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Abstract 

⚫ Litter decomposition plays a key role in terrestrial ecosystem nutrient cycling; yet, 

to date, science is lacking a comprehensive understanding of the non-additive effect 

in mixing litter decomposition.  

⚫ In order to help fill that gap, we compiled 63 individual studies for the purpose of 

performing a meta-analysis of the non-additive effect in terrestrial ecosystems. 

⚫ Results indicate that a synergistic effect: 1) dominates in mixed litter decay with 

an average increase of +3% over single litter decay; 2) occurs during the early and 

medium decomposition stages; 3) increases with mean air temperature and 

decreases with latitude; and 4) is observed in separated mixing litter studies with 

low-quality species, while no significant change is observed with high-quality 

species.  

⚫ Our meta-analysis provides a systematic evaluation of the non-additive effect in 

terrestrial ecosystems’ mixing litter decomposition, which is critical for 

understanding and improving carbon forecasts and nutrient dynamics. 
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Introduction 

Litter decomposition is a central component of biogeochemical cycles in terrestrial 

ecosystems; as it controls nutrient return and energy flow, which regulates atmospheric 

carbon emissions, soil organic matter composition, and the mineral based nutrient 

supply to flora. Thus, litter decomposition influences ecosystem primary productivity 

(Bradford et al., 2016). Over the past few decades, most litter decomposition studies 

have focused on single litter decay (Gartner & Cardon, 2004), which resulted in a 

profound exploration of the connection between decomposition rate and its impact 

factors. However, in most terrestrial ecosystems, litter is generally a mix of multiple 

species. Previous studies suggest that the various litter species interact with each other 

during litter decomposition (Gessner et al., 2010), which implies that discerning the 

impact of litter mixture on litter decomposition is essential to understanding carbon and 

nutrient cycles. 

When different litter species are mixed together, the decomposition rates generally 

do not equal the arithmetic mean value, i.e., the expected decay rate, between single 

litter species (Fig. 1) (Gartner & Cardon, 2004; Steinwandter et al., 2019). When 

different litter species are mixed together, the decomposition rates generally do not 

equal the arithmetic mean value, i.e., the expected decay rate, between single litter 

species (Fig. 1) (Gartner & Cardon, 2004; Steinwandter et al., 2019).  

Instead, one of two potential results usually develops: synergistic effect and 

antagonistic effect (Fig. 1). In general, decomposer activity, chemical characteristics of 

litter, and environmental factor constrains decomposition dynamics. In litter mixture, 

nutrients (such as nitrogen) transfer from high-quality litter species to low-quality litter 

species, complementary effects on fauna and decomposers, and improvement of 
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microclimatic conditions are regarded as formation mechanisms of synergistic effect 

(Schimel & Hattenschwiler, 2007; Tiunov, 2009 Madritch and Cardinale 2007). 

Conversely, the antagonistic effect may induced by enhancement of microbial nutrient 

immobilization of nutrient poor litter or inhibitory secondary compounds released from 

low-quality litter species (Hättenschwiler et al., 2005, Montané 2013). 

 
Figure 1 The non-additive effect in mixing litter decomposition. The Grey circle represents the 

expected decay rate (Rexp) after litter mixing, Rexp = w1R1+ w2R2+…+ wnRn, where wn is 

the weight of species n in the mixture and Rn is the decomposition rate of species n. The 

additive effect and non-additive effect are when the observed and expected decay rates are equal 

and not equal, respectively. The non-additive effect includs the synergistic effect (yellow circle) 

and antagonistic effect (green circle). 

 

While experiments concerning litter mixture effects on decomposition rates have 

been conducted in numerous individual studies, the conflicting results have hampered 

any possibility of drawing general conclusions. Much of the conflict has possibly 

resulted from significant differences in experimental design. The various studies 

conducted thus far were all performed in different climate regions and ecosystems. In 

addition, decomposition experiment durations varied from several weeks to a number 

of years. Moreover, while litterbag and microcosm were the most commonly employed 

methods, different mesh sizes were used, making it unclear whether the results are 

comparable. As such, for the past several years, the scientific community has been 

requesting a meta-analysis in order to determine a general global pattern (Gessner et al. 

2010).  

