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a b s t r a c t
The relationship between ecosystem functioning and species diversity is important for conservation and
restoration management of endangered ecosystems. Here we experimentally analysed the effects of tree
species richness and composition on the fundamental ecosystem process of leaf litter decomposition
in the Brazilian Atlantic Rainforest. We measured the decomposition rates of leaf litter of eight broadleaved, native tree species either individually or in mixtures of two, four, or six species. Additionally,
we analysed the effect of macro- and meso-invertebrate exclusion using coarse- and ﬁne-meshed litter
bags. Species composition, but not species richness, signiﬁcantly inﬂuenced litter decomposition rates.
Invertebrate exclusion also inﬂuenced litter decomposition, although this effect varied between species
and mixtures. Overall, litter decomposition dynamics was non-additive, i.e. observed decomposition rates
of litter mixtures differed from what would be expected from the decomposition rates of their component
species. However, there were also differences between mixtures, which could be at least partly attributed
to the varying inﬂuence of invertebrates. We conclude that the relationship between the decomposition
subsystem and species diversity in the Atlantic Rainforest follows the idiosyncratic response hypothesis
and not the rivet hypothesis. For conservation or reforestation management, our results emphasise the
need to maintain or restore the composition of locally native tree species communities rather than to
maintain only a high tree species richness.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The relationship between biodiversity and ecosystem processes
is of central interest to assess the effect of global change on
ecosystem functioning (Hooper et al., 2005; Cardinale et al., 2006;
Balvanera et al., 2006). Ecosystem processes may dramatically
change as species become extinct, often with unpredictable consequences (Naeem et al., 1994; Tilman, 1999). A great number of
species will be lost especially in species-rich tropical rainforests
owing to human activity (Dirzo and Raven, 2003; Hansen et al.,
2008). Nearly 50% of the tropical closed-canopy forest has already
been transformed into farmland, pasture, plantation or secondary
forest (Wright, 2005). Hence, the accompanying loss of species may
have severe impacts on tropical ecosystem functions, but more
experimental investigations are needed.
The recent debate on the importance of biodiversity as a
key determinant for ecosystem processes and stability prompted
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a ﬂood of experimental and theoretical studies on the underlying mechanisms and patterns (McCann, 2000). The early
hypotheses—the rivet hypothesis (Ehrlich and Ehrlich, 1981) and
the idiosyncratic response hypothesis (Lawton, 1994)—provide a
conceptual basis for the interpretation of observed patterns. Their
basic difference lies in the importance placed on species identity
and species richness. The rivet hypothesis assumes a certain degree
of redundancy between functionally similar species within a community, whereas the idiosyncratic response hypothesis assumes
the unpredictability of the relationship between ecosystem functioning and species diversity because of the complex and varied
inﬂuences of individual species (Mikola and Setälä, 1998). Thus,
species richness has a greater relevance in the rivet hypothesis, and species identity has a greater impact in the idiosyncratic
response hypothesis. The former hypothesis has been further modiﬁed according to the assumed degree of redundancy of species
(see redundancy hypothesis, Walker, 1992; and equal importance
hypothesis, Vitousek and Hooper, 1993).
An understanding of the relationship between important
ecosystem processes and species diversity would provide valuable implications for conservation and restoration management
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Table 1
Plant species used, mixture composition and k-values after 6 months.
Species no.

Species

Family

1
2
3
4
5
6
7
8

Alchornea glandulosa (Ag)
Alchornea triplinervia (At)
Cabralea canjerana (Cc)
Marliera tomentosa (Mt)
Matayba guianensis (Mg)
Pera glabrata (Pg)
Inga edulis (Ie)
Sloanea guianensis (Sg)

Euphorbiaceae
Euphorbiaceae
Meliaceae
Myrtaceae
Sapindaceae
Euphorbiaceae
Fabaceae
Elaeocarpaceae

Mixture no.

