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Summary

o Litter decomposition plays a key role in nutrient cycling across ecosystems, yet to date, we
lack a comprehensive understanding of the nonadditive decomposition effects in leaf litter
mixing experiments.

o To fill that gap, we compiled 69 individual studies with the aim to perform two meta-analy-
ses on nonadditive effects.

e We show that a significant synergistic effect (faster decomposition in mixtures than
expected) occurs at a global scale, with an average increase of 3-5% in litter mixtures. In par-
ticular, low-quality litter in mixtures shows a significant synergistic effect, while additive
effects are observed for high-quality species. Additionally, synergistic effects turn into antago-
nistic effects when soil fauna are absent or litter is in very late stages of decomposition (near-
humus). In contrast to temperate and tropical areas, studies in boreal regions show significant
antagonistic effects.

e Our two meta-analyses provide a systematic evaluation of nonadditive effects in mixed lit-
ter decomposition studies and show that litter quality alters the effects of litter mixing. Our
results indicate that nutrient transfer, soil fauna and inhibitory secondary compounds can
influence mixing effects. We also highlight that synergistic and antagonistic effects occur con-

meta-analysis, nonadditive effects,
synergistic effects.

Introduction

Litter decomposition is a central component of ecosystem bio-
geochemical cycles. The rate of decomposition controls nutrient
cycling and energy flow, which regulates atmospheric carbon
emissions, soil organic matter composition and nutrient availabil-
ity (Schneider ez 4l., 2012). Thus, litter decomposition influences
ecosystem primary productivity (Bradford ez al, 2016). Over the
past few decades, numerous litter decomposition studies have
focused on single litter decay (Gartner & Cardon, 2004), provid-
ing an extensive exploration of the influence of various factors on
decomposition rates. However, in many ecosystems, litter is gen-
erally a mix of multiple species. Previous studies suggest that litter
species interact with each other during their decomposition (Ball
et al., 2008; Gessner ¢t al., 2010), implying that the decomposi-
tion rates of litter mixtures are different from those of single-
species litters. Discerning how litter mixtures influence decompo-
sition is essential to understanding carbon and nutrient cycles.
Litter species with different chemical compositions show dis-
tinct quality and decomposability, namely species-specific
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currently, and the final litter mixing effect results from the interplay between them.

decomposition (Gartner & Cardon, 2004; Cornwell ez 4/., 2008).
When these litter species mix together, their decomposition rates
generally do not equal the arithmetic mean value of each species
in isolation (i.e. the expected decay rate; Supporting information
Fig. S1) (Gartner & Cardon, 2004; Steinwandter e# al., 2019).
Instead, two alternative options are possible: a synergistic effect
(faster decomposition in mixture than expected) or an antagonis-
tic effect (slower decomposition in mixture than expected). Col-
lectively these are referred to as nonadditive effects (Fig. S1). In
general, the chemical characteristics of litter, decomposer activity
and other environmental factors often constrain decomposition
rates (Berg, 2014). In litter mixtures, the underlying mechanisms
of synergistic effects are thought to be influenced by three main
factors: nutrient transfer (e.g. nitrogen, phosphorus) from high-
quality litter species to low-quality litter, the complementarity
effects of soil fauna and decomposers, and the improvement of
microclimatic conditions during decomposition (Madritch &
Cardinale, 2007; Schimel & Hattenschwiler, 2007; Tiunov,
2009). Conversely, antagonistic effects are often induced by the
enhancement of microbial nutrient immobilization for litters
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with poor nutrients or inhibitory secondary compounds released
from low-quality litter species (Hattenschwiler ez 4/, 2005; Mon-
tané et al., 2013).