Although studies throughout the literature have summarized and analyzed the non-

additive effect in mixed litter decomposition (Gartner & Cardon, 2004; Li et al., 2016), 

there still remains a lot of unanswered questions. In order to better understand how does 

mixing influence decomposition rate, we employed a meta-analysis that built upon the 

system analysis done by Gartner and Cardon (2004). Finally, 63 individual studies were 

compiled to perform a global analysis (Note S1). If litter mixing effect occur, we also 

aimed to explore eight follow detailed questions: 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted October 17, 2019. ; https://doi.org/10.1101/807537doi: bioRxiv preprint 

https://doi.org/10.1101/807537


4 

 

1) How does climate influence the effect of mixing on decomposition?   

2) How does biome influence the effect of mixing on decomposition?  

3) How does litterbag mesh size influence the effect of mixing on decomposition?  

4) How does length of experiment influence the effect of mixing on decomposition?  

5) How does evenness and species number of mixing influence the effect of mixing 

on decomposition?  

6) How does lignin content (AKA litter quality) influence the effect of mixing on 

decomposition?  

7) How does leaf type influence the effect of mixing on decomposition?  

8) How does habit influence the effect of mixing on decomposition? 

Materials and Methods 

Data compilation 

Publications that reported data on litter mixture decomposition were selected from 

the Web of Science resource, Google Scholar, and the China National Knowledge 

Infrastructure. Keyword search strings consisted of term combinations, such as (litter 

or debris or residues) AND (mix* or diversity or non-additive effect or additive effect) 

AND (decompos* or decay* or degrad*). The PRISMA (Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses) flow diagram performed the procedure used 

for selection of studies for meta-analysis (Fig S1). 

Any selected publication had to satisfy the following three criteria: 1) it had to report 

at least one of our selected variables [(expected decay values (Rexp) vs. observed decay 

values (Robs)], or species-specific decay rates in mixture vs. in unmixed); 2) it had to 

provide the means and sample sizes (n) of the variables selected for the meta-analysis 

or could be calculated from the chosen papers; 3)the measurements of selected variables 

were performed at the same temporal and spatial scales; and 4) expect litter mixture 

treatment, the study under other experimental treatments (such as nutrient addition, 

warming, water controlling) was excluded. If the data were presented in figures, 

Getdata Graph Digitizer (version 2.24) was used to extract the numerical values. In 

addition, we sent Emails to corresponding authors to query the original data that k 

values (yr-1) or relative mixture effect [(observed mass loss- expected mass loss)/ 

expected mass loss*100] was used to estimate the non-additive effect in papers. 

We separate the dataset into two parts to conduct two sub-meta-analyses (Fig. 2). The 

first sub-meta-analysis was compared mixing litter decay rates between expected decay 

rates (Rexp) and observed decay rates (Robs), and the second sub-meta-analysis was 

compared species-specific decay rates between single (Rsin) and mixture (Rmix) 

decomposition. Specially, the questions 6-8 were only answered by the second sub-

meta-analysis.  

In total, 513 pair observations of expected decay rate versus observed decay rate were 

obtained from 47 selected papers and 258 pair observations of single litter 

decomposition treatment versus mixing litter decomposition treatment on single litter 

decay rate were obtained from 16 selected papers. The studies were primarily conducted 

in East Asia, Western Europe, and North America (Fig. S2).  
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Figure 2 The two sub-meta-analyses in this study. (a) the sub-meta-analysis 1, comparison of 

mixing litter decay rate between expected values (Rexp) and observed values (Robs); (b) the sub-

meta-analysis 2, comparison of species-specific decay rate between in single (Rsin) and in mixture 

(Rmix) decomposition.  

 

For each study, the site location, ecosystem type, species (and its nutrient contents if 

provided), decomposition duration, mesh size, response variables, and other 

background information (e.g. mean annual temperatures, mean annual precipitation, 

etc.) was noted.  

Statistical analysis 

The natural log-transformed response ratio (R), defined as the effect size (Hedges et 

al., 1999), was used as an index to measure the litter mixture impacts on decomposition 

rate: 

ln𝑅 = ln(Xt Xc⁄ ) = ln(Xt) − ln(Xc)    (1) 

where Xt and Xc represent the observed decomposition rate (Robs) and the expected 

decomposition rate (Rexp), respectively; or the single litter decay rate in mixing litter 

decomposition (Rmix) and single litter decomposition treatment (Rsin), respectively.  