9
10
11
12
13
14
15
16
17
18
19
20

Mixture

Mt, Pg
Ie, Pg
Mt, Sg
At, Mg
Sg, Pg, Mt, Cc
Pg, Mg, Cc, At
Mg, Ag, Sg, At
At, Mt, Mg, Sg
Cc, Mt, Sg, Ag, At, Pg
At, Mt, Ag, Cc, Pg, Ie
Mg, Pg, Cc, Ag, Mt, Sg
At, Mt, Sg, Cc, Pg, Mg

(Palmer et al., 1997). If the relationship follows the rivet hypothesis,
the main focus of restoration would be on the number of species,
depending on the degree of redundancy. Which species are present
would be of minor interest. If the relationship follows the idiosyncratic response hypothesis, the main focus would be on the actual
species used for restoration.
The decomposition of plant litter is an essential process in
terrestrial ecosystems, resulting in carbon and nutrients being recycled for primary production (Swift et al., 1979). Given that most of
the plant material produced is in this way returned to the ecosystem, the importance of plant species richness and composition for
ecosystems may be largely determined by their impact on litter
decomposition (Wardle et al., 1997; Gartner and Cardon, 2004;
Hättenschwiler et al., 2005). Species richness effects on decomposition dynamics in litter mixtures arise from direct or indirect
interactions between component species, independent of their
identity, which leads to non-additive decomposition dynamics of
litter mixtures (Ball et al., 2008). Compositional effects arise from
the interactions or the presence/absence of certain species. Interactions between certain species lead to non-additive decomposition
dynamics. If there are no interactions, but species differ in their
decomposability, presence/absence of certain species leads to additive decomposition dynamics .In both cases, the identity of the
species is important. A pure species richness effect would point
to a relationship between diversity and litter decomposition following the rivet hypothesis, whereas a compositional effect would
indicate an idiosyncratic relationship.
In previous studies on the effect of species richness and composition of litter mixtures on decomposition rates, non-additive
effects of combining different litter types dominated, whereas the
species richness of litter assemblages did not seem to be an important driver of decomposition processes (for reviews, see Gartner
and Cardon, 2004; Hättenschwiler et al., 2005). The non-additive
effects of mixing different litter types on decomposition dynamics are mostly attributed to the activity of the decomposer fauna
(Hättenschwiler and Gasser, 2005; Schädler and Brandl, 2005).
Thus, an effect of species richness and/or species composition on
litter decomposition should be mediated by changes in the activity
of soil biota involved in decomposition. A plant–species-rich litter

