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Unlike Eucalyptus monocultures, nitrogen fixing trees are likely to improve the soil nutrient status
through the decomposition of N-enriched litter. The Home Field Advantage (HFA) hypothesis states that
plants can create conditions that increase the decomposition rates of their own litter. However, there
may not be any HFA when most of the decomposers are generalists. A reciprocal transplant decomposi-
tion experiment of fine roots and leaves of Acacia mangium and Eucalyptus grandis was undertaken in
monocultures of these two species to test the HFA hypothesis using a complete randomized design with
three blocks. Three litterbags containing leaf or fine root residues of each species were collected every
3 months from each plot over 12 months for fine roots and 24 months for leaves. The litter mass and
C, N and P concentrations were measured at each sampling date. The concentrations of C-compounds
were measured 0, 12 and 24 months from the start of the experiment. There was no evidence of HFA
for either the leaves or the fine roots of either species. The decomposition rates were slower for Acacia
litter than for Eucalyptus litter even though initial N concentrations were 1.9–2.9 times higher and P con-
centrations were 1.5–3.3 times higher in the Acacia residues. N:P ratios were greater than 20–30 for the
residues of both species, with the highest values for Acacia. Litter decomposition depended partly on the
C quality of the litter, primarily in terms of water soluble compounds and lignin content. As shown
recently in tropical rainforests, these results suggest that the activity of decomposers is limited by energy
starvation in tropical planted forests. Decomposer activity may also have been limited by P availability
which may not have been directly related to the P concentrations or C:P ratios in the residues.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Eucalyptus grandis Hill ex Maid is native to Australia and Acacia
mangiumWild is native to Australia and Indonesia. They are widely
planted in tropical regions to produce pulp and paper, firewood
and charcoal (FAO, 2010; Harwood and Nambiar, 2014; Nambiar
and Harwood, 2014). In comparison with Eucalyptus, A. mangium
stands have a higher soil N availability, through the decomposition
of N-enriched litter (Voigtlaender et al., 2012; Koutika et al., 2014),
as well as a higher diversity of soil fauna and microbial communi-
ties (Bini et al., 2013a; Rachid et al., 2013, 2015). A monospecific
rotation of A. mangium after a certain number of monospecific
E. grandis rotations could help to maintain plantation soil fertility
in a way that is compatible with commercial forestry practices.
In south-east Brazil, the N soil deficit increases by 150–
250 kg ha�1 rotation�1 in non-N fertilized E. grandis plantations
and N2 fixation in pure A. mangium plantations varies from 250
to 850 kg N ha�1 rotation�1 (Bouillet et al., 2014). As for mixed
plantations, replacing one species by another may also have a sig-
nificant effect on the dynamics of residue and litter decomposition,
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and, therefore, nutrient cycling and carbon sequestration (Xiang
and Bauhus, 2007; Forrester et al., 2013; Wu et al., 2014).

Litter decomposition rates vary as a function of litter chemical
composition, activity and composition of decomposer communi-
ties, and environmental conditions (Hobbie, 2000; Makkonen
et al., 2012). The Home Field Advantage (HFA) hypothesis (Gholz
et al., 2000) states that plants may create specific conditions that
increase the rate of decomposition of their own litter (Vivanco
and Austin, 2008; Cizungu et al., 2014). This suggests specialization
of the local decomposer community to the characteristics of this
litter (Strickland et al., 2009), possibly because the decomposers
in the litter environment have specific metabolic capacities
(Wickings et al., 2012) and there is transfer from the microbial
communities in the phyllosphere (Austin et al., 2014). HFA could
also be linked to the attraction of specific soil fauna, to differences
in mycorrhizal associations or to differences in the amount and
characteristics of rhizodeposition between species (Berg and
Smalla, 2009; Cesarz et al., 2013; Austin et al., 2014).

However, several studies have not found supporting evidence
for the HFA hypothesis (Chapman and Koch, 2007; Veen et al.,
2015) with decomposers showing little preference for litter from
different sources (Makkonen et al., 2012). The substrate quality/
matrix quality interaction (SMI) hypothesis based on a continuum
from positive interaction to negative interaction between particu-
lar types of litter and particular decomposer communities
(Freschet et al., 2012b) suggests that some types of litter may
decompose more slowly in the home field. For a given species of
plant, SMI predicts the existence of a Home Field Advantage when
the qualities of the decomposing residues (substrate) and the litter
layer (matrix) are more similar under stands of that species than in
other environments. If the qualities are less similar in the home
field, the decomposition rates should be lower.

