
REGULAR ARTICLE

Decomposition and nutrient dynamics in mixed litter
of Mediterranean species

Giuliano Bonanomi & Guido Incerti &
Vincenzo Antignani & Manuela Capodilupo &

Stefano Mazzoleni

Received: 6 July 2009 /Accepted: 17 December 2009 /Published online: 20 January 2010
# Springer Science+Business Media B.V. 2010

Abstract In the last decade a great research effort
addressed the effects of litter diversity on ecosystem
functions, reporting both synergistic and antagonistic
effects for decomposition dynamics. Four coexisting
Mediterranean species, representing a range of litter
quality, were used to arrange litter mixtures at three
diversity levels for a litterbag decomposition experi-
ment. Species identity appeared as the major deter-
minant for litter mass loss (Coronilla emerus∼Hedera
helix>Festuca drymeia>Quercus ilex) and nutrient
release, with rates for all leaf litter types following
the sequence K>N>Mg≥Ca>>Fe. Additive diversity
effects were prevalent pooling together all data but
also for nutrients separately. Antagonistic interactions
were more common than synergistic in the cases of
mass loss, N and Ca contents, but not for K, Mg and
Fe dynamics. The number of species in the litterbag
significantly affected the outcome of non-additive

interactions, which were mostly antagonistic for two-
species mixtures, and synergistic for the combined 4
species. Litter quality appears to be the most
important factor affecting mass loss and nutrient
dynamics, while litter diversity, influencing the rates
of these processes, plays an important role in reducing
their variability, thus suggesting a greater stability of
ecosystems properties in presence of mixed litter.
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Introduction

The study of relationships between species diversity
and ecosystem processes has been receiving growing
attention in recent years. It is now well recognized that
biodiversity strongly affects some ecosystem functions
such as productivity (Tilman et al. 2001), stability
(McGrady-Steed et al. 1997) and invasibility (Jiang
and Morin 2004), while the role of diversity on litter
decomposition is still questioned (Gartner and Cardon
2004; Hättenschwiler et al. 2005). Decomposition rates
and nutrients dynamics have been widely studied and
related to environmental conditions (Gholz et al. 2000),
litter chemical characteristics (Coûteaux et al. 1995),
and biotic factors (Hättenschwiler and Gasser 2005).
Despite the fact that litter layers in natural plant
communities are generally made of more than one
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species, most studies reported so far on single species
analysis (Berg and McClaugherty 2003).

The effects of mixed plant litter have been first
addressed more than 60 years ago (Gustafson 1943)
and recently reconsidered (review in Gartner and
Cardon 2004; Hättenschwiler et al. 2005). Both mass
loss and nutrient release are expected to be affected
by litter diversity because of three major mechanisms.
First, passive diffusion or microbial active transport of
nutrients between different materials may enhance the
decay rate of nutrient poor litter (Chapman et al.
1988; Wardle et al. 1997). Second, higher water
retention capacity by some litter types could be
beneficial to the decay of other plant residues (Wardle
et al. 2003). Third, litter decay can be slowed
compared to monoculture because of the release,
from some materials, of compounds with antimicro-
bial activity e.g. tannins and polyphenols (Schimel et
al. 1998). This has been observed in litter mixtures
with secondary metabolites by Empetrum hermaph-
roditum (Nilsson et al. 1998) and Quercus nigra
(McArthur et al. 1994). The former mechanisms
should generate synergistic interactions with mixed
litter decaying faster than what would be expected
based on the monocultures; antagonistic interactions
should be produced by the latter process with
reductions of decomposition rates of fast decaying
litter when mixed to other inhibitory materials.

The literature evidence summarized by Gartner and
Cardon (2004) indicates, for mass loss, synergistic
interactions ranging from +1% to +65% compared to
pure litter, and variations of antagonistic interactions
between -1.5% and -22%. However, also additive
effects were often reported, accounting for ∼30% of
the experimental cases (Gartner and Cardon 2004).
Concerning nitrogen release, the same authors reported
that 76% of these interactions were non-additive,
ranging from +25% nitrogen release to +100% nitrogen
immobilization (Gartner and Cardon 2004). These
contrasting results suggest that neither decomposition
nor nutrients release patterns can be assessed on the
base of single species dynamics. Without taking into
account the litter diversity effects, data from single-
species litterbag studies might as well have biased that
ecosystem level carbon and nutrients fluxes estimates.

Most decomposition studies on mixed litter reported
on mass losses and nitrogen dynamics (Gartner and
Cardon 2004). Far less attention was given to the
release of other nutrients during decomposition pro-

cesses in spite of their importance for plant mineral
nutrition (Marschner 1995). Gartner and Cardon (2004)
reviewed a total of 162 experiments on litter mass loss,
where 133 cases reported on nitrogen dynamics and 25
cases, from three papers only, concerned other nutrients
(P, Ca, K, Mg, Al, Fe and Mg). Most of these studies
have been carried out in temperate forests and only few
in tropical forests and grasslands (Hättenschwiler et al.
2005). Despite the high biodiversity of Mediterranean
evergreen forests (Blondel and Aronson 1999) no
studies, so far, reported on litter decomposition dynam-
ics based on mixtures of Mediterranean species
(Hättenschwiler et al. 2005).

Finally, some studies explored the effects of
mixed-species litters on decomposition stability in
terms of mass loss, reporting a consistent reduction of
decay rates variability, compared to monospecific
litters (Schädler and Brandl 2005; Lecerf et al. 2007;
Keith et al. 2008). However, the stability-diversity
hypothesis has not yet been addressed in the frame of
nutrient dynamics, despite its importance for plant
nutrition in natural communities.

This work reports on the results of a litterbag
experiment on decomposition of leaf litter mixtures
from four coexisting species selected from a Mediterra-
nean evergreen forest. Litter decomposition in open
field mainly depends on organic matter quality, water
availability and temperature (Berg and McClaugherty
2003). To avoid the effect of the two latter relevant
sources of variation, we worked under controlled
condition reproducing temperature and water availabil-
ity in the sampled site, focusing only on the effects of
litter quality and diversity. The aims were to assess:

i. mass loss and nutrient dynamics of monospecific
litter;

ii. effect of litter diversity on mass loss;
iii. effect of litter diversity on N, K, Ca, Mg and Fe

dynamics;
iv. effect of litter diversity on the stability of the

decomposition process.

