al. 1987). The evolved CO2 released in NaOH was meas-
ured by the method of back titration with 1 M HCl, which 
used phenolphthalein as an indicator (Yang and Zhu 2015).

Extracellular enzyme activities involved in C, N, and P 
cycling processes, including four hydrolases (e.g. BG, CB, 
NAG, and AP), and two oxidases (e.g. PPO and PER) were 
measured. Enzyme activities, in nmol h−1 g−1 were deter-
mined according to German et al. (2011).

Data analysis

Relative values (RV) were used to reveal differences in soil 
chemical and microbial properties among different litter 
mixtures. RV was calculated as follows:Ta
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where RV  is the relative values of soil chemical and micro-
biological properties; P

i
 is the soil chemical and microbio-

logical properties of the different litter mixed proportions, 
K
0
 is the soil chemical and microbiological properties of 

the controls.
One-way ANOVA followed by Tukey’s test evaluated 

the impact of litter mixtures on soil properties. Repeated 
ANOVA measurements tested the differences of CO2 evo-
lution among litter mixtures. Pearson correlation analysis 
was used to examine relationships among litter mixtures, 
initial litter chemical properties and soil properties. Before 
analysis, the normality of variables was checked using the 
Shapiro–Wilk test, and the homogeneity of variances was 
examined using Levene’s test. All the statistical analyses 
were performed using IBM SPSS (version 26.0; IBM Corp., 
Armonk, NY, USA) with a significance level of P < 0.05.

Results

Initial chemical properties of litters

Most of the initial chemical properties of the two leaf litters 
used in this study varied significantly (P < 0.05) (Table1). 
Particularly, concentrations of N, P, K, Ca, Mg, Mn, Zn, and 
Cu in A. elata litter were 1.3–4.3 times that of larch litter. 
In contrast, concentrations of Fe and lignin, and ratios of 
C/N and lignin/N in larch litter were 1.6–6.3 times that of 
A. elata litter (Table 1).

Impacts of litter decomposition on soil chemical 
properties

After 365-d incubation, levels of soil total carbon, nitrogen 
and phosphorous of the larch litter alone (10L:0A) were sig-
nificantly higher than that of the controls (P < 0.05), which 
increased by 2.6%, 6.1% and 5.3%, respectively. However, 
there were no significant differences among litter mixed 
proportions (P > 0.05) (Fig. 2), except for the A. elata litter 
alone (0L:10A); it was significantly higher that of other litter 
mixtures (P < 0.05).

Compared with the CK, concentrations of mineral 
N (Mi-N) and available P (Av-P) of all litter mixtures 
increased after 365  d of incubation, which increased 
with the increase of the litter proportion of A. elata 
in the litter mixtures (Fig.  3). For Mi-N, the descend-
ing order of the significant differences among differ-
ent mixtures were: 0L:10A (226.2  mg  kg−1) > 4L:6A 
and 5L:5A (133.7–147.8 mg kg−1) > 6L:4A and 8 L:2A 
(79.8–94.8 mg kg−1) > 10L:0A (37.8 mg kg−1) (P < 0.05) 
(Fig. 3a). For Av-P, the 0L:10A, 4L:6A and 5L:5A were 

(1)RV = P
i
− K

0

all significantly higher than that of 8L:2A and 10L:0A 
(P < 0.05), while no significant differences were found 
among 4L:6A, 5L:5A and 0L:10A or 6L:4A (P > 0.05) 
(Fig. 3b). In addition, compared with the larch litter alone 
(10L:0A), levels of Mi-N and Av-P of litter mixtures (8L: 
2A, 6L: 4A, 5L: 5A and 4L: 6A) increased by 7.7–20.2% 
and 7.6–20.9%, respectively (Fig. 3).

Impacts of litter decomposition on soil microbial 
properties

Microbial biomass carbon (MBC) and microbial biomass 
nitrogen (MBN) showed similar trends, increasing with the 