Litter nutrient concentrations and stoichiometry are likely to
have a significant effect on the abundance and activity of decom-
posers and, therefore, on decomposition rates (Melillo et al.,
1982; Manzoni et al., 2010; Mooshammer et al., 2012). Positive
correlations between decomposition rates and N and P concentra-
tions were found in a review of 256 studies of the decomposition of
plant litter from terrestrial and aquatic environments (Enriquez
et al., 1993), and in a meta-analysis of 66 leaf litter decomposition
experiments on six continents (Cornwell et al., 2008). Decomposi-
tion rates are usually negatively correlated with the C:N ratio
(Melillo et al., 1982) and C:P ratio (Enriquez et al., 1993). However,
no significant correlation was found between the decomposition
rates and C:N ratios for residues of 37 crops (Jensen et al., 2005),
and C:P ratios for Fagus sylvatica leaf litter (Mooshammer et al.,
2012). Some studies have also reported positive correlations
between C:N and decomposition rates (Gödde et al., 1996; Berg
and Matzner, 1997; Michel and Matzner, 2002; Berg and
McClaugherty, 2003; Craine et al., 2007). Microbial communities
respond differently to different litter N:P ratio. Fungi become
P-limited at higher N:P ratios than bacteria (Güsewell and
Freeman, 2005). The critical N:P ratio at which litter decomposition
shifts from P-limited to N-limited depends on the type of litter (e.g.
leaves vs roots) (Vivanco and Austin, 2006) and on the overall
nutrient availability (Güsewell and Gessner, 2009).

Carbon compounds have also been identified as drivers of litter
decomposition in forest ecosystems (Hättenschwiler et al., 2011).
Decomposition rates of leaf litter for six tropical rain forests spe-
cies were negatively correlated with the initial lignin concentration
(Butenschoen et al., 2014). Lignin was also found to reduce the
decomposition rates of stems, leaves, fine roots and reproductive
organs of 40 forest species (Freschet et al., 2012a). The concentra-
tion of condensed tannins was one the three main traits controlling
the leaf decomposition rates of 16 woody plant species in a fully
reciprocal litter transplant study conducted from the subarctic to
the tropics (Makkonen et al., 2012). The two other traits were leaf
water saturation capacity and leaf magnesium concentration. The
inhibition of litter decomposition by polyphenols was observed
for conifer species growing on infertile acid soils in North Califor-
nia (Northup et al., 1995) as well as by condensed tannins for var-
ious tree species in French Guyana (Coq et al., 2010).
Hättenschwiler et al. (2011) put forward a ‘‘litter perspective” with
a syndrome of poor litter C quality in tropical rainforests. Slow lit-
ter decomposition observed in Amazonian rainforests is partly
explained by the low concentrations of easily accessible energy-
rich C compounds leading to energy starvation for decomposers
(Hättenschwiler and Bracht Jørgensen, 2010).

This study set out to test the HFA hypothesis for litter composed
of leaves and fine roots of two tropical tree species with contrast-
ing biochemical properties: A. mangium and E. grandis (Bernhard-
Reversat and Schwartz, 1997; Voigtlaender et al., 2012). So far as
we are aware, only three studies have tested the HFA hypothesis
for fine roots and the results do not show a clear pattern (Gholz
et al., 2000; Freschet et al., 2012b; Osanai et al., 2012). Although
litter decomposition can be controlled by specific mechanisms in
tropical regions (Hättenschwiler and Bracht Jørgensen, 2010;
Hättenschwiler et al., 2011), only a few studies have tested the
HFA hypothesis in tropical forests (Wang et al., 2013; Veen et al.,
2015). Reciprocal root and leaf litter transplant experiments in
tropical regions are, therefore, needed to test the generality of
the HFA hypothesis. Furthermore, the decomposition of E. grandis
and A. mangium litter has never been monitored at the same time
in the same stands.

Litterbags of E. grandis and A.mangiumwere placed in monocul-
tures of each species. The litter decomposition was monitored over
12 months for fine roots and 24 months for senesced leaves. This
study set out to test the hypotheses that (1) HFA leads to a faster
decomposition of the litter of each species in its own monoculture
and (2) decomposition of N-rich A. mangium litter is faster than
decomposition of N-poor E. grandis litter.
2. Material and methods