Materials and methods

Plant material collection

Four species of different functional groups were
selected from a natural old-growth holm oak forest
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located on Vesuvius southern slope (Portici 40° 48’
43’’ N – 14° 20’ 49’’ E, Southern Italy): Quercus ilex
(the dominant evergreen oak tree), Coronilla emerus
(a nitrogen fixing shrub), Hedera helix (an evergreen
vine) and Festuca drymeia (a perennial grass). These
naturally coexisting species represent a wide range of
litter quality (Wardle et al. 2006; Lecerf et al. 2007).
Freshly abscissed leaves were collected (n° of plants
>20) when most of the litter fall occurs by means of
nets placed under the canopy, dried (40°C until
constant weight was reached) and stored afterwards
at room temperature.

The field site has aMediterranean climate with a high
mean annual rainfall of 1,007 mm distributed in winter
(324), spring (211) and fall (372) and a moderate dry
summer (100). Mean monthly temperatures range
between 25°C (August) and 8°C (January). Mean daily
and night temperature of the spring season (April, May
and June) are ∼23°C and ∼13°C, respectively.

Litter decomposition experiment

A decomposition experiment was carried out in
microcosms placed in a greenhouse to simulate field
decomposition conditions. The litterbag method (Berg
and McClaugherty 2003; Bonanomi et al. 2006) was
used. Large (20×20) terylene litterbags (mesh size
2 mm) were filled with 6 g of dry leaf litter. Litterbags
were placed on the top of large trays (30 cm deep,
100 cm for each side) filled with soil from the same
stand (a Volcanic ash soil with the following
characteristics: sand 73.8%, silt 15.5%, clay 10.7%;
pH 7.05; organic matter 5.4%; total N 0.33 g/kg; C/N
9.6; electrical conductivity 91.3 µS/cm). Soil blocks
(sized 25×25×20 cm) collected in the sampled site
were placed in the microcosms, preserving the natural
soil stratification. Microcosms were kept in controlled
temperature (14±2°C night and 24±2°C day) and
water conditions (daily watering to field capacity with
distilled water) simulating a typical spring and early
fall conditions of the sampled site.

We prepared 15 types of bags, containing: i. litter
of each single species (4 types), ii. all possible two-
species mixtures (6 different combinations with a
loading ratio 50:50), and, iii. five different four
species-mixtures, one of them with a constant loading
ratio (25:25:25:25) for all the species, and four with a
50:16.7:16.7:16.7 loading ratio characterized by a
different dominant species. Consequently, the exper-

iment encompasses 15 treatments with three levels of
species richness: 1, 2 and 4 species.

A total of 135 litterbags (15 types × 3 sampling
dates × 3 replicates) were used and harvested after 10,
30 and 90 days of decomposition. All bags were
oven-dried in the laboratory (at 40°C until constant
weight was reached), and the litter was gently brushed
to remove adhering soil debris and then weighed.
Short-term experiments with similar duration have
been previously done to assess the effect of litter
diversity on decomposition in other systems (Briones
and Ineson 1996; Hector et al. 2000). Our study was
specifically designed to represent the decomposition
process occurring in a single season (spring or fall)
when water and temperature are not strong limiting
factors. Previous studies showed that long periods
before litter harvesting could mask differences occur-
ring during the incubation time (McTiernan et al.
1997; Gartner and Cardon 2004). This is why, to
overcome this problem and to reveal details of the
litter nutrient dynamics, we opted for a multiple litter
harvest design within a short time frame.

Litter chemical analyses

The litter nutrients were determined by standard
methods as follow: total C and N contents by flash
combustion of microsamples (5 mg of litter) in an
Elemental Analyser NA 1500 (Carlo Erba Strumenta-
zione, Milan, Italy). K, Ca, Mg and Fe by atomic
absorption spectrometry (Perkin Elmer 3110) using a
flame to atomize the samples, made of 250 mg of
pulverized dried litter solubilized in a mixture of 4 ml
of nitric (65%) and 2 ml of fluoridric acid (50%).

Data analysis

Litter mass loss (%), changes of nutrients concen-
trations (mg g-1), and total litter nutrient content (% of
the initial amount) of monocultures were statistically
evaluated by analysis of variance (ANOVA). Percent-
age data were log-transformed to satisfy the assump-
tion of normality. Regression analysis was used to
assess the relationships between initial litter quality,
i.e. nutrient content, litter mass loss and final nutrient
content. Significance was evaluated in all cases at p<
0.05 and <0.01.

Mixed litter decomposition experimental data were
analysed by using two different approaches. Firstly, a
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general explorative technique was applied by using
Generalized Linear Models (GLM), as recently shown
by Ball et al. (2008). Then, a traditional method was
used to specifically evaluate synergism and antago-
nism of non-additive effects. In this case, litter mass
loss and litter nutrient contents observed in mixtures
have been compared with the values expected from
the component species in isolation (Wardle et al.
1997). For all multiple species mixture, the expected
litter mass loss and nutrient content were calculated as
described by Salamanca et al. (1998) as follow:

EML ¼
XS

i ¼ 1

OMLixPIMi

Where EML is the expected mass loss (%), OMLi is
the observed mass loss (%) in monoculture of species
i and PIMi is the initial proportion of species i in the
mixture. In the same way K, Mg, Ca, N and Fe total
content were calculated using the above formula with
the appropriate substitution made.

Multivariate statistics: testing additive
and non-additive effects

Following Ball et al. (2008), an analysis of variance,
using GLM Type I sums of squares (SS), was
performed to test for additivity and non-additivity of
species effects on litter mass loss and nutrient content.
Our approach slightly differed from that by Ball et al.
(2008), as related to the different experimental design,
regarding the number of litterbag collection dates, and
the combinations of mixed species bags. Replicates
(three levels), collection day (three levels) and pres-
ence/absence of each of the four species were added as
possible predictive factors to the model. A species
interaction term (SpInt) was included to test for non-
additivity. This term had 7 levels, each representing
one of the multi-species mixtures (excluding the four
mixtures with one species dominant). Lastly, time
interactions with block, the species and SpInt terms
were included. A significant SpInt term (and/or its
interaction with time) indicates a significant non-
additive interaction among species, due to richness
and/or composition. To explore these possible drivers
we replaced the SpInt term with a Richness term,
composed of three levels (one, two or four species). In
the absence of a significant effect of Richness or its
interaction with time, a significant SpInt term must

arise through non-additive composition effects. If a
Richness term is significant, a Composition term, with
7 possible levels and thereby equivalent to the SpInt
term, can be added to the model, while retaining
Richness, to evaluate if both non-additive richness and
composition effects manifest. A significant species
term indicated additive effects of that species on decay
dynamics. It follows then that a non-significant species
effect suggests that the species lost is functionally
replaceable by one of the other species used (Larsen et
al. 2005; Suding et al. 2006).

