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Abstract
Mixed-decomposition effects are commonly observed in natural and planted 
forests and affect nutrient cycling in a forest ecosystem. However, how one litter 
type affects the decomposition of another is still poorly understood. In this study, 
Pinus armandii litter was mixed with Betula albosinensis, Catalpa fargesii, Populus 
purdomii, Eucommia ulmoides, and Acer tsinglingense litter. The mixtures were 
placed in litterbags and buried in soil with consistent moisture for a 180-day indoor 
simulated decomposition experiment. The litterbags were periodically harvested 
during decomposition; the litter residues of different species were separated, and the 
biomass dynamics of each litter type were simulated. In addition, the soil sucrase, 
cellulase and polyphenol oxidase activities were also detected three times. The 
mutual effects of needle and broadleaf litter during mixed decomposition and the 
possible underlying mechanisms were investigated. The results indicated that (i) 
during the decomposition experiment, P. armandii needles significantly inhibited 
the decomposition of broadleaf litter in the first 3 months, while the broadleaf litter 
accelerated the decomposition of P. armandii needles in only approximately 40% of 
the cases. However, the inhibitory effects of needles on broadleaf litter decomposi-
tion subsequently exhibited significant weakening, while the accelerating effects of 
broadleaf litter were significantly enhanced. The effects of mixed decomposition on 
the activities of three enzymes can only partially explain the interactions between 
different litter types; (ii) the prediction by the decomposition model showed that 
most of the broadleaf litter types could continuously accelerate the decomposition 
of P. armandii needles throughout the mixed decomposition process, while the 
decomposition of broadleaf litter would be significantly inhibited at least in the 
short term. In general, four of the five broadleaf litter types (excluding E. ulmoides) 
could accelerate the early decomposition of P. armandii needles and consequently 
accelerate nutrient cycling in P. armandii pure forests. These species could be used 
for the transformation of pure P. armandii pure forests to mixed forests.
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Introduction

The Qinling Mountains are the climatic and biogeographic boundary between North-
ern and Southern China. The Qinling Mountains are also one of the most important 
water sources in China. However, after historical long-term deforestation of the natural 
forests, the eco-environment in this area was seriously damaged. Fortunately, after the 
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implementation of several national forest projects such as the “Grain to green” project 
and natural forest protection projects, large areas of natural secondary forests and 
artificial forests had been recovered. Pinus armandii is one of the most widely disturbed 
species in the secondary and artificial forests in the Qinling region. However, this 
species exhibits considerable self-renewal ability; thus, it is difficult for other species 
to expand into P. armandii forests, leading to low biodiversity of these pure forests [1]. 
Due to the long-term selective utilization of nutrients and the specific characteristics 
of litter decomposition and nutrient release, P. armandii forests have exhibited unique 
soil degradation patterns, such as the loss of available N, P, and microelements and 
remarkable decreases in urease, sucrase, phosphatase, and protease activities [2].

According to previous studies, mixed forests of coniferous and broadleaved species 
usually exhibit higher productivity than pure coniferous forests [3]. In addition, the 
mixed decomposition of leaves and needle litter usually caused significantly synergistic 
effects [4], that is, accelerating the overall decomposition and nutrient release [5]. 
Consequently, a feasible approach to transform pure P. armandii forests might include 
planting broadleaved species with increased litter production, higher litter nutrient 
content, and complementary litter substrate quality [5], thus accelerating litter de-
composition, adjusting the nutrient balance of forest soil, promoting nutrient cycling, 
improving the quality of soil organic matter via mixed litter decomposition [4,6], and 
finally alleviating the soil degradation of pure coniferous forest ecosystems [7].

Previous studies have indicated that the mixed decomposition of coniferous and 
broadleaf litter usually leads to a higher overall decomposition rate (the synergistic 
nonadditive effect) due to the nutrient transfer between litter, increased suitability 
of microhabitats for soil geobionts and microbes, and an increase in litter chemical 
diversity [8–10]. However, most investigations only studied the decomposition of 
litter mixtures, while how the decomposition of each litter type in the mixtures was 
affected remains less understood. During mixed decomposition, nutrients might 
be transferred from high-quality leaf litter to coniferous litter, thus alleviating the 
nutrient limitations and consequently accelerating litter decomposition, while the 
decomposition of themselves were hindered as nutrient loss. On the other hand, the 
secondary metabolites released from litter with poor substrate quality would inhibit the 
decomposition of broadleaf litter while increasing the decomposability of coniferous 
litter [11,12]. These undetected mutual effects might lead to misjudgment about the 
actual effects of mixed decomposition on material cycling even when overall additive 
effects are detected, and the decomposition of a given litter species in a mixture might 
still be accelerated or inhibited [8,13]; thus, the specific degradation tendency of the 
forest could not be controlled.