2.1. Study site

The study was carried out at the Itatinga experimental station
of São Paulo University (23�020S, 48�380W). Over the two years of
the experiment, the mean annual rainfall was 1535 mm and the
mean annual temperature was 20.4 �C. Temperature and rainfall
were low during the dry season, from June to September (mean
temperature: 16.5 �C; rainfall: 259 mm). The experiment was
located on the top of a hill (slope < 3%) at an elevation of 860 m asl.
The soils were Ferralsols (FAO classification), developed on creta-
ceous sandstone, Marília formation, Bauru group. The soils had
low clay content (�12%) and very low CEC, <2 cmolc kg�1 soil in
the 0–15 cm soil layer (Voigtlaender et al., 2012).
2.2. Experimental layout

The study was carried out in a field trial comparing monocul-
tures of A. mangium (A) and E. grandis (E) (Table 1). This trial (com-
plete randomized block design with four blocks) was set up in May
2003 on an area that had previously been managed with Eucalyptus
for 60 years (see Bouillet et al., 2013 for a detailed description of
the experimental layout). Within each block there were plots with
A. mangium monoculture, E. grandis monoculture and mixed plan-
tations of A. mangium and E. grandis. Each plot was 30 m � 30 m
with an inner plot 18 m � 18 m with two buffer rows. The trees
were planted at a density of 1111 trees ha�1 (3 m � 3 m spacing).
Fertilizer (P, K, Ca, Mg and micro nutrients) was dug into the soil



Table 1
Treatments depending on the types of litter, and on the monocultures where the
litterbags were placed.

Litter types Monocultures

Acacia (A) Eucalyptus (E)

Acacia leaves (LA) LAA LAE
Eucalyptus leaves (LE) LEA LEE
Acacia roots (RA) RAA RAE
Eucalyptus roots (RE) REA REE

LAA: Acacia leaves decomposing in Acacia monoculture; LAE: Acacia leaves
decomposing in Eucalyptus monoculture; LEA: Eucalyptus leaves decomposing in
Acacia monoculture; LEE: Eucalyptus leaves decomposing in Eucalyptus monocul-
ture; RAA: Acacia roots decomposing in Acacia monoculture; RAE: Acacia roots
decomposing in Eucalyptus monoculture; REA: Eucalyptus roots decomposing in
Acaciamonoculture; REE: Eucalyptus roots decomposing in Eucalyptusmonoculture;
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at the bottom of the trees. No N fertilizer was applied. The plots in
this first six year rotation of the trial were clear cut in May 2009.
Only the boles were harvested and the residues were spread uni-
formly over each plot. A. mangium and E. grandis seedlings were
re-planted in the same planting rows in the same plots in Novem-
ber 2009, following the same experimental design and protocol.
This litter decomposition study was carried out from October
2010 to October 2012 in A and E in three of the blocks. The mean
concentrations of C, N and P in the 0–10 cm soil layer were compa-
rable in the two monocultures with values of 1.1% in A and 1.2% in
E for total carbon, 0.06% for both A and E for total N, and 5.7 lg g�1

in A and 5.8 lg g�1 in E for available P (Voigtlaender et al., 2012;
Bini et al., 2013a). The C:N ratio averaged about 23 in both mono-
cultures, and pH (CaCl2) was 3.9 in A and 4.0 in E. In October 2010,
the mean tree height was 2.4 m for A. mangium and 3.4 m for E.
grandis.
2.3. Plant material and litter decomposition

Freshly senesced leaves and fine roots (diameter < 2 mm) were
collected from 6-year-old A. mangium and E. grandis stands adja-
cent to the experimental blocks. The litter material was air-dried
immediately upon collection in the field and stored in dry condi-
tions in the dark until the start of the experiment. Leaves showing
signs of damage, fungal or herbivore attack were removed. Petioles
were kept as part of the leaves. The litterbags (2 mm rigid nylon
mesh) were 20 cm � 30 cm for Acacia leaves (LA), and
15 cm � 15 cm for Eucalyptus leaves (LE) and for the fine roots of
both species (RA and RE). The litterbags were filled with 10 g of leaf
litter or 7 g of fine roots. The plant material was inserted in the
dimension it was naturally, with leaves ranging from 20–30 cm
and 10–15 cm in length for LA and LE, respectively. The 2 mm
mesh size provided access for microbes and soil microfauna and
mesofauna (Bradford et al., 2002). Ten grams of leaf litter repre-
sents about 40% of the mean annual leaf litterfall on a ground area
of 20 cm � 30 cm for A and 100% of the litterfall on 15 cm � 15 cm
for E (Nouvellon et al., 2012). Seven grams of root litter repre-
sented about 60% of the mean annual fine root production in a
15 cm � 15 cm ground area for A and 45% for E (Nouvellon et al.,
2012). The litterbags of each species (i.e. A.mangium and E. grandis)
were placed in each monoculture (i.e. A and E) in three different
blocks, creating a reciprocal litter transplant experiment with four
treatments for each type of residue (leaf or fine root) (Table 1).