Given the lack of 3-species mixtures, our design is
not full-factorial, as the Ball et al. model intended to
be used. In theory, there could be interactions
occurring in the 3-species mixtures that could
influence the significance of additive or non-additive
composition effects. However, treatments allowed
each species to be equally represented in the model,
as would be true of a full-factorial model, therefore
we feel use of the model is appropriate.

Differences in species abundance were also tested
for significant effects on mass loss and nutrient
content. A model was used, including both evenly-
and unevenly-loaded 4-species mixtures, with SpInt
replaced by a Dominance term, reporting for each
sample the presence/absence of a dominant species. In
case of a significant dominance term, indicating a
non-additive effect of unevenly-loading, a second
model was considered, including only the unevenly-
loaded mixtures, with Dominance term replaced by a
DomSp term, denoting the dominant species in the
mixture, with 4 possible levels. A significant DomSp
term indicates non-additive effects due to species-
loading ratio in the mixtures, not necessarily due to
the dominant species abundance only.

Univariate statistics: testing synergistic
and antagonistic effects

For each litter mixture, paired t-test was used to assess
significant differences between observed and
expected values (Salamanca et al. 1998; Wardle et
al. 2006). Classification of litter interactions about
mass and nutrient loss in the mixtures followed
Gartner and Cardon (2004): additive (no significant
differences between observed and expected values),
non-additive synergistic (observed higher than
expected), non-additive antagonistic (observed lower
than expected).
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Effect of litter mixture on decomposition stability

To assess if litter species richness reduced the variability
of the decomposition process we calculated the coeffi-
cient of variation (CV) among treatments at each
diversity levels (1, 2 and 4 species). This parameter
has been often used as a measure of stability (McCann
2000); for instance, primary productivity variability
along gradients of plant species richness has typically
been assessed in this way (Tilman et al. 2006).

Results

Monospecific litter

Initial litter nutrient concentrations and C/N ratios
significantly varied between species. Concentration of
N, Mg but not Fe was higher for H. helix, followed by
C. emerus, Q. ilex and F. drymeia (Table 1). This rank
was slightly different for Ca and K, showing higher
concentrations in the cases of H. helix and C. emerus
compared to F. drymeia and Q. ilex litters. During
decomposition processes all litter types showed mass
losses with decreasing rates in time (Fig. 1). Decom-
position was very rapid for H. helix and C. emerus
and increasingly slower for F. drymeia and Q. ilex.

The concentration of N, Mg, Ca and Fe in the litter
residuals significantly increased during the 90 days of

decomposition (Table 1). In this period the average
concentration for all species of N, Mg, Ca and Fe
increased of 53%, 128%, 131% and 2,193%, respec-
tively. In contrast, the K concentration significantly
decreased in all species (Table 1), with an average
49% reduction. The C/N ratios decreased for all
species during the decay process, with an average
value of 36.4% reduction (Table 1).

The total litter nutrients content changed in relation
to the considered element and litter types. Concerning
N, only Q. ilex showed a slight immobilization during
the whole decomposition process. After 90 days the N
remaining in the litter of F. drymeia, C. emerus and H.
helix was 76.2%, 29.3% and 14.7%, respectively
(Fig. 1). A rapid K release occurred in all species
during the first ten days of decomposition (Fig. 1),
and the remaining content of this element for H. helix,
C. emerus, F. drymeia and Q. ilex were 6.0, 6.2, 23.9
and 39.9% of the initial amounts respectively.
Concerning the dynamics of the bivalent cations (Ca
and Mg), the species showed different trends (Fig. 1).
H. helix and C. emerus litters released Ca and Mg
during the whole decomposition process with less
than 35% of the initial amount remaining after 90 days
of incubation. Differently, the litters of F. drymeia and
Q. ilex progressively accumulated both Ca and Mg
with values reaching 139.5% and 193.7% of the
initial amount, respectively. Finally, iron showed a
strong accumulation in this experiment with values

Decomposition (days) N (mg g-1) K (mg g-1) Ca (mg g-1) Mg (mg g-1) Fe (mg g-1) C/N

H. helix 0 18.7 a 19.6 a 10.9 a 3.3 a 0.14 a 23.7 a

10 19.9 a 15.6 b 10.8 a 3.7 a 1.09 b 22.2 a

30 23.7 b 13.1 b 18.1 b 5.5 ab 5.5 c 17.4 b

90 26.0 c 11.4 c 28.8 b 7.4 b 9.0 d 16.1 b

C. emerus 0 15.0 a 16.0 a 13.5 a 2.0 a 0.3 a 28.2 a

10 16.8 a 14.1 a 13.3 a 2.3 a 2.3 b 26.1 a

30 14.1 a 7.6 b 18.1 b 3.2 b 4.6 c 30.5 a

90 22.9 b 5.0 b 20.2 b 3.4 b 3.5 c 18.6 b

F. drymeia 0 12.2 a 13.2 a 3.5 a 1.1 a 0.15 a 28.9 a

10 12.4 a 11.6 a 3.3 a 1.4 a 1.2 b 32.5 a

30 16.0 b 6.3 b 7.7 b 2.4 b 3.4c 24.3 b

90 20.7 c 7.0 b 15.1 c 4.2 c 5.4 d 18.4 c

Q. ilex 0 13.9 a 6.9 a 6.7 a 1.8 a 0.19 a 33.6 a

10 16.2 b 5.5 a 6.4 a 2.1 a 0.58 b 30.2 a

30 17.0 b 5.7 a 11.1 b 2.6 ab 1.05 c 27.8 a

90 22.4 c 4.1 b 15.9 c 3.8 b 2.61 d 19.7 b

Table 1 Nutrient concen-
tration and C/N ratio of
four monospecific litters
during the decomposition
process

Within each column and for
each species, lowercase
lettering indicates time-
dependent significant differ-
ences (p<0.05, Duncan test)
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ranging from 222.9% for C. emerus to 1,627.4% for
F. drymeia after 90 days of decomposition. Moreover,
two different patterns were evident with the litters of
F. drymeia and Q. ilex accumulating iron during the
whole decomposition process, while H. helix and C.
emerus showing a peak of accumulation after 30 days
followed by a progressive iron release (Fig. 1).