Little is known about the mutual effects between litter types during mixed decomposi-
tion, and these effects are largely affected by the litter species in the mixtures (or their 
substrate quality characteristics) [11,14,15]. Consequently, simulated mixed decom-
position is still needed when selecting broadleaved species for the transformation of P. 
armandii forests to mixed forests to analyze the possible effects of mixed plantation on 
nutrient cycling. Hence, P. armandii litter and litter from five broadleaved species that 
are commonly used in mixed plantations were collected for a 180-day indoor mixed 
decomposition experiment, aiming to detect their mutual effects on the decomposition 
of each other and to analyze the mechanism causing these mutual effects. This study also 
aimed to provide a scientific basis for the transformation of pure P. armandii forests into 
mixed forests in the Qinling region. We hypothesized that during mixed decomposition, 
the broadleaf litter would significantly accelerate the decomposition of needle leaf litter 
(P. armandii litter), whereas the decomposition of themselves will be simultaneously 
hindered in turn. The observed mixed decomposition effects depend on the extent of 
these opposite effects, and the consequent apparent additive effects cannot reflect the 
actual mutual effects during mixed litter decomposition.
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Material and methods

Sampling of litter and soil

Well-grown mature forests of Pinus armandii, Betula albo-sinensis, Catalpa fargesii, 
Populus purdomii, Eucommia ulmoides, and Acer tsinglingense were selected at the 
Houzhenzi forestry station of Zhouzhi County, China (108°44'~108°57' E, 33°46'~33°57' 
N, altitude: 1,300~2,650 m). The climate in this area is a warm temperate humid conti-
nental monsoon climate with an average annual temperature of 6.4°C and an average 
annual precipitation of approximately 1,000 mm. The soil in this area is classified as 
dark brown forest soil.

In late fall, 10 trees were randomly selected in each forest, and the senescent leaves 
or needles were collected with litter traps by knocking tree branches. Each type of 
foliar, litter was uniformly mixed and air-dried after removing the vermiculated or 
decayed leaves. A portion of the litter was oven-dried at 60°C to convert the air-dried 
and oven-dried weight. Subsequently, the prepared litter was digested according to the 
methods of Bao [16], and then the C, N, and P contents were determined by the potas-
sium dichromate oxidation method, a continuous flow analyzer and phosphomolybdate 
spectrophotometry, respectively, and the C/N and C/P ratios were calculated accord-
ingly. The Mn contents were detected with an atomic absorption spectrophotometer. 
The detected litter substrate qualities are given in Fig. 1.

To avoid the spatial variation in soil properties and home field effects [17,18], the 
decomposition in an in situ experiment was simulated in indoor conditions. The soil 
used as the decomposition substrate was sampled in the tree-free wasteland near the 
studied forests. The soil from the 0–10 cm surface layer was collected, and then the 
soil was passed through a sieve with 5-mm mesh after the visible plant residues and 
stones were removed. In addition, the saturated water-holding capacity and the actual 
soil moisture were determined for the moisture control during decomposition. The soil 
that was used in this study had an organic matter content of 21.93 g kg−1 and available 
N, P, and K contents of 110.37, 2.23, and 146.59 mg kg−1, respectively.

Litter decomposition

The prepared litter types were uniformly mixed with a weight proportion of 1:1 (needle 
litter : each type of broadleaf litter), and 12 g of each mixture (oven-dried weight) was 
placed into 10 × 12-cm nylon litterbags (mesh size: 0.5 mm). Each type of mixture was 
prepared for 15 bags. In addition, 15 litterbags containing 12 g of each single-species 
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litter were also prepared. The filled litterbags were sealed, and five bags of each litterbag 
type were separately buried in a 30 × 40 × 20-cm plastic pot containing 4 kg soil to ap-
propriately speed the decomposition. Each type of litter had three pots, and based on this, 
three independent decomposition processes were simulated (three replications).

Subsequently, the pots containing litter were watered with a sprayer. According to a 
previous study [19], the soil moisture was adjusted to 50% of the saturated water-holding 
capacity, which was slightly higher than the actual soil moisture. Subsequently, the 
pots were covered with ventilated and moisturizing film to avoid extreme changes in 
soil moisture. In the following incubation, the pots were weighed twice a month, and 
distilled water was sprayed according to the mass loss. The litter pots were incubated 
at 20–25°C for 180 days.

Residue sampling and biochemical analysis

The litterbags in each pot were harvested five times during the first, second, third, 
fourth, and sixth months during decomposition. During each sampling, three litterbags 
were retrieved from the three pots containing the same litter, and the residues were 
cleaned with a brush, oven-dried at 60°C and weighed. For the mixtures, the needles 
and broadleaf leaves were separated according to the differences in form and weighed. 
In addition, the soil around the litterbags was sampled during the first, third, and sixth 
months, air-dried and passed through a 1-mm sieve. The activities of soil sucrase, cel-
lulase, and polyphenol oxidase were determined by 3,5-dinitrosalicylic acid colorimetry 
and pyrogallol colorimetry [20]. The soils sampled from the three pots containing the 
same litter were considered replicates.