k-Value
Fine-meshed litter bag

Coarse-meshed litter bag

2.13
2.92
2.23
0.92
1.44
1.12
1.24
1.52

3.93
4.34
3.76
0.78
1.57
2.90
1.35
1.89

k-Value
Fine-meshed litter bag

Coarse-meshed litter bag

0.94
1.04
1.27
1.77
1.40
1.60
1.91
1.40
1.68
1.59
1.62
1.64

1.31
1.81
1.40
2.60
2.01
2.49
2.68
1.68
2.27
2.35
1.93
2.24

mixture may support a species-rich invertebrate fauna because of:
(i) differences in the attractiveness of certain litter types to different
species of invertebrates and (ii) increased microhabitat diversity.
Such a complementary use of resources by the decomposers may
lead to an increased decomposition rate. Evidence for these effects
is, however, scarce, and most studies point to the overwhelming
importance of litter type identity and quality rather than the plant
species richness of the litter for faunal diversity (Wardle et al., 2006;
Zhang et al., 2008).
Litter decomposition is particularly important in the tropics
because of the low nutrient storage capacity and the high turnover
and uptake of nutrients in tropical soils. Furthermore, invertebrate
fauna contribute comparatively more to decomposition in the tropics than in lower or higher latitudes because of the more favourable
and stable climatic conditions (Henaghan et al., 1998; Lavelle et al.,
1993; Beck, 2000; González and Seastedt, 2001; Wall et al., 2008;
Schmidt et al., 2008; Yang and Chen, 2009). Thus, invertebrate fauna
may play a much greater role as agents of non-additive litter mixing
effects in the tropics.
We investigated the inﬂuence of litter species richness, litter
mixture composition, and invertebrate activity on litter decomposition in the highly species-diverse Atlantic Rainforest in Brazil. This
rainforest is highly endangered: only 11.7% of the original 150 million ha remain (Ribeiro et al., 2009). Of these remnants, 32–40%
are small fragments (<50 ha) or less-species-rich secondary forests.
This trend of forest destruction, fragmentation and transformation
into secondary forests causes a serious loss of biodiversity at the
local and regional scales (Laurance, 2007; Barlow et al., 2007; Bihn
et al., 2008; Metzger, 2009). Hence, it is important to investigate
whether this loss of biodiversity causes a change in ecosystem functioning, e.g. in litter decomposition and consequently in nutrient
and carbon cycling. In this context, we investigated whether litter
decomposition is affected by species richness or species composition of the litter or both. Because these effects might be largely
attributed to the soil biota involved in the decomposition, we also
examined the effect of invertebrate exclusion. Our results allow
us to draw conclusions on the relationship between the decomposition subsystem and plant species diversity in the Atlantic
Rainforest.
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2. Materials and methods
2.1. Study site
As a part of the MATA ATLANTICA Project, a German–Brazilian
cooperation, this study was initiated in the Atlantic Rainforest in the
Brazilian state of Paraná, in the Cachoeira nature reserve (25.25◦ S,
48.68◦ W, 147 NN). The study area consists of secondary rainforest
sites of different successional age (5 to >100 years) after usage as
pasture. A forest site of medium successional age (35–50 years) was
chosen for our experiment as it provides sufﬁcient tree species on a
small local scale and represents an achievable aim for reforestation.
2.2. Experimental set-up
The eight most abundant broad-leaved tree species on the study
site were chosen for the experiment (Table 1). Mature leaves were
sampled directly from trees in July/August 2007. Leaves were airdried, and a sub-sample of each type was oven-dried to determine
dry weight. Air-dried leaves (4 ± 0.1 g) of each tree species were
placed in litter bags (25 cm × 25 cm). In addition, air-dried leaves
of two randomly chosen species (2 ± 0.08 g each; four different
mixtures), four randomly chosen species (1 ± 0.06 g each; four different mixtures), and six randomly chosen species (0.66 ± 0.04 g
each; four different mixtures) were placed in litter bags (Table 1).
In this way, component species as well as species composition
were replicated, and effects of species composition and of species
richness could be separated (Schmid et al., 2002). Each litter bag
set-up was replicated 20 times. The nylon litter bags used for half
of the replicates were of a coarse mesh size (5 mm × 5 mm) to allow
passage of soil macro- and meso-invertebrates. The other nylon
litter bags were of a ﬁne mesh size (20 m × 20 m) to exclude
macro- and meso-fauna, but to allow access by bacteria, fungal
hyphae, nematodes and protozoa. We are aware, that litter bags,
especially ﬁne-meshed bags, have the potential to alter the microclimate within the bags by inﬂuencing moisture and temperature
(Bradford et al., 2002). As this effect is greater for ﬁne-meshed bags,
differences between decomposition rates within ﬁne and coarsemeshed bags might be due to microclimatic differences rather than
invertebrate exclusion. Nevertheless, due to the favourable and stable climatic conditions on our study site, microclimatic differences
should be less important than invertebrate exclusion.
In August 2007, the litter bags were placed in ﬁve blocks (about
ﬁve meters apart) using a randomised block design (two replicates
per mesh size within each block). The forest ﬂoor was cleared of
litter cover to avoid an artiﬁcial increase in litter diversity. Litter
bags were placed on the bare soil and secured with wire hooks.
Half of the litter bags were collected after 3 months, and the other
half after 6 months. Thus, the total number of litter bags was
400 with 20 mixtures (including single species) × 2 mesh sizes × 5
blocks × 2 sampling dates. The leaf material remaining in the bags
was oven-dried, cleaned (by carefully removing adhesive dirt with
a paintbrush) and weighed. The remaining leaf mass of all samples
was incinerated at approx. 600 ◦ C to obtain ash-free dry weight to
account for inorganic contamination. The decomposition rate was
deﬁned as the percent dry-weight loss.
As a measure for decomposability we calculated k-values after
6 months of decomposition according to Olson (1963) for each of
the litter types.
2.3. Data analysis
The percent dry-weight loss was arcsine square-root transformed prior to all statistical analyses to approximate the normal
distribution of residuals and to reduce variance heterogeneity. A
nested general linear model (GLM) type III sum of squares was
used to test the effects on decomposition rates of species richness,
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species composition (leaves of single species and mixtures; nested
in richness), invertebrate exclusion, and time. Blocks were considered as a random factor in the analysis. The effect of invertebrate
exclusion for each species and mixture was additionally tested by
ANOVA.
Another approach was used to examine additive and nonadditive effects of species loss following the method suggested by
Ball et al. (2008). For this, a GLM (type I) sum of squares with litter
disappearance as the dependent variable was used. We sequentially included time, block and the presence/absence of each single
species as factors in the model. Time had two levels, and block had
ﬁve levels. The species presence/absence terms had two levels each.
As we used type I sum of squares, the order in which the presence/absence terms were included was important. We calculated
omega square effect size from a GLM with type III sum of squares
with percentage dry-weight loss as dependent variable and all single species as independent variables and included them into the
former model in ascending order. We also included the interactions
between presence/absence terms and time. Then we included a
species interaction term with 20 levels, each representing one of the
litter mixtures. A signiﬁcant species interaction term would indicate non-additivity owing to species richness and/or composition of
litter mixtures. Next, we included a species richness term with four
levels (1, 2, 4, and 6 species) instead of the species interaction term
to explore whether species richness is responsible for non-additive
effects. If the richness term was signiﬁcant, we again included the
species interaction term representing the effect of composition into
the model and retained the richness term. Signiﬁcance of both
terms would indicate the co-occurrence of non-additive richness
and composition effects. Additionally we included an invertebrate
exclusion term (two levels) to test whether additive or non-additive
effects could be attributed to the activity of the decomposer fauna.
We dealt with this term as with the richness term above.
To explore whether additivity or non-additivity was consistent throughout the mixtures, we used the method of Wardle et
al. (1997) and investigated whether the decomposition rates of
each leaf litter mixture can be predicted from the decomposition
rates of individual leaf litter types. For this, the expected amount
of dry weight remaining in leaf mixtures (Re ) was calculated by
using the observed mass loss of individual leaf litter types,
 assuming no diversity effects. We used the formula: [Re = mi × pmi ],
with mi = initial mass of leaves of species i in the mixture and
pmi = decomposition rate of leaves of species i without leaves of
other species (Schädler and Brandl, 2005). This equation takes into
account differences in initial leaf masses of component species. The
observed litter masses remaining in mixtures (Ro ) in relation to
expected values were calculated as [100 × (Ro − Re )/Re ] per block.
Deviations from zero indicate non-additive effects of litter mixing and were tested using 95% conﬁdence intervals. Additionally,
another GLM (type III sum of squares) was used to test the inﬂuence of species richness, species composition (nested in richness),
invertebrate exclusion and time on the deviation of the remaining litter mass from the expected litter mass (see ﬁrst analysis).
Furthermore, we used an approach similar to that of Wardle et al.
(1997) to investigate whether non-additive effects were generated
by the presence/absence of invertebrates. For this, we calculated
the expected inﬂuence of macroinvertebrates on the decomposition of leaf litter mixtures using the observed invertebrate effect
on the component litter type when decomposing alone. This effect
was deﬁned as the difference between remaining proportions of
litter dry weight in ﬁne- and coarse-meshed bags containing one
leaf litter type. The expected remaining litter mass of mixtures
 in
course-meshed bags (Rec ) was calculated as [Rec = Rofj + mi ei ],
with Rofj = observed remaining litter mass of mixture j in ﬁnemeshed bags, ei = effect of invertebrates on decomposition of litter
of species i, and mi = initial mass of component species i. Again we
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Fig. 1. Percentage of the initial leaf litter mass lost for all tree species and mixtures (black circles; mean ± standard error, ﬁve replicates) and richness levels (grey diamonds;
mean ± standard error, with species and mixtures as replicates), eight replicates for single species and four replicates for mixtures (a) after 3 months from ﬁne-meshed bags,
(b) after 6 months from ﬁne-meshed bags, (c) after 3 months from coarse-meshed bags and (d) after 6 months from coarse-meshed bags.