Mass losses after 90 days were positively correla-
ted with the initial content of all nutrients but for Fe,
and negatively related to C/N ratios (Table 2). For all
nutrients only negative correlations were observed in
the litterbags between initial concentrations and final
contents (Table 2). Highly significant relationships
were found between initial K concentration (negative)
and initial C/N ratio (positive) with final contents of
N, Ca and Mg. Initial N concentration was negatively
correlated with final K and Fe contents. Initial Ca
concentration was negatively correlated with final
contents of all other nutrients. Finally, initial Mg and

Fe concentration showed significant negative correla-
tion only with K (Table 2).

Additivity and non-additivity in mixed species litter

In spite of the caution needed for interpreting our
GLM model results, due to the non- fully factorial
experimental design (see “Data Analysis” section), a
significant SpInt term was recorded, indicating that
litter mixing had non-additive effects on mass loss
(Table 3). This effect appeared as time dependent,
with significant interactions between SpInt and Day.
The replacement of the SpInt term with Richness and
the addition to the model of the Composition term
showed that non-additive effects of species interac-
tions arose both from species richness (F=36.52, p<
0.001) and composition (F=11.04, p<0.001). The
additive effects of the presence/absence of species
were also significant, but this may be due to their role
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Fig. 1 Mass remaining and
nutrient content in mono-
specific litters during the
decomposition process, as a
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tion; ▲: Quercus ilex, *:
Festuca drymeia, ●: Coro-
nilla emerus, ○: Hedera
helix)
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in non-additive interactions. Non-additive effects of
litter mixing on nutrient content were recorded for N,
K and Ca (SpInt term significant at p<0.001, p=
0.002 and p=0.017, respectively, Table 3). The
species-mixing effects on N and K content interacted
with time (Day x SpInt significant, Table 3). About
Mg content, a significant Day*SpInt term (p<0.001,
Table 3) indicated a non-additive interaction. How-
ever, this effect was not noticed in the SpInt term (p=
0.379, Table 3) possibly because it changed direction
through time (e.g. going from synergistic to antago-
nistic or vice-versa). Replacing the SpInt term with
Richness did not identify richness to be driving the
non-additivity for all of the three elements content (N:
F=0.222, p>0.50; K: F=2.127, p=0.15; and Ca: F=
0.0004, p>0.50, respectively), indicating that the non-
additivity was related only to compositional effects
(N: F=7.658, p<0.001; K: F=4.245, p=0.002; and
Ca: F=3.410, p=0.009, respectively). Litter mixing
did not show non-additive effects in relation to Mg
and Fe content (the SpInt term was not significant for
all these elements, Table 3).

As in the case of mass loss, many additive effects
of the presence/absence of species were recorded for
nutrient content (Table 3). In presence of higher-order
interactions (SpInt significant), as in the case of N, K
and Ca, the non-additive effects of species mixing
could explain the significance of the species presence/
absence terms. Thus, these lower-order additive
effects may be less important and are not commented.
In absence of non-additive effects of species mixing
(SpInt not significant), the presence/absence of H.
helix, Q. ilex and C. emerus, had significant additive
effect on Mg content, as well as that of F. drymeia on
Fe. This latter case showed the only interaction
consistent over time (Day x species terms not
significant, Table 3), indicating a more consistent
additive effect, as compared to all the other species on
the other elements.

A non-additive effect of uneven species mixing on
mass loss was recorded, both considering the simple
presence/absence of a dominant species in the four-
species mixtures (Dominance term significant at p<
0.001, Table 3) and the type of loading in the unevenly-
loaded mixtures (DomSp term significant at p=0.005,
Table 3). Both these effects significantly interacted with
time (both Day × Dominance and Day × DomSp terms
significant at p<0.001, Table 3).

In the cases of nutrient content, non-additive effects of
uneven species loading were observed for N and Fe
(Dominance term significant at p=0.027, p=0.011,
respectively, Table 3). The uneven-mixing effects on N
and Fe content were time-independent in both cases,
since no significant interactions between Day and
Dominance terms were recorded (Table 3). Replacing
the Dominance term with the DomSp term identified the
species-loading ratio to be driving the non-additivity for
both the elements content (N: F=5.75, p=0.006; Fe: F=
4.71, p=0.013, respectively), with significant interac-
tions with time (Day x DomSp significant) only in the
case of N. Finally, no significant effects of uneven
species-loading were recorded for K, Ca, and Mg
content (Dominance term not significant, Table 3).

Synergism and antagonism in mixed species litter

Non-additive mass loss effects were found in 33% of
all tested mixtures (11 out of 33 cases, Fig. 2).
Antagonistic responses were more common than
synergistic interactions, with 7 and 4 cases respec-
tively. Significant accelerated decay rate ranged from
2.6% to 58.4% (average 22.1%) compared to the
expected values. The magnitude of antagonistic
interactions ranged from 2.4% to 44.9% (average
15.0%) of expected reduced decay rate (Fig. 2).

The number of species in the litter mixture affected
the outcome of non-additive interactions. Mass loss of
two-species mixtures recorded only antagonistic inter-

Initial N Initial K Initial Ca Initial Mg Initial Fe Initial C/N

Mass loss 0.71 ** 0.95 ** 0.70 ** 0.63 * 0.19 ns -0.91 **

N remaining -0.53 ns -0.98 ** -0.64 * -0.41 ns -0.43 ns 0.92 **

K remaining -0.70 * -0.67 * -0.91 ** -0.63 * -0.73 * 0.57 ns

Ca remaining -0.44 ns -0.88 ** -0.55 ns -0.33 ns -0.37 ns 0.83 **

Mg remaining -0.57 ns -0.89 ** -0.79 ** -0.46 ns -0.61 ns 0.80 **

Fe remaining -0.69 * -0.34 ns -0.88 ** -0.67 ns -0.73 ns -0.23 ns

Table 2 Matrix of Pearson
correlation between initial
litter quality parameters and
mass loss or nutrient content
observed after 90 days of
decomposition