Data processing

The weights of the litter residues or mixtures were converted into mass remaining rates 
R, and then the decomposition processes were fitted with a modified Olson decomposi-
tion model (Eq. 1) according to Berg and McClaugherty [21] using SigmaPlot 12.5.

where a, b, k1, and k2 are the parameters of the model, t is the decomposition time 
(independent variable), and e is the Napierian base.

In this model, the litter decomposition process was seen as the superposition of two 
classical Olson models, which simulate the decomposition of labile and recalcitrant 
components [21]. Thus, two decomposition constants (k1 and k2) and the theoretical 
calculated relative abundances of these two litter components (a and b) were ob-
tained after fitting. This model also exhibited much higher fitting precision (r2 and 
significance) than the traditional Olson model [19,21]. However, it is difficult to use 
a single constant k to indicate the decomposition rate. Hence, the elapsed times for 
the first- and second-half of decomposition (tformer50% and tlater50%) of each litter type or 
litter mixture were calculated with the analyzing module in SigmaPlot 12.5 to show 
the decomposition rate [19].

Assuming that each litter type did not affect the decomposition of the other type, 
the predicted mass remaining rates RPM, tformer50%PM and tlater50%PM of the litter mixtures, 
and the predicted soil enzymatic activities EAPM of could be calculated using Eq. 2–
Eq. 5:

where the subscripts OPa and OBroadleaved indicate the detected values of the mentioned 
indices of P. armandii and broadleaf litter or soil in single-species decomposition, 0.5 

𝑅𝑅𝑅𝑅 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 + 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎−𝑘𝑘𝑘𝑘2𝑡𝑡𝑡𝑡 Eq. 1 

𝑅𝑅𝑅𝑅PM = 0.5𝑅𝑅𝑅𝑅OPa + 0.5𝑅𝑅𝑅𝑅OBroadleaved Eq. 2 

𝑡𝑡𝑡𝑡former50%PM = 0.5𝑡𝑡𝑡𝑡former50%,OPa + 0.5𝑡𝑡𝑡𝑡former50%,OBroadleaved Eq. 3 

𝑡𝑡𝑡𝑡later50%PM = 0.5𝑡𝑡𝑡𝑡later50%,OPa + 0.5𝑡𝑡𝑡𝑡later50%,OBroadleaved Eq. 4 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸PM = 0.5𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸OPa + 0.5𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸OBroadleaved Eq. 5 
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is the mass fraction of the litter types in the mixtures, and the subscript PM indicates 
the predicted values of the mixtures.

A t test was employed to detect the differences between the predicted and observed 
decomposition indices of the decomposition of mixtures and the differences between 
the decomposition indices of needle and broadleaf litter. One-way ANOVA and sub-
sequent LSD tests were used to analyze the significance of the differences between the 
observed and predicted enzymatic activities in the decomposing media (soil) of the 
litter mixtures and those in the decomposing media of the needle and broadleaf litter. 
All statistical analyses were performed with SPSS 23.0, and the level of significance test 
was α = 0.05. SigmaPlot 12.5 was employed for drawing figures.

Results

Mutual effects between litter types and the overall 
nonadditive effects during early decomposition

During the first 3 months of decomposition, significant slower overall decomposition 
was observed in the mixed decomposition treatment. However, these effects exhibited 
continuous weakening and turned to synergistic effects for the mixtures of P. armandii 
and B. albo-sinensis or P. purdomii or additive effects for the mixtures of P. armandii 
and C. fargesii or A. tsinglingense at 4–6 months. Only the mixed decomposition of 
P. armandii and E. ulmoides exhibited continuous antagonistic effects until the sixth 
month (Fig. 2A–E).

Regarding the actual mutual effects, when synergistic effects were observed, the 
decomposition of P. armandii litter was usually significantly accelerated in the mixtures, 
while that of broadleaf litter was not affected (Fig. 2A,F and Fig. 2C,H). Only the decom-
position of P. armandii litter was significantly accelerated while that of broadleaf litter 
was significantly inhibited when additive effects were observed (Fig. 2B,G, Fig. 2E,J). 
Only the decomposition of broadleaf litter was significantly inhibited when antagonistic 
effects were observed (Fig. 2D,I). Specifically, P. armandii × B. albosinensis mixing 
significantly accelerated the decomposition of the former species in the second month, 
while it significantly inhibited that of the latter species in the second–sixth months. 
Pinus armandii × P. purdomii mixing significantly accelerated the decomposition of 
the former species in the fourth–sixth months, while it significantly inhibited that of 
the latter species in the third month. Pinus armandii × E. ulmoides mixing significantly 
accelerated the decomposition of the latter species in the third month, while it turned 
to significant inhibitory effects in the fourth–sixth months. Pinus armandii × A. tsin-
glingense mixing significantly inhibited the decomposition of the former species in the 
first–third months, and it turned to significant promoting effects in the fourth–sixth 
months, while the mixing significantly inhibited the decomposition of the latter species 
in the third–fourth months.