Although experiments concerning litter mixture effects on
decomposition rates have been conducted in numerous individ-
ual studies, conflicting results have hampered any possibility to
draw general conclusions (Li ez al, 2016). Conflicting results
may stem from differences in experimental design (Barbe ez al.,
2018; Leroy et al., 2018; Zhao et al., 2019). Thus far, studies on
mixed litter decomposition have been performed in different
ecosystems and across different climate regions, with decomposi-
tion durations varying from several weeks to several years. More-
over, various mesh sizes are used in litterbags and microcosms,
the two methods that are most commonly employed in litter
decomposition studies, further hampering our ability to compare
results. As such, for the past several years, the scientific commu-
nity has been requesting a meta-analysis to determine a general
global pattern of mixed litter effects (Gartner & Cardon, 2004;
Gessner et al., 2010). While studies throughout the literature
have summarized and analyzed nonadditive effects in mixed litter
decomposition studies (Gartner & Cardon, 2004; Li er al,
2016), many unanswered questions remain. To better understand
how litter mixing influences decomposition rates, we employed
meta-analytic methods to identify the central tendency of litter
mixture effects on litter decay rates built upon analyses completed
by Gartner & Cardon (2004).

We approached the meta-analyses with four main hypotheses:
(1) if nonadditive litter mixing effects were observed, we antici-
pated that the effects would vary across different climate regions
and ecosystems, because environmental factors strongly affect lit-
ter decay processes (Zhang ez al., 2008); (2) we expected that syn-
ergistic effects would be reduced for small mesh sizes and long
study durations, as both of these factors could limit invertebrate
decomposers, which have been shown to increase synergistic
effects in litter mixtures (Jabiol & Chauvet, 2015); (3) we
hypothesized that lower evenness and higher richness of litter
species would be conducive to synergistic effects due to resource
complementarity (Gessner ez al., 2010; Otsing e al., 2018); and
(4) we hypothesized that different qualities of litter (leaf types,
leaf families) would show different responses in litter mixtures,
because higher quality litters could share nutrients with lower
quality litters to promote decomposability while lower quality lit-
ters might transmit specific secondary compounds (tannins or
phenolics) to impede high-quality litter decay (Gao ez al., 2016).
We compiled data from 69 individual studies to perform two
global meta-analyses to test these hypotheses (Notes S1).

Materials and Methods

Data compilation

Publications that have reported data on litter mixture decomposi-
tion rates were selected from the Web of Science, Google Scholar
and the China National Knowledge Infrastructure. Boolean key-
word searches consisted of term combinations, such as ‘(litter or
debris or residue) AND (mix* or diversity or nonadditive effect
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or additive effect) AND (decompos* or decay* or degrad*)’. The
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) flow diagram provided the procedure used
for the selection of studies for the meta-analyses (Fig. S2).

Each selected publication had to satisfy the following three cri-
teria: it had to report at least one of our selected variables (ex-
pected decay rate (Reyp) vs observed decay rate (R,p,), or species-
specific decay rate in mixture Ry, vs singular (R;,)), with the
decay rate expressed as mass loss or mass remaining (%); it had to
provide the means and sample sizes () of the variables selected
for the meta-analyses or the possibility to calculate 7; and the
measurements of selected variables had to be performed at the
same temporal and spatial scale. For all chosen studies, except for
licter mixture treatments, other experimental treatments (such as
nutrient addition, warming, water controlling) were excluded. If
the data were presented in figures, GetData GRraPH DIGITIZER
(v.2.24) was used to extract numerical values. In addition, when
the selected variables used to estimate the nonadditive effect were
not provided in the papers, we emailed the corresponding authors
to query the original data of 4 values (yr~') or relative mixture
effect ((observed mass loss — expected mass loss)/expected mass
loss x 100).

We partitioned the dataset to perform two meta-analyses
(Fig. 1). Meta-analysis 1 compared decay rates of litter mixtures
between expected decay rates (R.y,: additive rates determined by
averaging all litter decomposition rates for singular species) and
observed decay rates (R,ps) for mixed litter treatments. Meta-
analysis 2 compared species-specific decay rates between single
species treatments (R,;,) and mixture treatments (R,;). Both Rypg
and R, represent actual results from litter mixture studies, but
Ry values are rates for the whole mixture while R,;, values are
rates for each species in each mixture separated and compared to
single-species values. The additive effect and nonadditive effect
occur when ‘R, vs Rops or ‘Ry vs Ry, are equal and not equal,
respectively. Hypotheses 1-3 were tested by both meta-analyses 1
and 2, while hypothesis 4 was only tested by meta-analysis 2. In
total, 873 paired observations in meta-analysis 1 were obtained
from 53 selected papers and 270 paired observations in meta-
analysis 2 were obtained from 16 papers (Table S1). These stud-
ies were primarily conducted in East Asia, Western Europe and
North America (Fig. S3).