Significance for *p<0.05,
**p<0.01, ns not significant
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Table 3 Summary of the GLM testing for additive and non-additive effects of litter mixing on mass loss and nutrient content. Given
that Type I SS was used, the F-values of the species terms were sensitive to the order in which they were added. The models were re-
run with each of the four species’ presence/absence terms added first. Results for unevenly species-mixing on 4-species samples and
for dominant species on unevenly-loaded mixtures are marked with † and ‡, respectively (for details see text)

d.f. SS MS F p d.f. SS MS F p

Mass remaining N content

Block 2 0.33 0.17 1.45 0.243 2 0.08 0.04 2.25 0.114

Day 2 147.51 73.76 639.33 < 0.001 2 5.22 2.61 145.32 < 0.001

Hedera helix 1 7.981 7.98 69.18 < 0.001 1 0.02 0.02 1.15 0.287

Quercus ilex 1 13.07 13.07 113.32 < 0.001 1 2.97 2.97 165.40 < 0.001

Coronilla emerus 1 10.06 10.06 87.17 < 0.001 1 0.07 0.07 4.17 0.045

Festuca drymeia 1 0.04 0.04 0.39 0.536 1 0.13 0.13 7.05 0.010

SpInt 6 10.58 1.76 15.29 < 0.001 6 0.69 0.12 6.42 < 0.001

Block x Day 4 0.67 0.17 1.45 0.229 4 0.19 0.05 2.67 0.041

Day x H. helix 2 4.52 2.26 19.59 < 0.001 2 0.95 0.48 26.48 < 0.001

Day x Q. ilex 2 2.46 1.23 10.68 < 0.001 2 0.79 0.40 22.13 < 0.001

Day x C. emerus 2 2.18 1.09 9.45 < 0.001 2 0.34 0.17 9.49 < 0.001

Day x F. drymeia 2 0.67 0.33 2.89 0.064 2 0.37 0.19 10.34 < 0.001

Day x SpInt 12 4.04 0.34 2.92 0.003 12 0.58 0.05 2.68 0.006

Residuals 60 6.92 0.11 60 1.08 0.02
†Dominance 1 3.32 3.32 33.15 < 0.001 1 0.20 0.20 5.33 0.027
†Day x Dominance 2 2.77 1.39 13.82 < 0.001 2 0.04 0.02 0.48 0.624
‡DomSp 3 0.48 0.16 5.98 0.005 3 0.24 0.08 5.75 0.006
‡Day x DomSp 6 1.99 0.33 12.49 < 0.001 6 0.68 0.11 7.95 < 0.001

K content Ca content

Block 2 3294.79 0.48 0.75 0.475 2 7.49 3.74 1.54 0.223

Day 2 0.96 600.10 941.36 < 0.001 2 45.02 22.51 9.26 < 0.001

Hedera helix 1 1,200.20 76.43 119.90 < 0.001 1 8.46 8.46 3.48 0.067

Quercus ilex 1 76.43 8.47 13.28 0.001 1 26.96 26.96 11.10 0.001

Coronilla emerus 1 8.47 3.17 4.97 0.030 1 1.54 1.54 0.64 0.429

Festuca drymeia 1 3.17 0.44 0.68 0.411 1 4.68 4.68 1.92 0.171

SpInt 6 0.44 2.48 3.89 0.002 6 41.43 6.91 2.84 0.017

Block x Day 4 14.89 0.76 1.20 0.321 4 5.29 1.32 0.54 0.704

Day x H. helix 2 3.05 41.49 65.08 < 0.001 2 97.85 48.92 20.14 < 0.001

Day x Q. ilex 2 82.97 35.75 56.08 < 0.001 2 49.47 24.73 10.18 < 0.001

Day x C. emerus 2 71.50 3.86 6.06 0.004 2 91.98 45.99 18.93 < 0.001

Day x F. drymeia 2 7.72 0.94 1.47 0.239 2 21.35 10.67 4.39 0.017

Day x SpInt 12 1.87 4.41 6.92 < 0.001 12 52.81 4.40 1.81 0.067

Residuals 60 52.97 0.64 60 145.78 2.43
†Dominance 1 1.80 1.80 1.64 0.210 1 8.98 8.98 2.63 0.114
†Day x Dominance 2 0.38 0.19 0.17 0.844 2 11.12 5.56 1.63 0.211

Mg content Fe content

Block 2 0.24 0.12 1.13 0.331 2 1.00 0.50 0.89 0.418

Day 2 5.53 2.76 25.65 < 0.001 2 10.11 5.06 8.97 < 0.001

Hedera helix 1 3.88 3.88 36.06 < 0.001 1 0.55 0.55 0.97 0.327

Quercus ilex 1 4.15 4.15 38.56 < 0.001 1 0.57 0.57 1.01 0.318

Table 3 Summary of the GLM testing for additive and non-
additive effects of litter mixing on mass loss and nutrient
content. Given that Type I SS was used, the F-values of the
species terms were sensitive to the order in which they were
added. The models were re-run with each of the four species’

presence/absence terms added first. Results for unevenly
species-mixing on 4-species samples and for dominant species
on unevenly-loaded mixtures are marked with † and ‡,
respectively (for details see text)
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actions (6 cases). In contrast, the mixtures of four-
species showed only one case of antagonism and 4
cases of significant synergistic interaction. For in-
stance, the four-species combination with H. helix as
dominant species always showed synergistic interac-
tions. Differently, the combination of H. helix with C.
emerus was antagonistic in two of the three dates.
Litter interaction also changed with time of decom-
position, with additive interactions in the early phases
of decomposition (10 days), progressively becoming
antagonistic at later stages (Fig. 2).

Overall, 39.4% of all mixtures (13 out of 33)
exhibited non-additive dynamics regarding N (Fig. 2).
Antagonistic effects were more common, with 8 cases
compared with the 5 of synergistic interactions. The
reduction of N release compared to monocultures
ranged from 1.8% to 45.9% (average 19.4%). The
magnitude of accelerated interactions ranged from
6.6% to 44.6% (average 12.4%). Species richness of
the mixtures affected the outcome of non-additive
interaction. Two-species mixtures were more com-
monly antagonistic than synergistic (6 and 2 cases
respectively). For instance, the combination Q. ilex—
C. emerus was antagonistic at all dates of decompo-
sition. In contrast, the four-species mixtures showed 2
cases of antagonism and 3 cases of significant
synergistic interactions. The average litter interaction
was generally additive in the early phase of decom-
position (10 days), becoming progressively antago-
nistic during the decay process (Fig. 2).