The effects of early mixed decomposition on the soil enzymatic activities

According to a previous study [22], the first–third months, sixth month, and first month 
were regarded as the main period when sucrase, cellulase, and polyphenol oxidase 
participated in the decomposition of litter in the present study. The results indicated 
that during the response periods, mixed decomposition (Fig. 3) led to significantly 
higher activities than those in the decomposition media for P. armandii and broadleaf 
litter (for P. purdomii, E. ulmoides, A. tsinglingense litter) or at least equal to them (B. 
albosinensis and C. fargesii litter). Mixed decomposition usually exhibited overall ad-
ditive effects on cellulase activity; however, the activities were still significantly higher 
than those in the decomposition medium for P. armandii litter and equal to those 
in the broadleaf litter media (C. fargesii, P. purdomii, and A. tsinglingense litter). For 
polyphenol oxidase activities, mixed decomposition exhibited significant synergistic 
effects, leading to significantly higher activities than those in the P. armandii and 
broadleaf litter decomposition media (B. albo-sinensis, C. fargesii, and P. purdomii litter) 
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or at least equal to them (E. ulmoides and A. 
tsinglingense litter).

Long-range prediction of the mutual 
effects between litter types and 
the overall nonadditive effects

The long-range prediction based on the de-
composition model indicated that P. armandii 
× B. albo-sinensis, P. armandii × P. purdomii, 
and P. armandii × A. tsinglingense mixed de-
composition exhibited significant overall syn-
ergistic effects during the first and second half 
decomposition (Tab. 1), while the P. armandii 
× C. fargesii and P. armandii × E. ulmoides 
mixing only exhibited significant synergistic 
effects during the first-half decomposition. 
Specifically, the first and second halves of 
decomposition of P. armandii litter and the 
second half of decomposition of B. albosinensis 
and P. purdomii litter were significantly ac-
celerated in the mixtures, while the first and 
second halves of decomposition of C. fargesii, 
E. ulmoides, and A. tsinglingense litter were 
significantly inhibited (Tab. 2).

Discussion and conclusions

The results indicated that during early de-
composition (first–sixth months), the decom-
position of mixed coniferous and broadleaf 
litter exhibited significant overall nonadditive 
effects, which was in line with the findings of 
Xiao et al. [5], Zeng et al. [23], and Chen et 
al. [4]. However, the overall effects could not 
reflect the actual mutual effects between the 
different litter types in the mixtures. In fact, 
during the first 3 months, the decomposition 
of broadleaf litter was generally inhibited, 
which was in line with our hypothesis. First, 
the bacteriostatic secondary metabolites re-
leased from P. armandii litter might be respon-
sible for this result. According to a previous 
study [19], P. armandii litter contains large 
amounts of phenolic acids and terpenes, such 
as benzoic acid, dibutyl phthalate, α-pinene, 
and β-pinene. These components could be 
leached with the addition of water during 
incubation, inhibiting the growth and activities 
of decomposers [24,25] and thus leading to 
significant decreases in the decomposition rate 
of broadleaf litter. A previous study stating 
that coniferous needle extracts inhibited the 
activities of several types of litter-decomposing 
enzymes and that the decomposition of broad-
leaf litter also confirmed this hypothesis [26]. 
However, in the present study, no significant 
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decreases in the activities of related enzymes participating in this decomposition period 
(such sucrase and polyphenol oxidase; Fig. 3) were observed, which was conflicted with 
the inhibited decomposition. This result might be attributed to the rapid adaptation 
of microbes to alterations in litter substrate quality [27]. Based on these adaptations, 
microbes might secrete large amounts of enzymes to obtain carbon sources and de-
grade phenolic compounds; however, these increases in enzymatic activities did not 
contribute to the decomposition of litter. Second, nutrients, especially N, would be 
transferred from nutrient-rich broadleaf litter to P. armandii needles by water envelopes 
or hyphae [28]; thus, nutrient loss might inhibit the decomposition of broadleaf litter at 
relatively low nutrient contents because sufficient nutrients might not be supplied to the 
decomposers. The decomposition of P. armandii needles was significantly accelerated 
in approximately 40% of the cases, which was similar to the findings of Yuan et al. [29] 
and Liu et al. [28], who stated that the decomposition of coniferous needles would be 
accelerated when broadleaf litter decomposition was inhibited in mixed litter. These 
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accelerating effects on needle decomposition might be attributed to the nutrient supply 
from broadleaf litter and the attenuation of the decomposition inhibitors caused by 
mixing [13,23,28]. However, in most cases, mixed decomposition did not accelerate 
the decomposition of P. armandii needles in this period (Fig. 2A,C,D) and even led to 
significant inhibition (Fig. 2E), which was contrary to the above-mentioned studies. One 
possible reason for this difference might be the rapid release of N from the broadleaf 
litter [30]. Although this N would accelerate the growth of microbes and increase the 
activities of related enzymes to some extent, it might also combine with the lignin in 
P. armandii needles to form recalcitrant compounds, consequently inhibiting litter 
decomposition [31,32].