calculated the observed litter masses remaining in coarse-meshed
bags (Roc ) in relation to expected values as [100 × (Roc − Rec )/Rec ]
per block and tested for signiﬁcant deviations from zero as an indication of non-additivity using 95% conﬁdence intervals. All analyses
were done using Statistica, version 6. For more information on the
statistical procedures see Supplementary Table S1.
3. Results
We found a great variation in k-values of the different litter types
when decomposing alone in the presence (0.78–4.34) and absence
(0.92–2.92) of invertebrates (Table 1).
The amount of remaining litter mass was insufﬁcient for a quantitative assessment of faunal activity during the decomposition
process. However, in several cases we found diplopods and isopods
which are important decomposers in our study region (Schmidt et
al., 2008) within coarse-meshed litter bags. In contrast, within ﬁnemeshed bags we did not ﬁnd macro- or meso-invertebrates in any
case (Gießelmann, Pers. Obs.). Thus, differences in decomposition
rates between coarse- and ﬁne-meshed bags could be attributed to
the exclusion of macro-and meso-invertebrates.
The decomposition rates of leaf litter in our experiments were
not inﬂuenced by the species richness of the mixtures (Table 2). In
contrast, we found a signiﬁcant effect of litter composition. These
effects were consistent over the 6 months of decomposition as neither the number of species nor the species composition interacted
with time (Table 2). We also found a decrease in the variability of litter decomposition across litter assemblages with increasing species
richness (Fig. 1). The GLM to test for additivity and non-additivity
revealed that all except one (Sloanea guianensis) of the litter types
used signiﬁcantly inﬂuenced decay dynamics (Table 3). This was
consistent over time for all species (no signiﬁcant interactions). Furthermore, the species interaction term had a signiﬁcant inﬂuence
on litter decomposition (Table 3). When the interaction term was
replaced with the richness term, the richness term had no inﬂuence
on litter decomposition (P = 0.064). The observed and predicted val-