For each study, we also noted the factors relevant to the mixing
effects, including site location, ecosystem type, litter species (and
its nutrient contents if provided), decay duration (days), mesh
size and other background information (mean annual tempera-

ture (MAT), mean annual precipitation (MAP), etc.).
Statistical analysis

The natural log-transformed response ratio (R), defined as the
effect size (Hedges er al., 1999), was used as an index to measure
the effect size of the litter mixture on decomposition rate:
log R = log, (Xt/Xc) = log, (Xt) — log, (Xc) Eqn 1

where Xt and Xc represent Ry, and Rexp» tespectively, or Ry
and R;,, respectively.
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The variance of log, R() was calculated using:

V=

2 2
$ 8 o
ntth ncX[2

where S, and S, are the standard deviations (SDs) for R, and
Rexp» or for Ry and Ry, respectively; 7 and 7 are the sample
sizes for Ryps and Ry, or for Ry and Ry, respectively. If both
the SD and standard error (SE) were lacking, we estimated the
missing SD by multiplying the average coefficient of variation
(CV) from each data set by the reported mean value (Wiebe
et al., 2006).

A nonparametric weighting function was used to weight each
individual study, and the mean effect size (log,R) of all observa-
tions was estimated according to:

Y .log.R;
log R — 2211
¢ > Wi

Eqn 3

where w is the weighting factor used to calculate the inverse of
the pooled variance (1/2), and log, R; and w; are the log. Rand w
of the ith observation, respectively.

To determine whether there was a significant difference from
additivity under litter mixture treatments (Rosenberg ez al.,
2000), we employed a fixed-effect model to calculate 95% confi-
dence intervals (Cls) of the weighted effect size, using the
METAWIN 2.1 software. The effect was only considered significant
if the 95% CI values did not overlap 0. Furthermore, to clearly
express nonadditive effects, the mean effect size was converted
back to percentage change, using:

The percent change = <elogcR’ - l) x 100% Eqn 4

We grouped the data according to climate zones (tropical,
temperate, boreal), ecosystem types (forest, shrubland, grassland,
aquatic, peatland), mesh sizes (small (diameter <1 mm), middle
(1 mm <diameter <5 mm) and large (diameter>5 mm)), and
decay periods (<180 d, 180-360 d, 360-720d, >720d) (Knorr
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in meta-analysis

in meta-analysis in meta-analysis

et al., 2005). Particularly, in meta-analysis 1, we classified each
litter mixture as even or uneven mixing according to the initial
litter species ratio. In meta-analysis 2, litters with 10, 10-20 and
>20% initial lignin content were divided into the high, medium
and low litter-quality categories, respectively (Knorr ez a/., 2005).
We also grouped trees and shrubs based on different functional
types (broadleaf/needle, and evergreen/deciduous).

A continuous randomized-effect model was used to assess the
potential linearity or nonlinearity between log. Rand climate fac-
tors (MAP and MAT) or forcing factors (decay period, and initial
nutrient content). The total log. R heterogeneity among the
selected studies (Qr) was partitioned into different groups based
on cumulative effect sizes (Qyr) and the residual error (Qp)
(Rosenberg ez al., 2000).

Results

The mean effect size calculated across all studies was significantly
positive both in R, vs Ryps and in Ry, vs Rk, with an average
increase of + 3% and + 5%, respectively (Fig. 2a). When consid-
ering different climate zones, mixed litter decomposition showed
a significant positive response in temperate zones and a significant
negative response in boreal zones in both meta-analyses (Fig. 2b).
Unlike temperate and boreal zones, in tropical zones Ry, was sig-
nificantly higher than R, and R;, and R;, differed little. The
continuous randomized-effect model suggested that MAT had a
significant positive correlation with the mean effect size in meta-
analysis 1 (Table 1). With respect to ecosystem type, the mean
effect sizes of decomposing litter mixtures were significantly posi-
tive (i.e. Re, > Ropy) for all five ecosystems except shrublands
(Fig. 20).