Subsequently (fourth–sixth months), most (approximately 4/5) of the antagonistic 
effects caused by mixed decomposition exhibited continuous weakening and turned 
to synergistic or additive effects. In view of the mutual effects between coniferous and 
broadleaf litter, the main causes of the mentioned alterations might be the continuous 
weakening of the inhibitory effects on the decomposition of broadleaf litter and the 

Tab. 1 Observed and predicted time required for the decomposition of litter mixtures.

Litter mixture Method tformer50% (yr) tlater50% (yr)

P. armandii × B. albo-sinensis Observed 0.66 (0.03)* 2.38 (0.1)*
Predicted 1.56 (0.18) 7.78 (1)

P. armandii × C. fargesii Observed 0.98 (0.13)* 6.1 (2.07)
Predicted 1.38 (0.16) 7.21 (0.87)

P. armandii × P. purdomii Observed 0.48 (0.02)* 1.55 (0.08)*
Predicted 1.38 (0.18) 6.92 (0.99)

P. armandii × E. ulmoides Observed 0.98 (0.01)* 7.17 (0.32)
Predicted 1.35 (0.15) 7.39 (0.87)

P. armandii × A. tsinglingense Observed 0.66 (0.01)* 2.38 (0.01)*

* Indicates significant differences (p < 0.05) between the observed and predicted values.

Tab. 2 Time required for litter decomposition in mixed or monospecific decomposition.

Litter Form in decomposition tformer50% (yr) tlater50% (yr)

P. armandii Monospecific 2.27 (0.33) 11.77 (1.91)
× B. albo-sinensis 0.76 (0.11)* 2.93 (0.43)*
× C. fargesii 0.82 (0.03)* 4.19 (0.44)*
× P. purdomii 0.59 (0.05)* 2.06 (0.23)*
× E. ulmoides 1.28 (0.07)* 5.14 (0.40)*
× A. tsinglingense 0.86 (0.11)* 3.04 (0.50)*

B. albo-sinensis Monospecific 0.84 (0.08) 3.79 (0.42)
× P. armandii 0.68 (0.05) 2.15 (0.12)*

C. fargesii Monospecific 0.49 (0.01) 2.65 (0.17)
× P. armandii 0.86 (0.07)* 3.95 (0.43)*

P. purdomii Monospecific 0.48 (0.05) 2.06 (0.07)
× P. armandii 0.39 (0.01) 1.32 (0.02)*

E. ulmoides Monospecific 0.44 (0.03) 3.01 (0.17)
× P. armandii 0.62 (0.07)* 5.04 (0.14)*

A. tsinglingense Monospecific 0.39 (0.01) 1.32 (0.01)

* Indicates significant differences (p < 0.05) between the values obtained in the mono-
specific and mixed decomposition.
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promoting effects on the decomposition of P. armandii needles (Fig. 2). The following 
reasons might be responsible for these differences. First, secondary metabolites, especially 
liable and soluble compounds, could be rapidly leached, degraded and diffused into 
the soil. For instance, Qin et al. [33] stated that the phenolic compounds in P. armandii 
needles exhibited significant degradation after only 3 months of decomposition. The 
decreases in the concentrations of these compounds alleviated their inhibitory effects 
or even led to accelerating effects on decomposers [34,35]. In the present study, the 
enzymatic activities in the decomposition media for the mixtures remained at the levels 
in those for the broadleaf litter (Fig. 3), which confirmed the mentioned speculations. 
Second, the possible inhibitory effects of N on needle decomposition weakened with 
the decomposition of broadleaf litter. In contrast, nutrient transfer [28], the priming 
effects of liable carbon sources from broadleaf litter on the decomposition of recalcitrant 
compounds in coniferous needles [36], and the accelerating effects on the growth of 
microbes [37] would lead to faster decomposition of P. armandii needles. The significantly 
higher cellulase activities in mixed decomposition media in the third–sixth months 
also confirmed these speculations (Fig. 3). Finally, mixed decomposition could provide 
variable substrate, food sources, and habitat conditions (humidity, temperature, or 
spatial structures); these alterations would accelerate the growth of decomposers and 
thus promote the decomposition of litter mixtures [10,38]. Noticeably, the antagonistic 
effects caused by P. armandii and E. ulmoides mixing continued to the end of incuba-
tion. The decomposition inhibitors, such as chlorogenic acid and aucubin, found in E. 
ulmoides litter might be responsible for the continuous mutual inhibitions [39,40].

Due to relative short incubation period in the present study, the modified Olson 
decomposition model [21] was used to predict the entire decomposition process. The 
predicted effects of mixed decomposition on the first half of decomposition were 
basically the same as those observed in the present study, indicating that this model 
could accurately reflect the decomposition tendency. According to the prediction and 
related calculations, broadleaf litter would significantly accelerate the decomposition 
of P. armandii needles throughout the decomposition process, while the decomposi-
tion of broadleaf litter would be inhibited at least in the short term. However, mixed 
decomposition could accelerate the overall decomposition at least in the first half of 
decomposition, especially the decomposition of P. armandii needles. As most of the 
nutrient release also occurred during this period, the planting of mixed broadleaved 
species except for E. ulmoides with P. armandii might be a feasible approach to accelerate 
litter decomposition and compounds cycling in pure forests.