In each plot (1 monoculture in 1 block), 8 litterbags of leaves
from each species were placed on the forest floor close to 3 differ-
ent trees of average size (24 litterbags per plot for the leaves from
each species). These litterbags were secured at their corners with
stainless steel nails. Four litterbags of fine roots from each species
were buried at a depth of 5 cm in the soil, about 10 cm from the
litterbags with the leaves from the same species. The litterbags
were distributed to cover the spatial variability relative to the
trees. The lower edges of plastic boards 20 cm high were sunk in
the soil down to a depth of 15 cm between the litterbags with litter
from different species to prevent cross infection by fungus hyphae.
In total, there were 288 litterbags with leaves (2 leaf species � 8
positions relative to the trees � 3 trees � 2 monocultures � 3
blocks) and 144 litterbags with fine roots (4 positions instead of
8). The litterbags with fine roots were collected 92, 181, 275,
367 days after installation, and litterbags with leaves were col-
lected 92, 181, 275, 367, 464, 549, 640, 725 days after installation.
Fine root decomposition was measured over a period of 12 months
only, as preliminary results showed rapid root decay and a high
level of soil contamination in the root litter after 1 year.

2.4. Chemical and C-compound analyses

In the laboratory, leaves remaining in the litter were carefully
brushed and fine roots were gently rinsed in tap water and cleaned
by hand to remove soil particles and exogenous material. The
leaves and fine roots were dried for 4 and 7 days, respectively.
The drying temperature was 65 �C for chemical analyses and
40 �C for C-compound analyses (Van Soest, 1964). The initial dry
matter and C, N and P concentrations were determined for 9 sam-
ples of each type of litter. The ash content was determined by heat-
ing sub-samples at a 500 �C in an oven for 4 h and the ash content
was used as a correction to determine the ash-free dry mass and
chemical properties. C and N were determined by TruSpec Micro
CHN elemental analyzer (LECO, St. Joseph, Michigan, USA). Phos-
phorus was determined after nitric acid digestion by UV spec-
trophotometer (Hitachi, U2001, Tokyo, Japan) using the
molybdovanadate method. C-compound analyses were performed
at the start of the experiment on five samples of leaves and fine
roots from each species. One composite sample of the roots and
of the leaves of each species, from the monocultures of each tree
species in each block, was analyzed at 367 days. One composite
sample of the leaves of each species, from the monocultures of
each tree species in each block was analyzed at 725 days. For a
given species and type of residue, the variability between mono-
cultures of the different tree species (2) and between the blocks
(3) was low. The results were, therefore, grouped by type of residue
for each species (giving 6 replicates for each of LA, LE, RA, and RE at
367 days, and 6 replicates for LA and LE at 725 days). The water
soluble compound (WSC) concentration was determined by col-
orimetry after extraction in water. The concentrations of cellulose,
hemicellulose and acid unhydrolyzable residue (AUR, as a measure
of lignin, Van Soest, 1964), were determined by successive extrac-
tions with acid detergent. After extraction in acetone solution, the
total phenols were assayed using the Folin–Ciocalter method, total
tannins were assayed using polyvinylpyrrolidone (PVPP) and con-
densed tannins were assayed using butanol-HCl (Makkar et al.,
1993).

2.5. Data analyses

The litter mass was expressed as a percentage of the initial
oven-dried litter weight. For each type of residue, the variances
of the remaining mass, N, P and the C:N, C:P and N:P ratios were
analyzed for each collection date using a linear model (model 1).
A linear mixed model (model 2) was used to test the effects on
the remaining mass of the monocultures, the residue species, the
block and the interaction between monocultures and residue spe-
cies as fixed effects, as well as the collection dates and the interac-
tion between collection dates and monocultures, and between
collection dates and residue species as random effects. Residuals
were modeled by a first order autoregressive correlation model
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to account for the correlations between collection dates. The best
model using Akaike Information Criterion (AIC) was selected. For
a given type of residue, the existence of HFA was observed if the
interaction between monocultures and residue species was signif-
icant and if the remaining mass for a given residue species was sig-
nificantly lower in the monoculture of that species than in the
monoculture of the other species. The Generalized Linear Model
(GLM) procedure of SAS 6.11 was used (SAS Institute, Cary, NC,
USA) for the fixed effects models. The ASReml statistical package
(Gilmour et al., 2005) was used for the linear mixed models. The
homogeneity of variances was tested by Levene’s test, and the nor-
mal distribution of residuals was tested with the Shapiro–Wilks
test. The values of the remaining mass and the residue quality vari-
ables (e.g. lignin, cellulose) were Arsin(sqrt)-transformed to stabi-
lize variances. Bonferroni’s test was used for multiple comparisons
for fixed effects models. Wald’s test was used for mixed effects
models. The significance level was 0.05.