Experimental conditions also influenced the decomposition of
litter mixtures. For example, the mesh size of the litter packs
influenced the decomposition rate of litter mixtures (Fig. 3).
When mesh size was divided into three groups (small, middle
and large), a marked antagonistic effect was found in studies
using small mesh sizes (i.e. Rexp < Rops). By contrast, decomposi-
tion rates of studies using medium and large mesh sizes showed
strong synergistic responses (Fig. 3a). For meta-analysis 2 (R, vs
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Fig.2 Comparison of mixing litter decay rates between expected values
(Rexp) and observed values (Rqps) (meta-analysis 1, orange triangles), and
comparison of species-specific decay rates between single (Rq,) and in
mixture (Rn,x) decomposition (meta-analysis 2, green circles) (a) across all
studies, (b) among different climates and (c) among different ecosystems.
If the mean effect size =0, then there is an additive effect; if the mean
effect size > 0, then there is a synergistic effect; and if the mean effect
size <0, then there is an antagonistic effect. If the effect size 95% Cls
(error bars) do not include zero, the nonadditive effect was considered to
be significant (*). The sample size for each variable is shown next to the
point. The data on the right-hand y-axis represent the mean percentage
difference for each variable (%).

Rix), the small and large mesh sizes showed an additive effect,
whereas the middle mesh size showed a + 5% increase in decom-
position rate (Fig. 3a). When the decay period was partitioned
into four levels, the results showed synergistic effects of litter mix-
tures for short- (<180 d) and medium-duration (180-360 and
360-720d) studies; conversely, a significant antagonistic effect
was observed for long-duration (>720d) studies (Rexp, Vs Rops:
—4%; Fig. 3b).

Additionally, the characteristics of the leaf litter itself influ-
enced the decomposition of litter mixtures. In meta-analysis 1
(Rexp Vs Robs), both even and uneven litter mixtures showed syn-
ergistic effects on decomposition rate (Fig. 3¢). In meta-analysis 2
(Rin vs Rinin), when litter quality was divided into three levels
based on lignin content (low, medium and high), the decomposi-
tion rate of low-quality litter exhibited a greater positive change

New Phytologist (2020) 227: 757-765
www.newphytologist.com

New
Phytologist

Table 1 Relationships between the effect size of litter mixing on decay rate
and mean air temperature (MAT), mean annual precipitation (MAP),
experiment duration, species richness and litter initial nutrient contents.

P- Sample
Qr Qm Qe Slope value size
In meta-analysis 1
MAT 602.85 13.01 589.84 0.002 <0.001 461
MAP 583.01 20.40 562.60 <0.001 <0.001 442
Duration 1090.24 0.88 1089.24 <0.001 035 872
Species 1063.63 5.01 1058.62 -0.012 0.03 872
richness
In meta-analysis 2

MAT 179.66 1.87 17779 0.004 0.17 113
MAP 259.86 0.61 259.26  <0.001 0.44 188
Duration 36856 0.04 36851 <0.001 0.84 269
Initial 276.48 2.68 273.80 0.003 0.10 204
carbon (C)
Initial 316.76  0.02 316.74 0.003 0.88 232
nitrogen (N)
Initial 13769 3.86 133.83 -0.896 0.05 100
phosphorus
(P)
Initial lignin 220.03 0.14 21990 0.001 071 167
(L
Initial C/N 27299 0.00 27298 <0.001 0.99 204
Initial C/P 13148 0.18 131.29 <0.001 0.67 95
Initial N/P 132.68 0.19 132.49 0.001 0.66 100
Initial N/L 21842 0.07 21834 -0.072 0.79 167
Initial P/L 51.77 0.42 51.34 14.735 0,52 41

Statistical results are reported as total heterogeneity in effect sizes among
studies (Qr), the difference among group cumulative effect sizes (Qu) and
the residual error (Qg) from continuous randomized-effects model of
meta-analyses. The relationship is significant at P < 0.05.

than the medium- and high-quality licter (Fig. 3d). When tree
species were grouped into broadleaf/needle or evergreen/decidu-
ous forms, the results consistently showed synergistic effects. Fur-
thermore, the continuous randomized-effect model showed a
significant positive correlation between litter initial P and the
effect size of meta-analysis 2 (R, vs Ry;); however, the remain-
ing initial nutrients of litter did not show any correlation with

effect size (Table 1).