ues of the remaining litter mass of half of the mixtures signiﬁcantly
deviated in at least one case, which indicated non-additive effects
(Fig. 2). These deviations could not be explained by any of the main
factors. However, the species composition interacted signiﬁcantly
with time and invertebrate exclusion (Table 4).
In general, the exclusion of invertebrates considerably
decreased the litter decomposition rate. However, this effect
varied between litter type and mixtures (signiﬁcant interaction;
Table 2). After 3 months as well as after 6 months, the decomposition of the litter of half of the individual leaf types as well as of
the litter of mixture 11 did not signiﬁcantly differ in the presence
and absence of invertebrates. Mixture 9 also showed no signiﬁcant
effect of invertebrate exclusion but only after 6 months (Fig. 3).
The invertebrate exclusion treatment also interacted with time,
Table 2
The effects of presence/absence of macroinvertebrates, tree species richness of the
litter, mixture composition, and decomposition time on the decomposition rate of
litter. The effects were tested using a nested GLM with type III sum of squares.
Source

Constant
Fauna [F]
Species richnessA [S]
Mixture(species richness)a [M]
Time [T]
F × SB
F × M(S)b
T×F
S × TC
M(S) × Tc
F × S × TD
F × M(S) × Td
Block
Residual

Decomposition rates
df

MS

F

P

1
1
3
16
1
3
16
1
3
16
3
16
4
307

228.05
0.90
0.18
0.33
2.47
0.00
0.03
0.04
0.01
0.00
0.00
0.00
0.01
0.00

677.19
32.74
0.55
12.09
635.49
0.03
6.94
14.29
1.40
0.97
0.20
1.01
2.31

<0.001
<0.001
0.653
<0.001
<0.001
0.989
<0.001
<0.001
0.278
0.521
0.893
0.441
0.06