Concerning K dynamics, 45.5% of all mixtures
(15 out of 33) exhibited non-additive response
(Fig. 2), with synergistic and antagonistic responses
occurring with similar frequency (24.2% and 21.2%
respectively). Significant reduced K release ranged
from 9.7% to 59.0% in comparison with mono-
cultures (average 25.4%), and accelerated K release
ranged from 12.8% to 97.1% (average 26.5%). The
number of species in the mixture affected the
occurrence and sign of non-additive interactions.
Two-species mixtures showed only antagonistic
interactions, while synergistic response were more
common than antagonistic in the four-species mix-
tures. Average litter interactions shifted from antag-
onistic to slightly synergistic during decomposition
(Fig. 2).

In the case of the bivalent cation Ca, non-additive
interactions were recorded in 30.3% of all mixtures
(10 out of 33; Fig. 2), with a more frequent
antagonistic response (18.2.% vs. 12.2%, of synergis-
tic). Significant reduction of Ca release compared to
pure litter ranged from 13.5% to 27.8% (average
17.9%). Differently, accelerated Ca release ranged
from 18.0% to 93.6% (average 40.9%). The species
richness in the mixtures slightly affected the occur-
rence and sign of non-additive interactions with a
large prevalence of no additive cases. However, the
relative occurrence of antagonistic interactions was
more common in two species mixture (Fig. 2).
Average litter interactions shifted from antagonistic

Table 3 (continued)

d.f. SS MS F p d.f. SS MS F p

Coronilla emerus 1 4.14 4.14 38.44 < 0.001 1 1.59 1.59 2.83 0.098

Festuca drymeia 1 0.10 0.10 0.97 0.328 1 8.21 8.21 14.57 < 0.001

SpInt 6 0.70 0.12 1.09 0.379 6 5.40 0.90 1.60 0.164

Block x Day 4 0.68 0.17 1.59 0.190 4 2.55 0.64 1.13 0.351

Day x H. helix 2 6.49 3.25 30.15 < 0.001 2 2.52 1.26 2.24 0.116

Day x Q. ilex 2 2.67 1.34 12.40 < 0.001 2 2.17 1.09 1.93 0.154

Day x C. emerus 2 0.91 0.46 4.22 0.019 2 10.45 5.23 9.27 < 0.001

Day x F. drymeia 2 1.39 0.70 6.45 0.003 2 1.39 0.69 1.23 0.299

Day x SpInt 12 4.47 0.37 3.46 < 0.001 12 5.50 0.46 0.81 0.636

Residuals 60 6.46 0.11 60 33.83 0.56
†Dominance 1 0.72 0.72 3.86 0.058 1 5.16 5.16 7.35 0.011
†Day x Dominance 2 0.10 0.05 0.28 0.759 2 4.25 2.12 3.03 0.062
‡DomSp – – – – – 3 3.31 1.10 4.71 0.013
‡Day x DomSp – – – – – 6 2.97 0.50 2.12 0.102
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to additive and, finally, to synergistic after 10, 30 and
90 days of decomposition, respectively (Fig. 2).

Regarding Mg, 39.4% of all mixtures (13 out of 33)
exhibited non-additive dynamics (Fig. 2) and a similar
frequency of synergic and antagonistic response
occurred (21.2% and 18.2% respectively). Significant
reduction of Mg release compared to pure litter ranged
from 6.1% to 23.0% (average 15.4%). Differently,
accelerated Mg release ranged from 10.0% to 69.1%

(average 27.0%). The occurrence of antagonistic and
synergistic interactions was similar in two- and four-
species mixtures, though the latter case showed a
slightly higher frequency of additive interaction.
Average litter interactions shifted from additive to
slightly antagonistic to synergistic after 10, 30 and
90 days of decomposition respectively (Fig. 2).

About iron, 36.4% of all mixtures (12 out of 33)
exhibited non-additive, synergistic interactions
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(Fig. 2), with no cases of significant antagonistic
interactions. Reduced iron immobilization compared
to monocultures was strong, ranging from 27.6% to
182.2% (average 96.1%). Species richness of the
mixtures did not affect the outcome of non additive
interactions. Two- and four-species mixture accounted
a similar occurrence of synergistic interactions
(38.8% and 41.6%, respectively). However, only for
the combination H. helix—C. emerus the interactions
were synergistic at all dates of decomposition. The
average litter interaction was synergistic at all
decomposition times for this element (Fig. 2).

The loading ratio in the four-species mixtures
affected mass loss and nutrient dynamics. Pooling
mass loss and nutrient dynamics data (n=90), the
mixtures with constant loading ratio showed a
prevalence of additive interactions (78%), and only
few synergistic (11%) and antagonistic (11%) cases.
Similar results were found for the mixtures dominated
by C. emerus (83, 11 and 6% of additive, synergistic
and antagonistic interactions, respectively). In con-
trast, litter mixtures dominated by Q. ilex and H. helix
reported a high frequency of synergistic interactions
(33 and 56%, respectively), with no cases of
antagonism. Finally, the four-species mixtures domi-
nated by F. drymeia showed only antagonistic (22%)
and additive (88%) interactions.

Effect of litter diversity on decomposition stability

The variability among treatments, independently of the
species number in the mixtures, progressively in-
creased during decomposition for mass loss and total
content of K, Ca, Mg, N and to a lower extent for Fe
(Fig. 3). However, the CV was affected by the species
number in the mixture, with highest values always
found for monocultures in comparison with two- and
four-species mixtures (Fig. 3). These patterns were
particularly clear, in decreasing order of importance,
for mass loss and litter contents of N, K, Mg and Ca.

Discussion

Monospecific litter

The decomposition experiment showed a wide range
of litter mass loss and nutrient dynamics, with
significant differences between monocultures of dif-

ferent plant species. Mass loss varied according to
litter quality, showing positive correlation with the
initial contents of N, K, Ca and Mg and a negative
correlation to C/N ratio (Table 2). Such effect of litter
quality is well established for many species in
different ecosystems (Coûteaux et al. 1995; Gholz et
al. 2000). The published literature consistently
reported the N content and the C/N ratio as key
parameters to assess litter decay rate and the related
patterns of nutrient release (Melillo et al. 1982; Berg
and McClaugherty 2003; Parton et al. 2007). A strong
positive correlation between the rate of mass loss and
Ca content has also been reported for many types of
root litters (Silver and Miya 2001).