Discussion

The mixing effect across all studies

This study aimed to quantify the general effects of litter mixing
on its decay rates. We showed that litter mixing often demon-
strates nonadditive effects, and that these effects are most fre-
quently synergistic, which is consistent with two previous
literature reviews (Gartner & Cardon, 2004; Li ez al, 2016).
Specifically, the decay rates of litter mixtures were, on average, 3—
5% faster when compared to decay rates of single litter species
(Fig. 2a). This significant but weak synergy makes sense in the
context of the many forces that govern litter decomposition:
when different litter species mix, many processes (including those
that both stimulate and dampen litter decomposition) occur

© 2020 The Authors
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Fig. 3 Comparison of mixing litter decay rates between expected values
(Rexp) and observed values (Rqps) (meta-analysis 1, orange triangles), and
comparison of species-specific decay rates between single (Rq) and
mixture (Rn,x) decomposition (meta-analysis 2, green circles) among
different (a) mesh sizes, (b) experimental duration (days), (c) uniformity,
(d) litter quality, (e) leaf types and (f) leaf habits. If the mean effect

size >0, then there is a synergistic effect; and if the mean effect size <0,
then there is an antagonistic effect. If the effect size 95% Cls (error bars)
do not include zero, then the nonadditive effect was considered to be
significant (*). The sample size for each variable is shown next to the
point. The data on the right-hand y-axis represent the mean percentage
difference for each variable (%).

simultaneously, with some factors probably counterbalancing
others.

When the data were divided into different climatic zones,
responses were variable, supporting Hypothesis 1. For example,
an antagonistic effect of litter mixing was observed in the boreal
zone, but a synergistic effect was observed in the temperate zone
(meta-analyses 1 and 2; Figs 2b, 4b). A significant, positive corre-
lation between MAT and its effect size on decomposition rate
further supported this hypothesis (Table 1). This phenomenon
probably resulted from: low soil fauna and microbial biomass in
high- compared to low-latitude regions (Fierer ez al., 2009; Xu
et al., 2013; Nielsen et al., 2014); soil organism activities may be
limited by lower temperatures in high-latitude areas, lowering
their activities and abundances, and preventing them from

© 2020 The Authors
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performing their well-documented function of accelerating litter
decomposition (Pietikdinen ez al, 2005) and causing potential
synergistic effects; and/or fungal hyphae growth in litter may be
limited by low temperatures and precipitation in boreal zones,
thereby impeding nutrient transport from the high- to the low-
quality litter. Furthermore, when the data were classified into dif-
ferent ecosystems, shrublands showed an antagonistic effect
(Fig. 2¢), which could be because most of the shrubland data

were acquired from boreal zones.

Invertebrate decomposers are key regulators of the mixing
effect

In congruence with Hypothesis 2, we found that the presence of
invertebrate decomposers influenced litter-mixing dynamics. Soil
fauna (or invertebrate decomposers in aquatic systems) are an
important group of decomposers, but they are difficult to directly
control in the studies of litter decomposition. Litter bags with
varying mesh sizes are often used to exclude different kinds of soil
fauna. When fine mesh (<1 mm) litterbags were applied to
exclude soil fauna in litter decomposition studies, an antagonistic
effect of litter mixing on decomposition was detected (Figs 3a,
4b). Conversely, synergistic effects were detected when middle-
(1-5mm) or large-mesh (>5 mm) litterbags were used. These
results mirror the findings of another recent litter mixing study,
which also found effects ranging from antagonism to synergism
for litter mixtures (Barbe ez al., 2018); in that study, the direction
of the litter mixture response was attributed to the phylogenetic
and functional relatedness of the litter, with more phylogeneti-
cally diverse, functionally distinct litter mixtures exhibiting more
synergistic decomposition responses. In our study, however, the
phylogenetic and functional relatedness of litter mixtures were
not considered, and these responses were attributed to the pres-
ence of litter fauna in the mixtures, which can modify consumer—
resource interactions, leading to nonadditive mixing effects
(Kominoski et al., 2009; Sanper-Calbet ez al., 2009). Leaf litter
rich in nutrients and energy can be more palatable to soil fauna
than relatively lower quality leaf litter (Zhang ez al., 2016), which
may accelerate the decay rate of litter mixtures. Another global
synthesis on litter decomposition demonstrated that the decay
rate of litter decreased by one-third when soil fauna were
excluded (Zhang ez al., 2015). Additionally, soil fauna may make
the litter more accessible to bacteria and fungi, which could stim-
ulate microbial growth, thereby further promoting litter decay
(Smith & Bradford, 2003).