3. Results

3.1. Decomposition

Leaf decomposition was not significantly affected by the tree
species in the monoculture, regardless of the leaf species and the
sampling date (model 1), except that the decomposition rate of
LEE was greater than LEA at 464 days (Fig. 1a). The remaining mass
was significantly lower for Eucalyptus leaves than Acacia leaves at
the first two collection dates. At 181 days, the remaining mass
was on average 63% of the initial dry matter for Eucalyptus leaves
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Fig. 1. Percentage of the initial mass remaining during decomposition for leaves (a) and
monocultures where the residues decomposed. The treatments are defined in Table 1. Sta
(n = 9). Different letters indicate significant differences between treatments for each sam
are missing.
and 88% for Acacia leaves. The remaining mass was still lower
thereafter for Eucalyptus leaves than for Acacia leaves falling to
38% and 41% of the initial dry matter at 725 days, respectively.
Consistently, the overall pattern of decomposition of Eucalyptus
leaves and Acacia leaves was significantly different over the study
period (model 2) (F = 30.39; P < 0.001). The Eucalyptus leaves had a
higher initial decomposition rate while the Acacia leaves decom-
posed more steadily over the two years. The effect of the monocul-
ture on mass loss and the interaction between monoculture and
residue species were not significant.

As for leaves, fine root decomposition was not significantly
affected by the species in the monoculture, regardless of the root
species and sampling date (model 1), except that the mass loss of
RAA was less than RAE at 181 days (Fig. 1b). Fine root decomposi-
tion was not significantly different between the two root species,
except at 275 days when the remaining mass was significantly
lower for REA and REE than for RAA. However, Eucalyptus fine roots
decomposed slightly faster than Acacia fine roots with, on average,
a remaining mass at 367 days of 29% and 36% for Eucalyptus and
Acacia fine roots, respectively. The root species and monoculture
did not significantly affect the fine root decomposition (model 2).
There was a significant interaction between the monoculture and
the root species (F = 5.32;p = 0.025) shown by a global higher
remaining mass for RAA than for the other treatments.

3.2. Nutrient concentrations and nutrient stoichiometry

N concentrations were significantly higher within Acacia resi-
dues than Eucalyptus residues, and increased with time in all cases
LAE
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fine roots (b) for A. mangium and E. grandis residues in A. mangium and E. grandis
ndard deviations are shown for each sampling day after the start of the experiment
pling day after the start of the experiment (P < 0.05). The values for RAA at 92 days
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(Fig. 2a and b). From the start of the experiment to the end (at
725 days) the N concentration increased from 1.6% to 2.8% in Aca-
cia leaves and increased from 0.8% to 1.8% in Eucalyptus leaves.
From the start of the experiment to 367 days (the last sampling
date for root residues), the N concentration increased from 2.3%
to 3.3% in Acacia fine roots, and from 0.8% to 2.0% in Eucalyptus fine
roots.

The initial P concentration was higher in Acacia residues than in
Eucalyptus residues (Fig. 2c and d). From 92 days onwards, the P
concentration in Acacia leaves and Eucalyptus leaves was similar
and increased over the 2 years of decomposition. There was a
marked decrease in the P concentration at 92 days in Acacia roots.
However, the P concentration was again higher in Acacia roots than
in Eucalyptus roots at 275 and 367 days.

While the initial C:N and C:P ratios were significantly higher for
Eucalyptus residues than Acacia residues, over the study period
only the differences in the C:N ratio were significant (Fig. 3a–d).
The C:N ratios of Eucalyptus residues halved over the study period,
from 71 to 33 for Eucalyptus leaves, and from 62 to 29 for Eucalyp-
tus fine roots. The C:N ratio for Acacia residues decreased much less
over the study period, from 34 to 22 for Acacia leaves, and from 22
to 18 for Acacia roots. From 92 days onwards, there was no consis-
tent pattern for the C:P ratios.