Mediterranean climate is limiting the litter decay
rates because of both low winter temperatures and
summer drought (Criquet et al. 2004). Our experiment
was purposely carried-out with favourable temper-
atures and no water limitations to reflect typical
spring season conditions. In this work, the decompo-
sition rates of Q. ilex were higher compared to
observations in open field of Southern Italy (Fioretto
et al. 2007; Papa et al. 2008), but they were similar to
others reported in controlled conditions (Cotrufo et al.
1995). The Q. ilex litter used in this study showed a
C/N ratio of 33, comparable with other works
(Cotrufo et al. 1995; Cortez et al. 1996), but of better
quality than the observations by Fioretto et al. (2007)
reporting a C/N of 46. This variability can be
reasonably due to differences of vegetation and soil
fertility: old growth woods over a fertile Volcanic ash
soil in this study and coastal Maquis on a nutrient poor
sandy soil in the previous paper (Fioretto et al. 2007).
Comparative data about C. emerus and F. drymeia are
lacking, while the other only study concerning H. helix
(Badre et al. 1998) reported a relatively rapid decay
rate, but slower than our finding.

Regarding N, with the exception of the immobili-
zation observed for Q. ilex, all species litters released
this element during the whole decomposition process
(Fig. 1). The N dynamics can be interpreted in terms
of critical threshold levels of litter C/N ratio (Berg and
Staaf 1981) above which N is immobilized. Rustad
(1994) reported critical C/N ratios from 30 to 34 for
white pine (Pinus strobus) and red maple (Acer
rubrum) respectively. In our study, all litters with
C/N below 30 showed a continuous release of N
while Q. ilex with a C/N of 33 accumulated this
element. Similar N immobilization for Q. ilex has
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been observed in a range of field conditions (Papa et
al. 2008). In general, organic matter with high C/N
ratios accumulates N because microbes (both bacteria
and fungi) scavenge it from the soil. However, since
decaying organic matter releases carbon at a faster
rate than N, the litter C/N ratio progressively
decreases until a threshold value is attained, then
allowing a direct N release into the soil.

Consistent with published results (Laskowski et al.
1995; Liu et al. 2000), both the concentration and
absolute amount of K progressively decreased in all
litter species (Fig. 1). This rapid K release, in addition
to microbial decomposition, is also due to leaching
(Tukey 1970), reflecting the presence of this element
in plant tissues as a water-soluble salt (Salisbury and
Ross 1985) not bound to complex organic molecules
as it happens for N, Ca and Mg.

Ca and Mg showed similar behaviours with strong
immobilization for the slow decomposingQ. ilex and F.
drymeia, but continuous releases for the rapid decom-
posing H. helix and C. emerus (Fig. 1). Since the

absolute amount of nutrients during decomposition is a
function of both mass losses and changes of nutrient
concentration in the remaining litter, the observed
patterns can be explained by the differences in decay
rates. Although all species showed increasing Ca and
Mg concentrations during the whole decomposition
process, in the cases of H. helix and C. emerus this
accumulation was overbalanced by the rapid mass
losses with resulting net releases. This can be related
with the fact that most Ca in plants is incorporated in
the cell wall structures as calcium pectate (Salisbury
and Ross 1985; Palviainen et al. 2004), which will
require microbial degradation for its release.

The strong Fe accumulation observed in all plant litter
types (Fig. 1) was consistent with previous literature
findings. For instance, Palviainen et al. (2004) found a
532% accumulation of Fe in spruce (Picea abies)
needles after three years, Rustad (1994) reported
accumulation of 870% in red maple leaves (A. rubrum),
while a dramatic Fe immobilization of 1,425% has been
described by Liu et al. (2000) after two years of
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decomposition of Lithocarpus chintungensis litter.
Likely explanations for such Fe accumulation can be
the upward diffusion and transport of smalls particles
from the underlying mineral soil and the litter coloni-
zation by bacteria and fungal hyphae. Throughfall and
stemflow inputs (Rustad 1994) can be excluded in our
study because of distilled water use.

Mixed species litter

Previous studies on the effect of litter mixing on
mass loss and nutrient content reported that non-
additive interactions (synergistic and antagonistic)
were prevalent, with a majority of synergistic effects
(Gartner and Cardon 2004; Hättenschwiler et al.
2005; Hättenschwiler and Gasser 2005; Lecerf et al.
2007). According to the review work by Gartner and
Cardon (2004) ∼50%, ∼30% and ∼20% of reported
cases were synergistic, additive, and antagonistic,
respectively. In our experiment, additive effects were
prevalent, by considering both the GLM results
(additive effects recorded for all variables considered
in the model, and in most species, Table 3) and the
t-tests on expected vs observed pooled data (62.6%,
n=198, Fig. 2). On the other hand, contrary to the
general trends reported in the literature, antagonistic
interactions resulted more common than synergistic
for mass loss and N and Ca contents, but not for K,
Mg and Fe dynamics. A comparative analysis,
between our GLM results and those by Ball et al.
(2008), showed a similar trend of additive and non-
additive effects of litter mixing on N dynamics, but
some differences for mass loss: in this latter case we
observed a significant time-independent non-
additive effect of species interactions, which was
not reported by Ball et al (2008). However, some
important methodological differences between the
two studies should be considered, including the
species selected for litter mixtures, the conditions
of decomposition and, above all, the decomposition
time (90 days and three years, respectively). These
evidences may suggest that non-additive effects of
species mixing on mass loss could be limited to early
stages of decay, whereas species interaction effects
on N content could last for much longer.

Consistently with previous findings (Wardle et al.
2006; Lecerf et al. 2007), this study showed species
identity as the major determinant for both litter mass
loss and nutrient release. Interestingly, the number of

species in the litter mixture seemed to play a
significant role too. Taking into account only the
significant non-additive interactions, the two-species
mixtures mostly showed antagonistic effects, whereas
greater species richness produced a prevalence of
synergistic interactions for mass loss, K, Ca and N
releases. We are not yet able to explain such
contrasting effects observed at different diversity
levels. Further studies are needed to clarify this issue,
to finally assess its ecological consequences in terms
of both plant growth and alteration of the competitive
balance between coexisting species. Unambiguous
reports of positive feedback on plant growth in
presence of mixed litter are almost lacking (Nilsson
et al. 2008). The only evidence supporting this idea
seems that by Conn and Dighton (2000) reporting a
higher proliferation of roots in litterbags with mix-
tures of Pinus rigida and Quercus sp. compared to
those with single species litters.