Each term indicated by an upper case letter was tested against the term with the
same letter in lower case; all other terms were tested against the residual. The factor
M includes leaf litter mixtures as well as leaf litter of single tree species.
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Fig. 2. Percent deviation of observed litter mass remaining from expected values calculated from the leaf litter of one species decomposing alone, in the presence (diamonds)
and absence (circles) of macroinvertebrates after (a) 3 months and (b) 6 months. Grey symbols indicate signiﬁcant deviation from zero (95% conﬁdence interval). Each symbol
refers to the mean of a mixture over all blocks (ﬁve replicates). Numbers indicate the mixtures (see Table 1). Positive deviations indicate antagonistic effects (i.e. decreased
decomposition rates) and negative deviations indicate synergistic effects (i.e. increased decomposition rates).

which suggested a change in the contribution of invertebrates
with ongoing decomposition (Table 2). In the test for additivity
and non-additivity, invertebrate exclusion as well as its interaction
with time showed a signiﬁcant inﬂuence (Table 3). Furthermore,
invertebrate presence/absence interaction with species composition had a signiﬁcant inﬂuence on the deviation of observed
and expected decomposition rates (Table 4). However, signiﬁcant
deviations from expected values in the presence of invertebrates
occurred only after 3 months (Fig. 2). After 6 months, all signiﬁcant
deviations occurred in the absence of invertebrates, though some
mixtures including invertebrates also strongly deviated from zero
without being signiﬁcant (Fig. 2). These ﬁndings were supported
by a comparison of the observed and expected inﬂuence of invertebrates. The same mixtures that showed signiﬁcant deviations

from expected decomposition rates (Fig. 2) showed non-additivity
regarding invertebrate inﬂuence after 3 months. However, after 6
months, only mixture 12 showed a highly signiﬁcant non-additive
effect in the presence of invertebrates (Fig. 4).
4. Discussion
Our study adds to the growing body of studies that do not report
a direct relationship between species richness of leaf litter types
and the decomposition rate (Hättenschwiler et al., 2005; Schindler
and Gessner, 2009). Unlike the number of leaf litter types, leaf litter
identity and mixture composition had a striking inﬂuence on litter
decomposition (Table 2). The importance of the species identity of
the leaf litter and therefore the low degree of functional redundancy

Fig. 3. Percentage of the initial leaf litter mass lost in the presence (grey bars) and absence (black bars) of macroinvertebrates for single species after (a) 3 months and (b)
6 months and for mixtures after (c) 3 months and (d) 6 months, averaged over blocks; error bars are standard deviation. Asterisks indicate signiﬁcant differences. Numbers
indicate the mixtures (see Table 1).
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Fig. 4. Percent deviation of observed litter mass remaining from expected values. The deviation was calculated from the inﬂuence of macroinvertebrates on the decomposition
of the leaf litter of one species for all mixtures after (a) 3 months and (b) 6 months, averaged over blocks. Grey symbols indicate signiﬁcant deviation from zero (95% conﬁdence
interval). Positive deviations indicate antagonistic effects (i.e. observed decomposition rates decreased compared to expected decomposition rates) and negative effects
indicate synergistic effects (i.e. observed decomposition rates increased compared to expected). Numbers indicate the mixtures (see Table 1).

was further conﬁrmed by the signiﬁcant inﬂuence of the presence
of all but one species on the decomposition rate in leaf litter mixtures (Table 3). However, the signiﬁcant non-additive effects in our
results indicate that differences in litter decomposition cannot be
explained exclusively by differences in litter decomposability, but
can be explained also by interactions between certain leaf litter
types within mixtures. These interactions lead to unpredictable
decomposition dynamics. As expected, our test for additivity or
non-additivity following the approach of Ball et al. (2008) showed
that the non-additive effects observed were due to species composition rather than species richness (Table 3) (Gartner and Cardon,
2004; Hättenschwiler et al., 2005; Ball et al., 2008).
In accordance with several other studies, our results demonstrate the importance of invertebrates for decomposition in a
tropical rainforest (Beck, 2000; González and Seastedt, 2001; Wall
et al., 2008; Yang and Chen, 2009), although this effect could have
been overestimated because of microclimatic differences between
ﬁne and coarse-meshed bags. Additionally, differences in litter
mass loss between ﬁne and coarse-meshed bags could be due to
an increased loss of fragmented litter material from coarse-meshed

Table 3
Additive and non-additive effects of leaf litter mixing on leaf litter decomposition.
The effects were tested using a GLM with type I sum of squares.
Source