The N:P ratios tended to be higher in Acacia leaves than in Euca-
lyptus leaves with significant differences at the start of the experi-
ment and at most sampling dates (Fig. 3e). The initial N:P ratios in
Acacia fine roots (21) and Eucalyptus fine roots (22) were not signif-
icantly different. The N:P ratios at 92 days in Acacia fine roots were
significantly higher reaching a peak value of 63. The highest N:P
ratios were for RAA (Fig. 3f). In contrast, the N:P ratios in Eucalyptus
fine roots stayed between 20 and 37 over the study period.
a

b

Fig. 2. N and P concentrations of leaves (a, c, respectively) and fine roots (b, d, respectivel
grandis monocultures where the residues decomposed. The treatments are defined in T
experiment (n = 9). Different letters indicate significant differences between treatments
3.3. Carbon compounds

The initial carbon compound concentrations in the Acacia resi-
dues and Eucalyptus residues were markedly different. Concentra-
tions of water soluble compounds (WSC), total tannins and total
phenolics were significantly lower in Acacia leaves than in Eucalyp-
tus leaves (Fig. 4) while Eucalyptus leaves had significantly lower
concentrations of AUR and condensed tannins. The concentrations
of WSC, total and condensed tannins, and total phenolics decreased
markedly in the residues of both species over the first year of
decomposition. The concentration of cellulose decreased steadily
over the study period, from 22% to 5% at 724 days in Acacia leaves,
and from 22% to 4% at 724 days in Eucalyptus leaves. The concen-
tration of hemicellulose also decreased in Acacia leaves, from 14%
to 8% at 724 days while the concentration of hemicellulose in Euca-
lyptus leaves remained at about 8–9% over the study period. There
was no marked change in AUR concentration over the study period
with a small decrease (from 37% to 33%) in Acacia leaves and a
slight increase (from 20% to 25%) in Eucalyptus leaves.

The concentrations of WSC, cellulose, total and condensed tan-
nins and total phenolics were significantly lower and the concen-
tration of hemicellulose was significantly higher in Acacia fine
roots than in Eucalyptus fine roots (Fig. 5). The concentrations of
AUR in Acacia fine roots and Eucalyptus fine roots were similar.
As shown for leaves, the concentrations of WSC, total and con-
densed tannins, and total phenolics were very low after one year
of decomposition. From the start of the experiment to 367 days,
the concentration of cellulose decreased from 31% to 13% in Acacia
fine roots and from 39% to 16% in Eucalyptus fine roots. The concen-
tration of hemicellulose decreased from 11% to 8% in Acacia fine
roots and from 9% to 7% in Eucalyptus fine roots. The concentration
c

d

y) during decomposition, for A. mangium and E. grandis residues in A. mangium and E.
able 1. Standard deviations are shown for each sampling day after the start of the
for each sampling day after the start of the experiment (P < 0.05).
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of AUR at 367 days was 24% in Acacia fine roots and 20% in Eucalyp-
tus fine roots.
4. Discussion

4.1. Effect of the monoculture on litter decomposition

This study did not confirm the first hypothesis as no HFA was
observed. The residue decomposition was not affected by the tree
species in the monoculture for either roots or leaves of either spe-
cies. This result was obtained despite an experimental design that
was well suited to demonstrating HFA, as the litter had very differ-
ent characteristics (Ayres et al., 2009) and the ecosystems were
dominated by single plant species (Vivanco and Austin, 2008).
However, it cannot be discounted that Acacia might not have
demonstrated HFA because the time since the start of the first Aca-
cia rotation (in May 2003) was not long enough to allow the
decomposers to become specialized for Acacia residues, or because
the study was conducted in an area to which the species was not
native. This is unlikely to be the case for Eucalyptus since the exper-
imental site had been cultivated with eucalypts for 60 years before
the trial was set up. Previous studies in the same experimental trial
showed that replacing Eucalyptus by Acacia trees rapidly led to
drastic changes in N cycling and microbial communities and their
activity, suggesting that, even for the Acacia plantations, there
should have been sufficient time for the decomposer community
to adapt to Acacia residues. Soil N mineralization was twice as high
in Acacia monoculture (A) than in Eucalyptus monoculture (E) dur-
ing the last two years of the first Acacia rotation (Voigtlaender
et al., 2012). The microbial biomass, microbial C:N ratio, microbial
respiration, soil bacteria abundance, and soil dehydrogenase activ-
ities were significantly higher in A than in E 14 months after the
start of the second Acacia rotation (Bini et al., 2013a,b). In contrast,
soil fungi abundance was lower in A than in E (Bini et al., 2013b).
The soil bacterial and fungal communities had distinctly different
structures in A and E (data not shown) as found in another area
of Brazil, two years after afforestation (Rachid et al., 2013, 2015).
Where HFA has been observed, it appears rapidly (1–2 years) in
forest ecosystems (Ayres et al., 2009), which suggests that the
length of our study was sufficient. Contrary to other studies (e.g.
Vivanco and Austin, 2008), the lack of HFA showed that the direct
control of litter properties on decomposition was stronger than the
effects of the soil biota and environment. These results seem con-
sistent with recent studies at a global scale showing that litter
decomposers have a high metabolic flexibility (Makkonen et al.,
2012).