a

b

c

Fig. 2   Soil total carbon, nitrogen, and phosphorous after 365-d incu-
bation for litter mixtures of larch (L) and A. elata (A) with different 
proportions. When the 95% confidence interval of TC, TN and TP 
spans 0, it means that there is no significant difference among the TC, 
TN and TP and CK (only soil without any litter added). When TC, 
TN and TP are significantly larger (smaller) than 0, it means that the 
TC, TN and TP of litter mixtures of larch (L) and A. elata (A) with 
different proportions are significantly higher (lower) than that of the 
CK. Bars indicated SE (n = 6)
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increase of the litter proportion of A. elata (Fig. 4a and b). 
For MBC, the descending order of the significant differ-
ences was: 0L: 10A and 4L: 6A > 5L: 5A, 4L: 6A and 8L: 
2A > 10L: 0A (P < 0.05) (Fig. 4a). For MBN, the descending 
order was: 0L:10A > 4L: 6A and 5L: 5A > 4L: 6A and 8L: 
2A > 10L: 0A (P < 0.05) (Fig. 4b). Notably, compared with 
the larch litter alone (10L:0A), concentrations of MBC and 
MBN of litter mixtures (8L: 2A, 6L: 4A, 5L: 5A and 4L: 6A) 
increased by 45.2–84.5% and 113.6–295.3%, respectively 
(Fig. 4a and b).

As decomposition proceeded, the cumulative C minerali-
zation (C–CO2) of all litter mixtures gradually increased, all 
of which were significantly higher than the CK (P < 0.05) 
(Fig. 4c). During the 365 d of incubation, levels of C–CO2 
of all litter mixtures significantly increased with the increase 
of A. elata in the litter mixtures (P < 0.05). Similarly, the 
descending order of the significant differences of levels 
of C–CO2 after 365-d incubation was: 0L: 10A and 4L: 
6A > 5L: 5A and 4L: 6A > 8L: 2A and 10L: 0A (P < 0.05). 
Compared with the larch litter alone (10L: 0A), the concen-
tration of C–CO2 of the mixtures (8L: 2A, 6L: 4A, 5L: 5A 
and 4L: 6A) increased by 37.7–92.9% (Fig. 4c).

Similarly, after 365-d incubation, extracellular enzyme 
activities of all litter mixtures were higher than that of 
the CK (P < 0.05), and increased with the increase of A. 
elata in the litter mixtures (Fig. 4). Compared with the 
larch litter alone (10L: 0A), activities of C cycle—related 
enzymes (e.g. BG and CB), N cycle related enzyme (e.g. 
NAG), P cycle related enzyme (e.g. AP) and oxidases (e.g. 
PPO and PER) of litter mixtures (8L: 2A, 6L: 4A, 5L: 

a

b

Fig. 3   Soil mineral nitrogen and available phosphorous after 365-d 
incubation for litter mixtures of larch (L) and A. elata (A) with dif-
ferent proportions. When the 95% confidence interval of Mi-N and 
Av-P spans 0, it means that there is no significant difference among 
the Mi-N and Av-P and CK (only soil without any litter added). When 
Mi-N and Av-P are significantly larger (smaller) than 0, it means that 
the Mi-N and Av-P of litter mixtures of larch (L) and A. elata (A) 
with different proportions are significantly higher (lower) than that of 
the CK. Bars indicated SE (n = 6)

a

b

c

Fig. 4   Soil microbial biomass C a and N b after 365-d incubation 
and the cumulative C mineralization c during decomposition process 
for litter mixtures of larch (L) and A. elata (A) with different propor-
tions. When the 95% confidence interval of MBC, MBN and CO2-C 
spans 0, it means that there is no significant difference among the 
MBC, MBN and CO2–C and CK (only soil without any litter added). 
When MBC, MBN and CO2–C are significantly larger (smaller) than 
0, it means that the MBC, MBN and CO2–C of litter mixtures of larch 
(L) and A. elata (A) with different proportions are significantly higher 
(lower) than that of the CK. Bars indicated SE (n = 6)
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5A and 4L: 6A) increased by 34.5–72.4%, 33.2–103.7%, 
74.4–142.7% and 23.2–433.5%, respectively (Fig. 5).

Relationships among litter initial chemical properties, 
litter mixtures, and soil biochemical properties

Most of soil chemical properties (Mi-N and Av-P) and microbial 
properties (MBC, MBN, BG, NAG, AP, and PPO) were signifi-
cantly correlated with litter mixtures and initial chemical proper-
ties (P < 0.05 or P < 0.01) (Fig. 6). Most of the soil chemical and 
microbial properties were positively correlated with litter mixed 
proportions and the initial concentrations of N, P, K, Ca, Mg, 
Mn, Zn and Cu in the litter (P < 0.05), while they were nega-
tively correlated with initial concentrations of carbon, Fe and 
lignin, carbon/nitrogen ratio and lignin/nitrogen ratio (P < 0.05).