The variance of lnR (v) was approximated using the following formula: 

𝜈 =
St
2

ntXt
2
+

Sc
2

ncXc
2
    (2) 

where St and Sc are the standard deviations (SDs) for the Robs and Rexp, respectively, 

or for the single litter decay rate in mixing litter decomposition and single litter 

decomposition treatment, respectively; nt and nc are the sample sizes for the Robs and 

EDR respectively, or for the single litter decay rate in mixing litter decomposition and 

single litter decomposition treatment, respectively; If both the SD and standard error 
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(SE) were lacking, we multiplied the average coefficient of variation (CV) calculated 

from each data set by the reported mean to estimate the missing SD (Wiebe et al., 2006). 

A nonparametric weighting function was used to weight individual studies; and the 

mean effect size (ln𝑅′) of all observations was estimated according to Eq. 3: 

lnR =
∑ ln𝑅𝑖i

∑ w𝑖i
     (3) 

where w is the weighting factor used to calculate the inverse of the pooled variance 

(1/v); and lnR𝑖 and 𝑤𝑖 are the lnR and w of the ith observation, respectively. 

To determine whether a significant difference was observed under litter mixture 

treatment (Rosenberg et al., 2000), we employed a fixed-effect model, using the 

Metawin 2.1 software, to calculate 95% confidence intervals (CIs) of the weighted 

effect size. The effect was only considered significant if the 95% CI values did not 

overlap with 0. Furthermore, to clearly express the non-additive effects, the mean effect 

size was converted back to percent changed, using the following equation: 

(eln𝑅𝑖 − 1) × 100%    (4) 

In order to better understand the formation mechanisms of the non-additive effects, 

we grouped the data according to climate (tropical, temperate, frigid), ecosystem type 

(forest, shrubland, grassland, aquatic, peatland), mesh size [small (diameter < 1 mm), 

medium (1mm≤diameter < 5) and large (diameter≥5mm)], and experiment duration 

(< 180 days, 180-360 days, 360-720 days, and >720 days). Finally, we also grouped 

trees and shrubs based on different functional types (broadleaf, needle, evergreen, and 

deciduous).  

A continuous randomized-effect model was used to assess the potential linearity or 

non-linearity between lnR and environmental (mean annual precipitation (MAP) and 

mean air temperature (MAT)) or forcing factors (initial nutrients content, and 

experiment duration). The total lnR′ heterogeneity among the selected studies (QT) was 

partitioned into different groups based on cumulative effect sizes (QM) and the residual 

error (QE) (Rosenberg et al., 2000). 
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Results 

The mean effect size calculated on all the studies was significantly positive both in 

Rexp vs. Robs and Rsin vs. Rmix, with an average increase of +3% and 4%, 

respectively (Fig. 3a). When different climates were considered, mixing litter 

decomposition caused a significant positive response in temperate areas and a 

significant negative response in frigid areas in both of two sub-meta-analyses (Fig. 3b). 

In tropical area, Rexp was significantly higher than Robs, and no significant change 

between Rsin and Rmix. The continuous randomized-effect model indicated that MAT 

had a significant positive correlation with the mean effect size of Rexp vs. Robs and 

Rsin vs. Rmix (Table 1). Except shrubland showed a significant negative response in 

Rexp vs. Robs (mean effect size = -0.0849; 95% CI: -0.0972 ~ -0.0726), the mean effect 

sizes of litter mixing on decomposition rate were positive (Fig. 3c). There were only 

seven pair observations in peatland, too little sample for statistically significant analysis. 
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Figure 3 Comparison of mixing litter decay rates between expected values (Rexp) and observed 

values (Robs) (sub-meta-analysis 1, orange triangles), and comparison of species-specific decay 

rates between in single (Rsin) and in mixture (Rmix) decomposition (sub-meta-analysis 2, green 

circles) (a) across all studies, (b) among different climates, (c) ecosystems. If the mean effect size = 

0, then means additive effect ; If the mean effect size > 0, then means synergistic effect; If the mean 

effect size < 0, then means antagonistic effect. If the effect size 95% CI (error bars) did not cover 

zero, the non-additive effect was considered to be significant (*). The sample size for each variable 

is shown next to the point. 