Our finding of higher mass loss with greater litter
diversity is in agreement with some previous reports
(Hector et al. 2000; Gartner and Cardon 2004;
Hättenschwiler and Gasser 2005; Lecerf et al. 2007;
Kominoski et al. 2007). However, several other
studies found no positive relationships between litter
diversity and litter decay rate (Chapman et al. 1988;
Wardle et al. 1997; Schädler and Brandl 2005; Wardle
et al. 2006; Vivanco and Austin, 2008), or even a
slower decay rate in mixtures (Swan and Palmer
2004). An increased breakdown rate with higher litter
diversity could be related to a more efficient nutrient
transfer and a greater habitat complexity. This would
sustain a higher diversity of the decomposer commu-
nity, enhancing the decomposition rate by the conse-
quent more complete and efficient use of resources.

The large majority of studies have used evenly-
loaded species mixtures, often with a variable
response to the use of different masses of each litter
type (Salamanca et al. 1998; Fyles and Fyles 1993).
Our results indicate that litter mixtures with uneven
loading ratio, but the same specie richness and
quality, behave in completely different ways. For
instance, four species-mixture dominated by H. helix
and F. drymeia reported a significant occurrence of
synergistic and antagonistic interactions, respectively,
for both mass loss and N release. These results
suggest that, in future mixed-litter experiments,
setting up a species-loading ratio resembling the
natural community conditions is an essential to
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predict the effects of litter mixing in the field (Gartner
and Cardon 2004). Indeed, these evidences all
together illustrate a variable and apparently idiosyn-
cratic response of litter decay rate and nutrient release
to litter diversity. The poor knowledge of the
mechanisms behind these processes and the lack of
adequate related experimental tests (Gartner and
Cardon 2004) indicate the urgent needs for further
studies on this issue, following some recent papers in
which litter quality, soil fauna (Hättenschwiler and
Gasser 2005), and locally evolved microbial commu-
nities (Ayres et al. 2009) are reported to be involved
in the observed variability of diversity effects.

This work showed that the variability of the
decomposition processes was considerably reduced
by increasing species richness (Fig. 3). This was
evident both in terms of mass loss and nutrients
dynamics. Similar results about mass loss have been
found for other ecosystems (Schädler and Brandl
2005; Lecerf et al. 2007; Keith et al. 2008;
Hättenschwiler and Gasser 2005) while, to our
knowledge, this was not previously reported for
nutrients dynamics. A reduced variability among
treatments could be simply related to a mathematical
averaging effect producing a greater similarity in
mixtures (Lecerf et al. 2007; Keith et al. 2008) which
not necessarily would imply a greater stability of
ecosystems properties. This might seem a trivial issue
since a mixture can be expected to show intermediate
properties compared to monospecific litters (Hät-
tenschwiler and Gasser 2005). However, a lower
variability, by increasing the output reliability, can
bear some potentially important consequences on
ecosystem functioning, because of a higher probabil-
ity of positive ecological performances (Schädler and
Brandl 2005) with increasing species richness
(Fukami et al. 2001). Dominance by a single species
with either rapid or low litter decomposition rates
would respectively produce intense flux and immobi-
lization of nutrients, with relevant direct effects on
nutrient supply and consequences on forest produc-
tivity. On the other hand, a rich species assemblage
encompassing a broad spectrum of litter quality does
provide a more uniform nutrients availability to plants
with likely beneficial effects on system productivity.
Further, a stable nutrient supply might be more
beneficial for plants, which can likely exploit them,
than for microbial communities better adapted to
irregular resources supply (Bardgett et al. 2008).

Some authors (Seastedt 1984; Chapman et al. 1988;
Wardle et al. 1997) suggested that the presence in the
mixtures of high quality litters (low C/N ratio and high
N content) would enhance the decomposition of other
poor quality materials. Wardle et al. (1997) argued that
the effect of litter mixing would be greater when
contrasting litter qualities are mixed, but some eviden-
ces from other studies are controversial with this
hypothesis (Hoorens et al. 2003; Wardle et al. 2006).
Chapman and Koch (2007) reported that mixtures of
functionally similar conifer species litter decomposed
up to 50% faster than expected from rates of the
individual species alone, whereas more functionally
diverse mixtures of litter, including deciduous species,
did not show synergistic effects during decomposition.
Also this work support this idea because litter mixtures
with contrasting quality did not account for higher
frequency of non-additive interactions compared to
more homogeneous combinations (data not shown).
For instance, the uniform, high-quality litter mixture
between C. emerus and H. helix showed a strong
antagonistic interaction while the contrasting quality
between C. emerus and F. drymeia mixture showed
additive mass loss contrary to the expected.

Conclusion

The rates of nutrients release followed the sequence
K>N>Mg≥Ca>>Fe for all leaf litter types. This study
showed that in the early stage of the decomposition
process mineral nutrients are continuously released by
both the slow decomposing F. drymea (N and K) and
Q. ilex (only K), and the fast decaying H. helix and
C. emerus (N, K, Ca and Mg). Considered that nutrient
release starts immediately after leaf shedding, the
occurrence of H. helix in woodlands might play a
peculiar positive role at ecosystem level. This because
the different phenology of this vine (leaf litter partially
shed in spring), coupled with its rapid decomposition
rate, can produce a consistent nutrient flux synchronized
with the forest growth season (Badre et al. 1998). This
result can be relevant considering that litter is one of the
most important sources for plant mineral nutrition.

This study, the first reporting on Mediterranean
species, contributes to the debate about whether plant
species diversity affects the litter decay rate and the
related nutrient release (Gartner and Cardon 2004;
Hättenschwiler et al. 2005). The results provided
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evidence that, at least at early stages of decay, litter
quality is the most important factor affecting mass
loss and nutrient dynamics, but litter diversity was
also shown to clearly affect the rate of these processes
as well as reducing their variability. The most
interesting point from this research was the positive
relationship between litter diversity and the release of
important nutrients (N, K, Ca and Fe). Future studies
should improve the understanding of the role of litter
diversity on ecosystem functions. This should be
achieved by focusing on the role of specific litter
quality traits, and of composition and diversity of the
decomposer communities, in order to reveal the
mechanisms determining the apparent idiosyncratic
effects observed in litter mixtures.
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