Discussion

Influence of litter decomposition on soil chemical 
properties

Of all the soil nutrients studied, including TC, TN, TP, Mi-N, 
and Av-P, differences were observed mainly in mineral N 
and available P, and not in TC, TN, and TP [except for the A. 

a b c

d e f

Fig. 5   Soil enzyme activities after 365-d incubation for litter mix-
tures of larch (L) and A. elata (A) decomposition process. When the 
95% confidence interval of soil enzyme activities spans 0, it means 
that there is no significant difference among the soil enzyme activi-
ties and CK (only soil without any litter added). When soil enzyme 

activities are significantly larger (smaller) than 0, it means that the 
soil enzyme activities of litter mixtures of larch (L) and A. elata (A) 
with different proportions are significantly higher (lower) than that of 
the CK. Bars indicated SE (n = 6)

Fig. 6   The relationships among litter mixed proportions, litter ini-
tial chemical properties and soil biochemical properties (n = 6). Note: 
LMP, C, N, P, K, Ca, Mg, Fe, Mn, Zn, Cu, Lignin, C/N, and Lignin/N 
means litter mixed proportions, concentrations of carbon, nitrogen, 
phosphorus, potassium, calcium, magnesium, manganese, zinc, cop-
per, lignin, carbon/nitrogen ratio, and lignin/nitrogen in initial leaf 
litter; respectively; TC, TN, TP, Mi-N, Av-P, C–CO2, MBC, MBN, 
BG, CB, NAG, AP, PPO and PER means total carbon, nitrogen, 
phosphorus, mineral N, available P, the cumulative C mineralization, 
microbial biomass carbon, microbial biomass nitrogen, β-glucosidase, 
β-cellobiohydrolase, N-acetyl-β-glucosaminidase, acid phosphatase, 
phenol oxidase and peroxidase, respectively. *, P < 0.05, **, P < 0.01
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elata leaf litter alone (0L: 10A)]. The results were consistent 
with our previous field study (Gao et al. 2022) which indi-
cated that levels of soil TC, TN, TP did not change, even in 
the humus layer and upper 10-cm depth when A. elata was 
inter-planted in larch plantations over 10 years, in which the 
total litterfall increased by 60.1 g m−2 compared with pure 
larch plantations (Table S1). Therefore, it is not surprising 
that there was no significant change in total soil nutrients 
with only 0.2 g litter added after 365-d incubation. Soil TC, 
TN, and TP increased by 2.6%, 6.1% and 5.2% in A. elata 
litter alone (0L: 10A), respectively. This may be attributed 
to: (1) the higher decomposition rate of A. elata, of which 
only 24% remained mass after 365-d incubation (Fig. S1); 
and (2) the higher nutrients released from the A. elata litter 
(levels of total T, N, and P were 29.2, 2.2 and 12.2 g kg−1), 
3.9, 3.0, 3.7 times that of larch litter, respectively (Table 1).

After 365-d incubation, all litter mixtures showed net 
N mineralization, which was quite different from previ-
ous studies of the impacts of litter decomposition on soil 
properties. Contrary to our results, Yang and Zhu (2015) 
reported net N immobilization following the addition of 
five different leaf litters [Fraxinus chinensis subsp. rhyn-
chophylla (Hance) E., Fraxinus mandshurica Rupr., Acer 
pictum subsp. mono (Maxim.) H. Ohashi, Quercus mon-
golica Fisch. ex Ledeb, Juglans mandshurica Maxim] in 
6 weeks of incubation. Chen et al. (2018) also found net N 
immobilization following application of four different leaf 
litters [Juglans mandshurica Maxim, Carex moorcroftii 
Falc. ex Boott, Artemisia nanschanica Krasch., Leontopo-
dium pusillum (Beauv.) Hand.—Mazz.] individually or com-
bined randomly in a 120-d incubation study. The different 
results may be attributed to: (1) different sampling frequency 
and incubation time; and (2) the different species used in 
litter decomposition incubation. In fact, Chen et al. (2018) 
noted that the chemical diversity of litter and incubation time 
were important factors in litter decomposition. Additionally, 
Haynes (1986) reported that net N mineralization occurred 
only when the N concentration of litter was higher than 2% 
and the C/N ratio less than 20. The N concentration and C/N 
ratio were not measured in this study since remaining litter 
at the end of incubation was limited. However, the N con-
centration of the initial leaf litter ranged from 7.4 (larch leaf 
litter) to 29.2 g kg−1 (A. elata leaf litter), and the C/N ratios 
from 15.0 (A. elata litter) to 58.6 (larch litter) (Table 1). 
Zhang et al. (2019) concluded that N and P concentrations of 
the initial litter were positively related to decomposition rate, 
whereas the concentration of lignin and cellulose were nega-
tively related. In addition, the rate of nutrient release (e.g. N 
and P) varied with litter mixed proportions, decomposition 
stages and microbial activities at different stages (Naeem 
et al. 2021). Therefore, it is speculated that soil N immobi-
lization was a response to the requirements of growth and 
reproduction of microorganisms in earlier decomposition 