 

Varying experimental methods showed different effects on the decomposition rate 

(Fig. 4). Mesh size was divided into three groups—small, middle, and large—and it 

was determined that a significant antagonistic effect was found in small mesh size 
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studies in Rexp vs. Robs. In contrast, the decomposition rate in the middle and large 

mesh size studies showed a significant synergistic response (Fig. 4a). For Rsin vs. Rmix, 

small and large mesh sizes depicted an additive effect, whereas, middle mesh size 

studies showed a +6% percent increase in decomposition rate (Fig. 4a). 
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Figure 4 Comparison of mixing litter decay rates between expected values (Rexp) and observed 

values (Robs) (sub-meta-analysis 1, orange triangles), and comparison of species-specific decay 

rates between in single (Rsin) and in mixture (Rmix) decomposition (sub-meta-analysis 2, green 

circles) among different experimental methods. (a) mesh size, (b) duration, (c)uniformity, (d) litter 

quality, (e) leaf types, and (f) ecology habits. If the mean effect size > 0, then means synergistic 

effect; If the mean effect size < 0, then means antagonistic effect. If the effect size 95% CI (error 

bars) did not cover zero, the non-additive effect was considered to be significant (*). The sample 

size for each variable is shown next to the point. 

When experiment duration was partitioned into four levels, results showed that the 

decomposition rate increase was highest under short-term duration (<180 days, +6%), 

and a significant antagonistic effect was observed under long-term duration (>720 days; 

-4%) in Rexp vs. Robs (Fig. 4b). The continuous randomized-effect model also showed 

that decomposition duration had a significant negative correlation with the effect size 

(Table 1). The results showed an additive effect in the short-term period, i.e., < 180 

days in Rsin vs. Rmix (Fig. 4b). On the other hand, significant synergistic response 

occurred during the mid-term period (180-720 days) and a marginally increasing trend 

during the long-term period (>720 days). In sub-meta-analysis of Rexp vs. Robs, both 

of even litter mixtures and uneven litter mixtures showed synergistic effects on 
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decomposition rate (Fig. 4c). 

In sub-meta-analysis of Rsin vs. Rmix, the studies were divided into three quality 

levels based on litter lignin content—low, medium, and high—and the results showed 

that the low-quality litter decomposition rate exhibits the largest change (Fig. 4d). 

Similarly, when tree species were grouped into broad/needle or evergreen/deciduous, 

results consistently showed synergistic effects. 

  The continuous randomized-effect model meta-analyses showed a significant 

positive correlation between MAT and the effect size of the sub-meta-analysis 1 (Rexp 

vs. Robs) (Table 1). Litters with initial C and initial lignin content also exhibited a 

significant positive correlation with the effect size of the sub-meta-analysis 2 (Rsin vs. 

Rmix) yet the remaining litter initial nutrient indexes did not show any correlation 

(Table 1). 

Table 1 Relationships between the mixing litter treatment effect size on decay rate and mean air 

temperature (MAT), mean annual precipitation (MAP), experiment duration, number of species, and 

litter initial nutrients content. 

 QT QM QE Slope P-value 

Observation vs Prediction      

MAT 615.644 25.660 589.984 0.004 <0.001 

MAP 584.229 24.474 559.755 <0.001 <0.001 

During days 777.618 26.686 750.932 -0.0001 <0.001 

Species numbers 733.038 1.176 731.862 0.009 0.278 

Individual vs In mixture      

MAT 217.415 6.278 211.137 0.004 0.012 

MAP 253.306 0.853 252.453 <0.001 0.356 

During days 338.254 0.029 338.226 <0.001 0.865 

Initial C 274.997 4.661 270.336 0.003 0.031 

Initial N 299.500 0.289 299.211 -0.010 0.591 

Initial P 113.234 1.050 112.183 -0.542 0.305 

Initial Lignin 215.424 3.069 212.355 0.002 0.080 

Initial C/N 268.603 0.117 268.486 <0.001 0.733 

Initial C/P 110.488 0.899 109.589 <0.001 0.343 

Initial N/P 111.668 0.209 111.459 0.001 0.647 

Initial N/L 208.551 0.340 208.212 -0.124 0.560 

Initial P/L 42.720 1.055 41.665 18.542 0.304 

Statistical results were reported as total heterogeneity in effect sizes among studies (QT), the difference among group 

cumulative effect sizes (QM), and the residual error (QE) from continuous randomized- effects model meta- analyses. 