HFA could be considered as a special case of the substrate qual-
ity/matrix quality interaction (SMI) hypothesis (Freschet et al.,
2012b) for leaf litter. The quality of the decomposing residue (sub-
strate) and the litter layer (matrix) is basically represented by the
lignin content and an integrative indicator of carbon/nutrient eco-
nomics (including the N concentration and the C:N ratio). This is
confirmed by the more complete decomposition of Fagus sylvatica
leaves at sites where the C:N ratios of the humus were closer to
that of the initial litter (d’Annunzio et al., 2008). The results for
the decomposition of Eucalyptus leaves did not support the SMI
hypothesis. If the SMI hypothesis was valid, HFA should have been
observed for Eucalyptus leaves as their quality was closer to that of
the soil litter in E than in A. The initial N and C:N ratios were 1.6%
and 71 in the Eucalyptus leaves, while the N and C:N ratios in the
litter layer were 1.3% and 33 in E, and 2.6% and 21 in A (Bini
et al., 2013a). Because the lignin concentration in the Eucalyptus
leaves did not change much during decomposition, the lignin con-
centration in the Eucalyptus leaves was also likely to be closer to
that of the soil litter in E than in A.
4.2. Litter decay and litter traits

Contrary to the second hypothesis, the early decomposition was
markedly slower for Acacia leaves than for Eucalyptus leaves,



0
5

10
15
20
25
30
35
40
45

w
at

er
 so

lu
bl

e 
co

m
po

un
ds

 (%
)

a a

a

a

b

0
5

10
15
20
25
30
35
40
45

ce
llu

lo
se

 (%
)

a

a
a

a

a 
a

c

0

2

4

6

to
ta

l t
an

ni
ns

 (%
)

b

a

a a

e

0

2

4

6

0 367 724

co
nd

en
se

d 
ta

nn
in

s (
%

)

a

abb a
b

f

Time(days)

0
5

10
15
20
25
30
35
40
45

he
m

ic
el

lu
lo

se
(%

)

a

a
a

a a
a a

a

b

0
5

10
15
20
25
30
35
40
45

AU
R 

(%
)

a
a

a

b

b

b

0 367 724

0 367 724

0 367 724

0 367 724

0 367 724

d

0

3

6

9

0 367 724

to
ta

l p
he

no
lic

s (
%

) a

a

a a

a a a

b

g

Acacia

Eucalyptus

Fig. 4. Water-soluble compounds (a), hemicellulose (b), cellulose (c), acid unhydrolyzable residue (AUR) (d), total tannins (e), condensed tannins (f), and total phenolics (g)
concentrations in A. mangium leaves (LA) and E. grandis leaves (LE), at the start of the experiment, at 367 days and at 725 days. The results are grouped for all the plots for a
given date and a given species. Standard deviations are shown for each sampling date (n = 6). Different letters indicate significant differences between species for each
sampling date (P < 0.05).

L.R. Bachega et al. / Forest Ecology and Management 359 (2016) 33–43 39
irrespective of the tree species in the monoculture, although the
initial concentrations of N and P in Acacia leaves were 1.9 and
1.5 times higher than in Eucalyptus leaves, respectively. Acacia fine
roots did not decompose faster than Eucalyptus fine roots despite
initial N and P concentrations that were 2.9 and 3.3 times higher,
respectively. Lower values of C:N and C:P ratios were not associ-
ated with higher litter decomposition rates. Acacia leaves and fine
roots did not decompose more rapidly than Eucalyptus leaves and
fine roots despite C:N values 2–3 times lower at the start of the
experiment and still 50% lower at the end. Likewise, the initial C:P
ratio in Acacia leaves was 35% lower than in Eucalyptus leaves
and 70% lower in Acacia fine roots than in Eucalyptus fine roots.
These results differ from the positive correlations between litter
decomposition rates and N and P concentrations (and therefore
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negative correlations between the decomposition rates and the C:N
and C:P ratios) observed across various types of ecosystem (Silver
and Miya, 2001; Hessen et al., 2004; Cornwell et al., 2008), at least
in the early stages of decomposition (Hobbie et al., 2012). How-
ever, the decomposition rates of the leaves of four species of Ama-
zonian trees were not correlated with either the average leaf litter
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C:N ratio or the concentrations of N and P in various treatments
(Hättenschwiler and Bracht Jørgensen, 2010). Similarly, correla-
tions between the decomposition rates of fine roots of four species
of temperate forest trees and N, P, C:N or C:P were not significant
(Sun et al., 2013). Positive correlations between litter decomposi-
tion and C:N ratio could be observed in the later stages of litter
decomposition (Berg and Matzner, 1997).