Noticeably, broadleaf litter with the best substrate quality did not improve the 
promoting effects on the decomposition of P. armandii needles, which was in line with 
the findings of Zhao et al. [41]. According to previous studies [42], the alterations in 
litter chemical diversity caused by mixing rather than the nutrient supply ability of a 
given litter species in a mixture might be the main factor affecting the mixed decom-
position effects. Consequently, more chemical indices of litter should be measured in 
the following studies to further assess the chemical diversity changes caused by mixed 
decomposition. Accordingly, the underlying mechanisms of the mutual effects of litter 
during mixed decomposition should be further analyzed.

References

1. Kang B, Liu S, Wang D, Zhang Y, Liu H, Du Y. Regeneration characteristics of woody 
plant seedlings in typical secondary forests in Qinling Mountains. Chinese Journal of 
Applied Ecology. 2011;22(12):3123–3130.

2. Liu Z, Duan E, Liu Z, Feng S. Soil polarization of pure forests in the semi-humid loess 
hilly area of North Shaanxi, China. Acta Ecologica Sinica. 2009;29(10):5696–5707.

3. Chomel M, Guittonny-Larchevêque M, Desrochers A, Baldy V. Effect of mixing 
herbaceous litter with tree litters on decomposition and N release in boreal plantations. 
Plant Soil. 2016;398(1–2):229–241. https://doi.org/10.1007/s11104-015-2648-5

4. Chen Q, Fang S, Tian Y. Effects of the decomposition of poplar and aider mixed leaf 

https://doi.org/10.1007/s11104-015-2648-5


10 of 11© The Author(s) 2019 Published by Polish Botanical Society Acta Soc Bot Pol 88(3):3629

Zhang et al. / Mutual effects between litter types during mixed decomposition

litters on soil microbial biomass. Chinese Journal of Applied Ecology. 2012;23(8):2121–
2128.

5. Xiao W, Chen HY, Kumar P, Chen C, Guan Q. Multiple interactions between tree 
composition and diversity and microbial diversity underly litter decomposition. 
Geoderma. 2019;341:161–171. https://doi.org/10.1016/j.geoderma.2019.01.045

6. Chen F, Zheng H, Yang B, Ouyang Z, Zhang K, Xiao Y, et al. The decomposition of 
coniferous and broadleaf mixed litters significantly changes the carbon metabolism 
diversity of soil microbial communities in subtropical area, southern China. Acta 
Ecologica Sinica. 2011;31(11):3027–3035.

7. Yang K, Zhu JJ. Impact of tree litter decomposition on soil biochemical properties 
obtained from a temperate secondary forest in Northeast China. J Soils Sediments. 
2015;15(1):13–23. https://doi.org/10.1007/s11368-014-0975-4

8. Berger TW, Berger P. Does mixing of beech (Fagus sylvatica) and spruce 
(Picea abies) litter hasten decomposition? Plant Soil. 2014;377(1–2):217–234. 
https://doi.org/10.1007/s11104-013-2001-9

9. Santos FM, Balieiro FDC, Fontes MA, Chaer GM. Understanding the enhanced litter 
decomposition of mixed-species plantations of Eucalyptus and Acacia mangium. Plant 
Soil. 2018;423(1–2):141–155. https://doi.org/10.1007/s11104-017-3491-7

10. Li Y, Zhou X, Zhang N, Ma K. The research of mixed litter effects on litter 
decomposition in terrestrial ecosystems. Acta Ecologica Sinica. 2016;36(16):4977–4987. 
https://doi.org/10.5846/stxb201501200165

11. Leppert KN, Niklaus PA, Scherer-Lorenzen M. Does species richness of subtropical 
tree leaf litter affect decomposition, nutrient release, transfer and subsequent uptake by 
plants? Soil Biol Biochem. 2017;115:44–53. https://doi.org/10.1016/j.soilbio.2017.08.007

12. Zhang L, Zhang Y, Zou J, Siemann E. Decomposition of Phragmites australis litter 
retarded by invasive Solidago canadensis in mixtures: an antagonistic non-additive effect. 
Sci Rep. 2014;4:5488. https://doi.org/10.1038/srep05488

13. Lin G, Zeng DH. Functional identity rather than functional diversity or species richness 
controls litter mixture decomposition in a subtropical forest. Plant Soil. 2018;428(1–
2):179–193. https://doi.org/10.1007/s11104-018-3669-7

14. Mao B, Yu ZY, Zeng DH. Non-additive effects of species mixing on litter mass loss and 
chemical properties in a Mongolian pine plantation of Northeast China. Plant Soil. 
2015;396(1–2):339–351. https://doi.org/10.1007/s11104-015-2593-3