An inexplicable pattern that emerged from our study was the
nonsignificant antagonistic effect that occurred with the large-
mesh litterbag treatment in meta-analysis 2. We hypothesize that
this pattern could be due to a trophic cascade (sensu Terborgh &
Estes, 2010; Sitvarin ez al., 2016), where large-mesh litterbags
allow in larger predators from higher trophic levels that could
reduce, either through predation or behavioral modification, the
contribution of detritivores to litter decomposition, thereby
weakening the synergistic effect of litter mixing on decomposi-
tion seen in medium-mesh litterbags. While testing this hypothe-
sis is outside the scope of our study, our findings from both

New Phytologist (2020) 227: 757-765
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Early stage Late stage

meta-analyses support this notion, as both analyses revealed that
the medium-mesh litterbags yielded stronger synergistic effects
compared to large-mesh litterbags, which either had a weaker
synergistic effect (meta-analysis 1) or no effect (meta-analysis 2).
That said, we caution against over-interpretation of our findings,
especially given the small sample size for large-mesh litterbags in
meta-analysis 2 (n=235 observations), and encourage more
researches to test this hypothesis and determine if this pattern is
more widely generalizable.

That the synergistic effect of litter mixing weakens as a func-
tion of decomposition time (changing to an antagonistic effect
after 720 d of decay) speaks to the role of invertebrate decom-
posers in mitigating how litter mixtures decompose, further cor-
roborating our second hypothesis (Figs 3b, 4a). In the early stages
of decomposition, the input of fresh litter provides abundant car-
bon and nutrients for soil fauna and microorganisms. In addi-
tion, studies suggest that nutrient transport frequently occurs in
the early stages of decomposition (Hansson er al, 2010; Liao
et al., 2016). Thus, large influxes of litter rich in nutrients, com-
bined with high rates of nutrients diffusing from these substrates,
may facilitate the growth and activities of soil microorganisms
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< : : mixture is faster than its observed decay rate,
then there is antagonistic effect of litter

Humus-near stage mixing.

and ultimately produce a synergistic effect. Despite the role of
soil fauna in promoting this synergistic effect, however, their rela-
tive role may be weakened and their effects may disappear at late
stages of decomposition. Consequently, late-stage litter decom-
position is probably performed primarily by microbes that can
degrade very recalcitrant compounds (lignin, tannin, etc.) (Chap-
man et al., 2013; Guénon et al., 2017). Furthermore, recalcitrant
compounds remaining in low-quality litter in late stages of decay
probably contribute to the observed antagonistic effect (Fig. 4).

Litter mixture composition and species traits affect mixing
effects

Both species evenness and richness influence the ecosystem func-
tions, including litter decomposition (Dangles & Malmqpyist,
2004; Tilman er al., 2014). Although the evenness of species in
licter mixtures has inconsistent effects on litter decomposition
(Hillebrand et al., 2008; Ward et al., 2010; Li et al., 2013), these
meta-analyses indicate that the synergistic effect of uneven litter
mixtures is higher than that of even mixtures, supporting
Hypothesis 3 (Fig. 3c). We speculated that uneven litter
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mixtures, typical of natural systems, favor microbial growth more
than even mixtures (Swan ez al., 2009), but this requires further
investigation. Our results also show a significant negative rela-
tionship between litter richness and its effect size on litter decom-
position in meta-analysis 1 (Table 1). Other studies have shown
that fungal diversity increases with litter richness (Otsing ez al.,
2018), but we still do not know how changes in associated fungal
communities influence the decomposition of litter mixtures.
Although the underlying reasons are unclear, we speculate that
the following mechanism may contribute to this phenomenon:
the rate of litter decomposition might have a threshold value in
most systems (Fig.4) (Barbe er al, 2018), whereby synergistic
effects diminish after a certain number of species are present in
the licter mixture. This could occur, for example, when the
hyperniche for decomposers is maximized, such that adding new
species does not add beneficial compounds or remove limiting
resources. However, the relatively small size of our dataset does
not afford us enough power to illuminate a global threshold or
specific thresholds for different ecosystems.