The relationship is significant when P < 0.05. 
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Discussion 

The non-additive effect across all studies 

The primary goal of this study was to calculate the general effect of litter mixture on 

litter decay rates. Our results showed that litter mixture widely demonstrates a non-

additive effect, and most frequently synergistic effect, which is consistent with two 

previous review studies (Gartner & Cardon 2004; Li et al., 2016). The results imply 

that litter mixture decay rates are on average 3%-4% faster when compared to the decay 

rates of single litter species (Fig. 1a). This significant synergy is weak but logical. When 

different litter species mixing, many processes (include stimulating and restraining 

processes) may occurred simultaneity, each one more or less counterbalancing the 

others. 

Litter decomposer (include microorganisms and soil fauna) variation play an 

important role in non-additive effect. While this meta-analysis is lacking sufficient data 

to discuss decomposer variation, a limited set of data (mean effect size = 0.1604; 95% 

CI: 0.1432~0.1776) demonstrated that microbial biomass is significantly higher in 

mixing litter decomposition, as compared to single litter decomposition. In litter 

mixture decomposition, high quality litter bring in more available carbon to promote 

microbes growth (Hättenschwiler and Jørgensen 2010), and extracellular enzyme 

activity also increased simultaneously (Hu et al. 2006), both of which can help low 

quality litter decay. The microbial biomass increase is believed to be an important cause 

for the generation of a synergistic effect.  

When the data was divided into different climatic zones, an antagonistic effect was 

observed in frigid areas (Fig.3b, answer to Q1). This phenomenon likely resulted from 

1) soil fauna and microbial biomass being low in high latitude regions compared with 

low latitude regions (Fierer et al., 2009; Xu et al. 2013; Nielsen et al. 2014); and 2) the 

soil organisms’ activity being limited by lower temperatures in high latitude areas. As 

stated above, soil fauna should be regarded as an important propelling force for the 

synergistic effect, and when their quantity and activity is substantially reduced, a 

synergistic effect seems unable to develop. Furthermore, a significant positive 

correlation between MAT and the effect size on decomposition rate also supports this 

hypothesis. When the data were classified into different ecosystems, an antagonistic 

effect was observed in shrubland (Fig.3c, answer to Q2); and most of the shrubland data 

were acquired from frigid areas. 

Soil fauna is an important group of decomposers that is difficult to directly control 

in litter decomposition studies. Mesh diameter is usually used to distinguish different 

kinds of soil fauna. While a fine mesh (<1mm) was applied in order to exclude most of 

the soil fauna, the antagonistic effect plays a leading role (Fig. 4a, answer to Q3). 

Interestingly, the antagonistic effect changed into a synergistic effect when middle (1-

5 mm) or coarse mesh (>5 mm) was used, suggesting that soil fauna should be 

acknowledged as an indispensable factor in the synergistic effect. High-quality litter 

with more nutrients and energy can be palatable to soil fauna (Zhang et al. 2016), which 

may accelerate litter mixture decay rate. A global synthesis studies also suggested that 
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litter decay rate fall by a third if soil fauna excluded (Zhang et al. 2015). Therefore, the 

existence of high-quality litter in mixing litter decomposition can promote litter decay 

rate. In addition, soil fauna may benefit the litter more accessible to bacteria and fungi, 

which could stimulate microbial growth and therefore decomposition further (Smith 

and Bradford 2003). 

It is worth noting that the synergistic effect gradually weakened as a function of 

decomposition time and turned into an antagonistic effect after 720 days of decay (Fig. 

4b, answer to Q4). In the early decomposition stages, fresh litter input provides 

abundant food for the soil fauna and microorganisms. In addition, studies suggest that 

nutrient transport often occurs in the early decay stages (Hansson et al., 2010; Liao et 

al., 2016). Thus, the abundant food and efficient nutrient transport facilitate growth and 

activity of soil microorganisms, which ultimately produce a synergistic effect. As state 

before, fauna effects is important to the synergistic effect. Whereas, the role of fauna is 

less important and fauna effects maybe disappear at late stages of decomposition, and 

decomposition is mainly performed by microbes able to degrade very recalcitrant 

compounds. On the other hand, the remaining recalcitrant substances (such as lignin, 

tannin, etc) from low-quality species may resist degradation at later decay stages and 

subsequently generate an antagonistic effect.  