15. Setiawan NN, Vanhellemont M, de Schrijver A, Schelfhout S, Baeten L, Verheyen K. 
Mixing effects on litter decomposition rates in a young tree diversity experiment. Acta 
Oecol. 2016;70:79–86. https://doi.org/10.1016/j.actao.2015.12.003

16. Bao S. Soil agro-chemistrical analysis. Beijing: China Agriculture Press; 2000.

17. Castro-Díez P, Fierro-Brunnenmeister N, González-Muñoz N, Gallardo A. Effects of 
exotic and native tree leaf litter on soil properties of two contrasting sites in the Iberian 
Peninsula. Plant Soil. 2012;350(1–2):179–191. https://doi.org/10.1007/s11104-011-0893-9

18. Lu W, Liu N, Zhang Y, Zhou J, Guo Y, Yang X. Impact of vegetation community on litter 
decomposition: evidence from a reciprocal transplant study with 13C labeled plant litter. 
Soil Biol Biochem. 2017;112:248–257. https://doi.org/10.1016/j.soilbio.2017.05.014

19. Zhang X, Wang B, Liu Z. Coniferous litter extracts inhibit the litter decomposition 
of Catalpa fargesii Bur. and Eucommia ulmoides Oliver. Acta Oecol. 2018;93:7–13. 
https://doi.org/10.1016/j.actao.2018.10.002

20. Guan S. Soil enzyme and research technology. Beijing: Agriculture Press; 1986.

21. Berg B, Mcclaugherty C. Plant litter. Decomposition, humus formation, carbon 
sequestration. Berlin: Springer-Verlag; 2014. https://doi.org/10.1007/978-3-642-38821-7

22. Zhang R, Sun Z, Wang C, Yuan T. Ecological process of leaf litter decomposition in 
tropical rainforest in Xishuangbanna, SW China. III. Enzyme dynamics. J Plant Ecol. 
2008;30(3):780–790.

23. Zeng L, He W, Teng M, Luo X, Yan Z, Huang Z, et al. Effects of mixed leaf 
litter from predominant afforestation tree species on decomposition rates 
in the Three Gorges Reservoir, China. Sci Total Environ. 2018;639:679–686. 
https://doi.org/10.1016/j.scitotenv.2018.05.208

24. Adamczyk S, Adamczyk B, Kitunen V, Smolander A. Monoterpenes and higher terpenes 
may inhibit enzyme activities in boreal forest soil. Soil Biol Biochem. 2015;87:59–66. 
https://doi.org/10.1016/j.soilbio.2015.04.006

https://doi.org/10.1007/s11368-014-0975-4
https://doi.org/10.1007/s11104-013-2001-9
https://doi.org/10.1007/s11104-017-3491-7
https://doi.org/10.5846/stxb201501200165
https://doi.org/10.1016/j.soilbio.2017.08.007
https://doi.org/10.1038/srep05488
https://doi.org/10.1007/s11104-018-3669-7
https://doi.org/10.1007/s11104-015-2593-3
https://doi.org/10.1016/j.actao.2015.12.003
https://doi.org/10.1007/s11104-011-0893-9
https://doi.org/10.1016/j.soilbio.2017.05.014
https://doi.org/10.1016/j.actao.2018.10.002
https://doi.org/10.1007/978-3-642-38821-7
https://doi.org/10.1016/j.scitotenv.2018.05.208
https://doi.org/10.1016/j.soilbio.2015.04.006


11 of 11© The Author(s) 2019 Published by Polish Botanical Society Acta Soc Bot Pol 88(3):3629

Zhang et al. / Mutual effects between litter types during mixed decomposition

25. Wang Z, Zhao X, Xu W, Su Y, You Y, LIu S, et al. Response of microbial biomass and 
enzyme activities in black soil to din-butyl phthalate contamination. Asian Journal of 
Ecotoxicology. 2015;10(6):199–205.

26. Zhang X, Lu Y, Xu J, Liu Z. Leachates of medicinal herbs inhibit the 
decomposition rate of Catalpa fargesii Bur. litter. Ecoscience. 2018;25(2):179–188. 
https://doi.org/10.1080/11956860.2018.1426275

27. Prescott CE, Grayston SJ. Tree species influence on microbial communities in litter 
and soil: current knowledge and research needs. For Ecol Manage. 2013;309(4):19–27. 
https://doi.org/10.1016/j.foreco.2013.02.034

28. Liu C, Liu Y, Guo K, Zhao H, Qiao X, Wang S, et al. Mixing litter from deciduous and 
evergreen trees enhances decomposition in a subtropical karst forest in Southwestern 
China. Soil Biol Biochem. 2016;101:44–54. https://doi.org/10.1016/j.soilbio.2016.07.004

29. Yuan Y, Zhang D, Zhang Y, Li X, Chen Y, Qin Y, et al. Enzyme activities in the early stage 
of mixed leaf litter decomposition from Pinus massoniana and broadleaved tree species. 
Chinese Journal of Applied and Environmental Biology. 2018;24(3):508–517.