In support of Hypothesis 4, we observed a synergistic effect of
licter mixing for low-quality litter species, while only additive
effects were observed in medium- and high-quality litter mixtures
(meta-analysis 2; Figs 3d, 4a). Nutrients released from high-qual-
ity litter species promote low-quality litter decay (Versini ez al.,
2016; He ez al., 2019), probably because these nutrients remove
limits to the growth of soil organisms (Hittenschwiler &
Jorgensen, 2010; Chapman ez al., 2013), thus leading to a higher
biomass of decomposers to do the work of decomposition, accel-
erating the decay of recalcitrant litter. Despite the fact that recal-
citrant compounds that leach from low-quality litter could retard
the decomposition of high-quality litter in mixtures (Gao ez al.,
2016), our results indicate that the magnitude of this effect is not
great enough to counterbalance the benefit to detritivores from
added nutrients provided by high-quality litter. Interestingly, the
additivity observed in medium- and high-quality mixtures
(Fig. 3d) suggests that the benefit of added nutrients from novel
species in mixtures only applies to cases where low-quality licter
is present, perhaps because these medium- and high-quality mix-
tures represent microhabitats that are not nutrient-limited. Still,
the wide range of variability in the high-quality litter mixture
response suggests that there is a lot we still do not understand
about how litter quality influences decomposition dynamics in
mixtures, and it is likely that factors other than nutrients become
important when nutrient limitation is released.

In further support of Hypothesis 4, results based on litter type
(i.e. broadleaf/needle, and evergreen/deciduous) showed that the
mean effect size of needle and evergreen groups were higher than
those of broadleaf and deciduous groups (Fig. 3e,f). In general,
needle species contain more lignin than broadleaf species, and
they will probably benefit more from the added nutrients from
novel species in the mixture, leading to stronger synergistic effects
of decomposition in litter mixtures. For this meta-analysis, mean
lignin content of evergreen leaves was 26 + 8%, which was higher
than that of deciduous leaves (22 4 6%, Table S1). Moreover,
across large spatial scales deciduous leaves can contain more N
and P than evergreen leaves (Han er al, 2005), probably
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enhancing the decomposability of deciduous relative to evergreen
leaves (Cornwell ez al., 2008; Liu et al., 2016).

Conclusions

Based on our meta-analyses, we have developed a conceptual
model of the nonadditive effect in mixed litter samples composed
of two species (Fig. 4). It should be noted that the model reflects
a general pattern, which may not be relevant to all cases. In tropi-
cal and temperate areas (Fig. 4a), litter mixing generally tends to
cause a synergistic effect compared to single litters at the early
and late decay stages. Nutrient transfer and the decomposer com-
munity were probably the primary drivers of these patterns.
Moreover, when the litter mixtures were partitioned based on lit-
ter quality, low-quality litters display a synergistic decomposition
effect, yet there was no change in medium- or high-quality litter
species. At near-humus stages of decomposition, the release of
inhibitory secondary compounds from low-quality litter probably
dampens high-quality litter decay, and the synergistic effect
changes to an antagonistic effect. In boreal areas (Fig.4b), by
contrast, antagonistic effects are predominant in litter-mixture
decomposition dynamics, and the decay of high-quality litter
species is markedly depressed by inhibitory secondary com-
pounds or when soil fauna is absent. We suggest that synergistic
and antagonistic effects, whose interplay yields nonadditive
effects, occur simultaneously rather than independently. Collec-
tively, our findings elucidate how key ecological factors govern
decomposition dynamics in litter mixtures.
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Fig. S1 The nonadditive effect in mixed litter decomposition.
The nonadditive effect includes synergistic effects (green trian-
gles) and antagonistic effects (yellow triangles).
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Fig. 82 PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) diagram showing the process of
determining which studies to include in these meta-analyses.

Fig. S$3 World-wide distribution of selected studies in these
meta-analyses.

Notes S1 List of all the references used in these meta-analyses.

Table S1 Summary of the references and data used in these
meta-analyses of the effects of litter mixing on decomposition
rate.
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