Both species evenness and richness influence ecosystem functions, including 

decomposition processes (Dangles & Malmqvist 2004; Tilman et al., 2014). Although 

litter evenness depicted inconsistent effects on decomposition (Hillebrand et al., 2008; 

Ward et al., 2010; Li et al., 2013), this meta-analysis indicates that the synergistic effect 

in uneven litter mixtures is slightly higher than in even mixtures (Fig. 4c, answer to Q5). 

It is generally accepted that ecosystem primary productivity improves with plant 

richness (Liang et al., 2016; Duffy et al., 2017), and standing litter pools could develop, 

simultaneously. Our results show no significant relationship between plant richness and 

mixing litter decomposition rate (Table 1), indicating that nutrients would not return to 

the soil timely, which may lead to negative feedback effects on productivity (Knops et 

al., 2001; Duffy et al., 2017).  

In sub-meta-analyses 2, although the separation of mixture litter components is 

laborious and expensive, it is indispensable for exploring the non-additive effect 

internal mechanisms (Gartner & Cardon 2004). Thus, several studies have devoted 

substantial, time, effort, and resources into furthering this investigation. A synergistic 

effect appeared when compared single litter decomposition in in single (Rsin) and in 

mixture (Rmix) decomposition. Thus, again the synergistic effect appears to dominate 

the non-additive effect.  

With respect to the three classifications of litter species, a noteworthy phenomenon 

is that a significant synergistic effect was observed in low-quality litter species, while 

no significant change was detected in medium and high-quality litter species (Fig. 4d, 

answer to Q6). There are five possible combinations of two species litter under the 

synergistic effect (Table 2). Based on our results, the third possibility is the most likely 

scenario. Although the underlying reasons are unclear, we speculate that the following 
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three factors may contribute to this result. First, the nutrients released from high-quality 

litter species promote low-quality litter decay. Second, the input of high-quality litter 

species promotes the growth of soil organisms; thus low-quality litter may become 

competitive leading to accelerated decomposition. Third, the improved 

microenvironment through the addition of high-quality litter input, facilitates low-

quality litter decomposition (He et al., 2019).  

Table 2 Possible combinations of two separate litter species of decomposition rate 

change 

Litter species 1 2 3 4 5 

Low quality ↑ ↑ ↑ ↓ - 

High quality ↑ ↓ - ↑ ↑ 

The “ ↑ ”means a significant synergistic effect, the “ ↓ ” means a significant 

antagonistic effect, and the “-” means no significant change. 

  Trees and shrubs were classified into four groups consisting of broad, needle, 

evergreen, and deciduous. Results showed that the mean effect size of needle and 

evergreen groups was higher than those of broad and deciduous groups (Fig. 4e, answer 

to Q7). In general, the needle contains more lignin than broadleaf. Studies also suggest 

that deciduous leaf decomposability is higher than that of the evergreen leaf (Cornwell 

et al., 2008; Liu et al., 2016). This data indicates that low-quality litter species 

decomposition is more sensitive to litter mixing treatment, which is in agreement with 

previously discussed experimental results (Fig. 4f, answer to Q8). 

Conclusions 

In this work, we developed a conceptual model of the non-additive effect in mixed litter 

samples, composed of two species, based on our meta-analysis results (Fig. 7). It should 

be noted that the model reflects a general pattern, which may not be appropriate in all 

cases. Furthermore, additional studies are needed to perfect both the theory and the 

model. In summary, mixing litter decomposition generally increased the decay rate and 

tended to cause a synergistic effect. Moreover, when the mixing litter was separated, 

low quality-litter species displayed a synergistic effect, yet there was no change in high-

quality litter species. Soil organisms, especially soil fauna, were regarded as important 

factors in generating a synergistic effect. A synergistic effect usually occurred at the 

early and late decay stages and disappeared at the humus-near stage. We suggest that 

the synergistic effect and antagonistic effect are not isolated occurrences, but instead 

occur simultaneously, and the non-additive effect results from a balance of the interplay 

between them. Our study provides a comprehensive overview of mixing litter 

decomposition’s non-additive effect, which is of great significance for studies on 

nutrients cycles, species invasion, and sustainable forest management, etc.  
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