30. Zhang X, Liu Z, Luc NT, Yu Q, Liu X, Liang X. Impacts of soil petroleum contamination 
on nutrient release during litter decomposition of Hippophae rhamnoides. Environ Sci 
Process Impacts. 2016;18(3):398–405. https://doi.org/10.1039/C5EM00602C

31. Tu L, Hu H, Hu T, Zhang J, Liu L, Li R, et al. Decomposition of different litter fractions 
in a subtropical bamboo ecosystem as affected by experimental nitrogen deposition. 
Pedosphere. 2011;21(6):685–695. https://doi.org/10.1016/S1002-0160(11)60171-9

32. Yang Q, Li R, Zhang W, Zheng W, Wang Q, Chen L, et al. Decomposition 
of harvest residue needles of different needle ages in a Chinese fir 
(Cunninghamia lanceolata) plantation. Plant Soil. 2018;423(1–2):273–284. 
https://doi.org/10.1007/s11104-017-3515-3

33. Qin Y, Zhang D, Li X, Zhang Y, Yuan Y, Wang L, et al. Changes of total phenols and 
condensed tannins during the decomposition of mixed leaf litter of Pinus massoniana 
and broad-leaved trees. Chinese Journal of Applied Ecology. 2018;29(7):2224–2232.

34. Adamczyk B, Karonen M, Adamczyk S, Engström MT, Laakso T, Saranpää P, et al. 
Tannins can slow-down but also speed-up soil enzymatic activity in boreal forest. Soil 
Biol Biochem. 2017;107:60–67. https://doi.org/10.1016/j.soilbio.2016.12.027

35. Li H, Liu Q, Zhang L, Wang Y, Zhang Y, Bai P, et al. Accumulation of phenolic acids in 
the monocultured strawberry soils and their effect on soil nematodes. Chinese Journal of 
Ecology. 2014;33(1):169–175.

36. Osono T. Ecology of ligninolytic fungi associated with leaf litter decomposition. Ecol Res. 
2007;22(6):955–974. https://doi.org/10.1007/s11284-007-0390-z

37. Sandra B, Jacques R, Nathalie F, Heidy S, Stephan HT. Long-term presence of tree species 
but not chemical diversity affect litter mixture effects on decomposition in a neotropical 
rainforest. Oecologia. 2011;167(1):241–252. https://doi.org/10.1007/s00442-011-1966-4

38. Guénon R, Day TA, Velazco-Ayuso S, Gros R. Mixing of Aleppo pine and Holm oak litter 
increases biochemical diversity and alleviates N limitations of microbial activity. Soil Biol 
Biochem. 2017;105:216–226. https://doi.org/10.1016/j.soilbio.2016.11.023

39. Sun L, Ma L, Zhang B, Xu H. Research progress of flavonoids in Eucommia ulmoides. 
Science and Technology of Food Industry. 2009;2009(3):359–363.

40. Xuan H, Hu F. Antimicrobial activity and mechanism of flavonoids. Natural Product 
Research and Development. 2010;22(1):171–175.

41. Zhao L, Hu Y, Lin G, Gao Y, Fang Y, Zeng D. Mixing effects of understory plant litter on 
decomposition and nutrient release of tree litter in two plantations in Northeast China. 
PLoS One. 2013;8(10):e76334. https://doi.org/10.1371/journal.pone.0076334

42. Cizungu L, Staelens J, Huygens D, Walangululu J, Muhindo D, van Cleemput 
O, et al. Litterfall and leaf litter decomposition in a Central African tropical 
mountain forest and Eucalyptus plantation. For Ecol Manage. 2014;326:109–116. 
https://doi.org/10.1016/j.foreco.2014.04.015

https://doi.org/10.1080/11956860.2018.1426275
https://doi.org/10.1016/j.foreco.2013.02.034
https://doi.org/10.1016/j.soilbio.2016.07.004
https://doi.org/10.1039/C5EM00602C
https://doi.org/10.1016/S1002-0160(11)60171-9
https://doi.org/10.1007/s11104-017-3515-3
https://doi.org/10.1016/j.soilbio.2016.12.027
https://doi.org/10.1007/s11284-007-0390-z
https://doi.org/10.1007/s00442-011-1966-4
https://doi.org/10.1016/j.soilbio.2016.11.023
https://doi.org/10.1371/journal.pone.0076334
https://doi.org/10.1016/j.foreco.2014.04.015

	Abstract
	Introduction
	Material and methods
	Sampling of litter and soil
	Litter decomposition
	Residue sampling and biochemical analysis
	Data processing

	Results
	Mutual effects between litter types and the overall nonadditive effects during early decomposition
	The effects of early mixed decomposition on the soil enzymatic activities
	Long-range prediction of the mutual effects between litter types and the overall nonadditive effects

	Discussion and conclusions
	References