stages (Ilstedt and Singh 2005). However, N concentrations 
and C/N ratios reflected N mineralization after 365-d litter 
decomposition, leading to nutrients released and resulting 
in an increase in available nutrients (Zhou et al. 2016). The 
extent of the increases for mineral N and available P in dif-
ferent litter mixtures may be attributed to the litter mix pro-
portions, initial chemical properties of the litter, and micro-
bial activities (Ilstedt and Singh 2005; Zeng et al. 2021). Our 
correlation analysis among soil mineral N and available P, 
litter mix proportions and initial chemical properties of leaf 
litter also supports this (Fig. 6).

Influence of litter decomposition on soil microbial 
properties

Soil respiration reflects the activities and metabolism of 
microorganisms which utilize the easily decomposed com-
pounds characterized by organic acids and labile C to meet 
growth and reproduction needs (Bhatnagar et al. 2018). For 
example, labile plant constituents were the dominant source 
of microbial products as they were utilized more efficiently 
by microbes (Cotrufo et al. 2013), and litter with high nitro-
gen content, low lignin/N and C/N ratios was associated with 
higher decomposition leading to rapid nutrient mobility for 
microorganisms (Prescott 2010). In our study, the N content 
of A. elata litter (29.2 g kg−1) was significantly higher than 
that of larch litter (7.4 g kg−1), and the lignin content of 
A. elata litter (225.0 g kg−1) significantly lower than that 
of larch litter (360.5 g kg−1). Lignin/N and C/N ratios of 
larch litter were 3.9 and 6.3 times that of A. elata litter, 
respectively (Table 1). This resulted in higher cumulative 
C mineralization in litter mixtures with higher proportions 
of A. elata. Additionally, correlation analysis also indicated 
that the cumulative C mineralization was positively related 
to the litter mix proportions and the initial levels of N, P, K, 
Ca, Mg, Mn, Zn, and Cu in litter, while it was negatively 
related to initial concentrations of C, Fe, lignin and C/N 
and lignin/N ratios (Fig. 6). Research has shown that litter 
decay may be dominated by microorganisms via binding 
to metal cations (e.g. K, Ca, Mg, Fe, and Mn) (Ganjegunte 
et al. 2005; Preston et al. 2009; Keiluweit et al. 2015; Wang 
et al. 2017; Sun et al. 2019). However, much research has 
focused mainly on the impact of C, N, P, and K, Ca, and Mg 
content on litter decomposition rate, rarely on the influence 
of trace elements (e.g. Mn, Fe, Zn, and Cu). Therefore, fur-
ther studies on litter decomposition should give attention to 
trace elements. Garcia et al. (2005) reported that microbial 
respiration was positively correlated with microbial activi-
ties and soil nutrients, and our results also verified that the 
levels of mineral N, available P, microbial biomass carbon, 
microbial biomass nitrogen and enzyme activities increased 
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with increase in the proportion of A. elata in the litter mix-
tures (Figs. 3, 4 and 5).

Microorganisms rapidly utilize nutrients stored in plant 
cells after litter addition, thus providing energy for them-
selves growth, reproduction and secretion enzymes for deg-
radation of litter (Sall et al. 2003). Therefore, litter qual-
ity and quantity exert a strong influence on soil microbial 
characteristics (e.g. the microbial community, microbial 
biomass, and activities), for which a higher quality litter 
would supply more nutrients more rapidly for microorgan-
isms than lower quality litter (Aka and Darici 2005; Teklay 
et al. 2007). This could explain why the mixtures of higher 
proportions of A. elata in litter had higher microbial biomass 
and enzyme activities in our study. In turn, this would stimu-
late nutrients to entering the soil more rapidly (Aggangan 
et al. 1999). Additionally, the physical properties of the litter 
also had an important influence on soil microbial properties 
(Joly et al. 2016; Xiao et al. 2019). Leaves of A. elata are 
thin and fragile, more conductive to growth and functions for 
microorganisms leading to higher biomass and activities. In 
contrast, leaves of larch are thick and tough to breakdown, 
resulting in lower microbial biomass and activities.