Time
Block
Sloanea guianensis
Pera glabrata
Alchornea glandulosa
Matayba guianensis
Inga edulis
Cabralea canjerana
Alchornea triplinervia
Marliera tomentosa
Species interaction term
Fauna
Time × Sloanea guianensis
Time × Pera glabrata
Time × Alchornea glandulosa
Time × Matayba guianensis
Time × Inga edulis
Time × Cabralea canjerana
Time × Alchornea triplinervia
Time × Marliera tomentosa
Time × Species interaction term
Time × Fauna
Residual

Decomposition rates
df

MS

F

P

1
4
1
1
1
1
1
1
1
1
11
1
1
1
1
1
1
1
1
1
11
1
345

2.60
0.01
0.01
0.12
0.85
0.05
0.42
0.80
0.74
1.47
0.12
1.00
0.0014
0.0086
0.0012
0.0019
0.0017
0.0185
0.0001
0.0000
0.0040
0.07
0.01

523.26
1.25
1.92
24.67
170.68
9.16
85.18
160.31
149.38
295.12
24.66
201.24
0.27
1.73
0.24
0.38
0.34
3.72
0.03
0.01
0.81
13.50

<0.001
0.291
0.166
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.602
0.189
0.625
0.535
0.562
0.054
0.867
0.929
0.632
<0.001

bags. However, fragmentation of leaves is part of the litter degradation process and mainly performed by larger invertebrates (Swift et
al., 1979; Coleman et al., 2004). Therefore, we agree with Bradford
et al. (2002) and consider the breakdown and loss of small litter
fragments from the sample as a functional role of decomposing
invertebrates. However, the effect of invertebrates on decomposition varied considerably among leaf litter types and mixtures
(Fig. 3). This variation is probably caused by differences in litter
chemistry and consequently palatability of the different litter types
for invertebrates (Seastedt, 1984; Loranger, 2002; Schädler et al.,
2003). We further showed that the non-additive effects of litter
mixing were largely attributable to the activity of invertebrates
involved in decomposition (Table 3; Fig. 2). Therefore, the varying
effect of invertebrates on the decomposition of various types of leaf
litter may also account for differences in non-additivity between
mixtures. For example, the decomposition rate of mixture 9 in the
presence of invertebrates was signiﬁcantly lower than expected
values after 3 months and was even lower after 6 months, even if
not signiﬁcant. This mixture includes leaves of Marlieara tomentosa,
which decompose slowly when not mixed with leaves of other tree
species, irrespective of the presence or absence of invertebrates
(Fig. 3). By contrast, leaves of Pera glabrata, the other species in
the mixture, decompose rapidly in the presence of invertebrates.
The genus Marlieara belongs to the family Myrtaceae. Members
Table 4
The deviation of the remaining leaf litter mass from expected values. The effects of
presence/absence of macroinvertebrates, tree species richness of the litter, mixture
composition, and decomposition time were tested using a nested GLM with type III
sum of squares.
Source

Constant
Fauna [F]
Species richnessA [S]
Mixture(species richness)a [M]
Time [T]
F × SB
F × M(S)b
T×F
S × TC
M(S) × Tc
F × S × TD
F × M(S) × Td
Block
Residual

Deviation from expected values
df

MS

F

P

1
1
2
9
1
2
9
1
2
9
2
9
4
182

967.30
7.50
11.17
379.57
471.49
149.96
249.95
0.08
164.47
171.02
79.98
35.19
358.38
108.32