This study concerned the effects of litter mixtures with 
different proportions of larch and A. elata on soil biochemi-
cal properties at the end of incubation period (365 d). How-
ever, previous studies noted that the stage of decomposition 
was an important factor as the microbial biomass, enzyme 
activities and substrates were decomposition stage depend-
ent (Hu et al. 2006; Weand et al. 2010; Wu et al. 2014). 
In earlier decomposition stages, hydrolase (e.g. cellulolytic 
enzymes) play an important role to degrade to liable com-
pounds, while oxidase (e.g. polyphenol oxidase) becomes 
more important to decompose recalcitrant materials in later 
decomposition stages (Kourtev et  al. 2002). This influ-
ences the different substrates derived from litter in different 
decomposition stages and ultimately leads to differences in 
nutrients entering the soil. Additionally, the litter mixture 
also affects soil biochemical properties through the release 
of nutrients (Gartner and Cardon 2004). As commonly 
known, additive-effects and non-additive effects (includ-
ing synergistic and antagonistic effects) exist in mixed litter 
decomposition (Perez-Harguindeguy et al. 2008). Studies 
have reported that research related to litter decomposition 
showed significant mixing effects, which varied with the 
decomposition stage (Hector et al. 2000; Berglund et al. 
2013; Chen et al. 2017). For example, Wu et al. (2014) noted 
that additive effects were observed in initial stages, while 
positive non-additive effects (synergistic) were in the mid 
stages, and negative non-additive effects (antagonistic) in 
later stages. Therefore, different results may occur at differ-
ent sampling stages and care given when speculating from 
our results. The mixed effects of different stages should also 
be considered.

Although there are some limitations to laboratory 
microcosm experiments, they are also considered as an 
important component of a set of appropriate experimen-
tal methods to provide explanations and supplements 
for field studies due to their short experiment period 
and strong controllability (Fukami and Wardle 2005). 
In this study, the main interest was on the differences of 
the effect of litter mixtures of two coexisting species on 
soil biochemical properties in larch-A. elata agroforestry 
systems. Therefore, temperature and moisture were not 
considered, although these two factors are important in 
litter decomposition (Cornwell et al. 2006). The labora-
tory microcosms exactly met our requirements. However, 
it must be acknowledged that they were associated with 
additional restrained compared with natural field decom-
position processes: (1) interactions between soil meso and 
macro fauna and leaf litter were not considered (Hätten-
schwiler et al. 2005); (2) the effects of mixing leaf litter, 
branches, stems, and roots were not considered (Cotrufo 
et al. 2010); and (3) other environment factors, such as 
dry and wet deposition, freezing, thawing, nitrogen fixa-
tion, and sedimentation were not considered (Bindraban 
et al. 2000). As such, our results could differ from field 
experiments which would be under conditions of the entire 
decomposer community and environment factors. How-
ever, trends of the impacts of the larch-A. elata agrofor-
estry systems with different inter-planting years of A. elata 
associated with different litter proportions (Table S1), 
on soil biochemical properties in our prior field stud-
ies were similar to these microcosm experiments, which 
suggesting that our laboratory microcosm results may 
be field relevant (Fig. S2). Further, the improvement of 
soil chemical and microbiological properties between the 
laboratory incubation experiments and field experiments 
were compared, and the results showed that the extent of 
improvement of most chemical and microbial properties 
of the microcosm experiments were significantly higher 
than that of field experiments (Table S3). This suggests 
that the results from field studies may be more conserva-
tive than laboratory microcosm studies. Overall, while it 
is important to recognize that this study demonstrates a 
potential ecological function of leaf litter decomposition 
for improvement of soil quality or fertility in the absence 
of other important field variables, it is anticipated that 
our results might stimulate more studies. For example, 
research on the impact of litter decomposition on various 
soil properties and the underlying mechanisms of trace 
elements dynamics in litter might be examined. Sampling 
more frequently and the effects of litter mixtures should 
be given more attention, which could provide a reference 
for more comprehensive understanding of the continuous 
system of “plant-litter-soil”.
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Conclusion

Though the improvements to some soil characteristics 
(increased total carbon, nitrogen and phosphorus levels) may 
not be immediately apparent after 365-d incubation experi-
ment of litter mixtures of larch and A. elata, the A. elata 
litter can ameliorate degraded larch soil (such as enhancing 
mineral nitrogen, available phosphorus, microbial biomass 
and enzyme activities), and the extent of the improvement 
depends on the amount of A. elata litter in the litter mix-
tures, which is consistent with our hypothesis. However, cau-
tion must be made when speculating possible results of field 
experiments from our microcosm incubation experiments 
because improvement of soil chemical and microbiological 
properties of the microcosm experiments were significantly 
higher than those of field experiments. Therefore, it is rec-
ommended that field experiments, under the conditions of 
the wider decomposer community and numerous environ-
ment factors, should be the focus in future research.
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