1.55
0.03
0.03
0.98
2.76
0.60
7.11
0.00
0.96
4.86
2.27
0.33
3.31

0.249
0.866
0.971
0.492
0.131
0.569
0.004
0.964
0.418
0.014
0.159
0.966
0.012

Each term indicated by an upper case letter was tested against the term with the
same letter in lower case; all other terms were tested against the residual. The factor
M includes leaf litter mixtures as well as leaf litter of single tree species.
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of this family contain many polyphenols and essential oils, which
can be expected to prevent invertebrate feeding (Rosenthal and
Berenbaum, 1991; Hättenschwiler and Vitousek, 2000). Thus, it
seems likely that antagonistic effects of this mixture are due to the
inﬂuence of M. tomentosa on invertebrate decomposers. As another
example, mixture 12 consists of easily decomposable (Alchornea
triplinervia) and poorly decomposable (Matayba guianensis) leaves;
this mixture showed a signiﬁcant synergistic effect after 3 months
in the presence of invertebrates and a signiﬁcant antagonistic effect
in the absence of invertebrates after 6 months. A rather similar pattern was found for mixture 16, which contained leaves of three
species with low decomposability (M. tomentosa, M. guianensis, S.
guianensis) and leaves of one species with high decomposability (A.
triplinervia). The non-additive effects of these examples were due
to the inﬂuence of invertebrates, as conﬁrmed by these mixtures
also having congruent signiﬁcant deviations between the observed
and expected invertebrate effect (Fig. 4). However, the inﬂuence of
invertebrates on non-additivity is restricted to the earlier decomposition phase. In the later phase, signiﬁcant non-additive effects
occurred solely in the absence of invertebrates. Thus, other members of the decomposer community, such as micro-invertebrates
or fungi, must be responsible for these non-additive effects. As an
exception, mixture 12 showed a signiﬁcant negative deviation from
the expected invertebrate effect after 6 months. However, there
was no signiﬁcant deviation between the observed and expected
overall decomposition values in the presence of invertebrates but
signiﬁcant positive deviations in the absence of invertebrates. Thus,
the synergistic non-additivity caused by invertebrates seemed to be
masked by antagonistic non-additive effects caused by other members of the decomposer community, leading to “pseudo-additivity”
(Schindler and Gessner, 2009). This exception suggests that a lack
of deviation between observed and expected decomposition values do not ultimately rule out non-additive effects. Additionally,
we found relatively strong but non-signiﬁcant deviations between
observed and expected decomposition values for some mixtures in
the presence of invertebrates after 6 months (Fig. 2). The fact, that
they were not signiﬁcant might be attributed to a high variability in the invertebrate effect among blocks. This points to a patchy
distribution of invertebrates on our study site. Thus, the effect of
invertebrates on decomposition also varies spatially. The ﬁndings
presented highlight the high degree of idiosyncrasy of decomposition dynamics in our study owing to species identity and speciﬁc
interactions enhanced by invertebrate decomposer activity (see
also Chapman et al., 1988; Blair, 1990; Wardle et al., 1997; Bardgett
and Shine, 1999).
Although we found no direct effect of species richness on
decomposition, the number of tree species might nevertheless
inﬂuence the decomposition process in other ways. In accordance
with other studies (Schädler and Brandl, 2005; Lecerf et al., 2007;
Keith et al., 2008), we found a decreasing variability in decomposition rates with increasing tree species richness of the litter (Fig. 1).
Lecerf et al. (2007) and Keith et al. (2008) interpret such a reduction
of variability in the decomposition rate as a component of higher
ecosystem stability concerning ecosystem processes (e.g. decomposition). Following the “variance reduction effect” postulated by
Huston (1997), this reduction is just due to the increasing similarity of mixtures drawn from a limited species pool. Studies of larger
species pools are necessary to evaluate whether there might be a
stabilizing effect of litter diversity on the decomposition rate across
litter mixtures with a limited overlap in species composition.

5. Conclusions
The differences in decomposition rate of the leaf litter, the significant inﬂuence of the presence/absence of almost all single species
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on the decomposition and the speciﬁc interactions between certain species, which leads to unpredictable non-additive effects in
some cases, highlight the importance of leaf litter identity and the
low degree of redundancy of leaf litter type in our experiment.
This, combined with the speciﬁc and varying effect of macroinvertebrates, involved in the decomposition points to a relationship
between the decomposer subsystem and plant species diversity
in the Atlantic Rainforest following the idiosyncratic response
hypothesis.
For conservation or reforestation management, our results
accentuate the need to keep or restore the composition of locally
native tree species communities rather than to maintain only a
high tree species richness. Our study complements theoretically the
practical reforestation experiences that were made during the last
30 years in the Brazilian Atlantic Forest (for a review, see Rodrigues
et al., 2009).
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