Leaf and fine root decomposition patterns of the two species in
this study were consistent with the first two phases of the decay
model proposed by Berg (2000), with an early decomposition
stage, characterized by the rapid loss of non-structural carbohy-
drates and low-molecular-weight phenolics (Hättenschwiler and
Bracht Jørgensen, 2010; Hättenschwiler et al., 2011) followed by
a second stage when decomposition is regulated by lignin degrada-
tion. This pattern was observed in other tropical areas during the
decomposition of Eucalyptus fine roots (Mello et al., 2007) and
leaves of both A. mangium and Eucalyptus trees (Corbeels et al.,
2003; Castellanos-Barliza and Leon Pelaez, 2011).

No clear relationship was found between initial condensed tan-
nins concentrations and litter decomposition patterns. The initial
condensed tannins concentration in Acacia leaves was 4 times
higher than in Eucalyptus leaves and the remaining mass at the
end of the study period was also higher in Acacia leaves. This
was consistent with the inhibiting effect of condensed tannins on
litter decomposition through a reduction in soil enzyme activity
(Joanisse et al., 2007) or in soil macrofauna activity (Coq et al.,
2010). However, the decomposition rates were higher for Eucalyp-
tus fine roots than Acacia fine roots, even though Eucalyptus fine
roots had condensed tannins concentrations that were 5 times
greater than Acacia fine roots. These conflicting results might be
partly explained by the partial exclusion of soil macrofauna from
the 2 mm mesh litterbags. However, the very low concentration
of condensed tannins after one year of decomposition for both Aca-
cia and Eucalyptus residues (Figs. 4 and 5) suggests that condensed
tannins only had a minor inhibiting effect on decomposition.

While a negative correlation between lignin:N ratios and resi-
due decomposition rates is commonly found in the literature
(e.g. Melillo et al., 1982), decomposition rates were lower for Acacia
residues than for Eucalyptus residues despite the Acacia residues
having lower initial lignin:N ratios. The lignin:N ratio was 14 and
13 in Acacia leaves and fine roots, respectively, while it was 27
and 38 in Eucalyptus leaves and fine roots. The lignin:N ratios
and leaf litter decomposition rates were not found to be correlated
in Eucalyptus globulus plantations (Ribeiro et al., 2002). Likewise,
lignin:N ratios and fine root decomposition rates of tree species
were not significantly correlated at a global scale (Silver and
Miya, 2001).

The higher decomposition rates for fine roots than for leaves of
both species in our study were contrary to the findings for woody
and herbaceous species across the world in a meta-analysis
(Freschet et al., 2013). However, in that meta-analysis, the mean
decomposition rates for forest species were only slightly lower
for fine roots than for leaves, and some individual studies showed
higher decomposition rates for fine roots in the early stages (e.g.
Hobbie et al., 2010). Higher decomposition rates for fine roots than
for leaves were also observed in Hawaii (Ostertag and Hobbie,
1999) forMetrosideros polymorpha, which belongs to the same fam-
ily, Myrtacae, as the Eucalyptus genus.

4.3. Factors related to litter composition that may control decomposer
activity

The higher initial WSC concentrations and litter decomposition
rates for Eucalyptus residues than for Acacia residues suggest that
decomposers were partly controlled by the availability of readily
leached and easily accessible energy-rich C compounds. These
findings are consistent with the primarily energy limitation of for-
est litter decomposers in tropical conditions found in Amazonian
rain forest (Hättenschwiler et al., 2011). The hypothesis of energy
limitation of decomposers could also be supported by the lower
decomposition rates associated with the lower cellulose concen-
trations for leaves than for roots, and the slower decomposition
of Acacia residues associated with higher concentrations of lignin,
a compound with a net decomposition energy cost (Moorhead
et al., 2013). Consistently, Acacia leaves always had lower decom-
position rates and higher LCI (¼ lignin=ðligninþ celluloseÞ,
Melillo et al., 1989) than Eucalyptus leaves over the study period.
LCI varied from 0.63 at the start to 0.88 at the end of the experi-
ment in Acacia leaves, and from 0.47 to 0.86 for Eucalyptus leaves.
The trend of lower decomposition rates in Acacia fine roots might
also be associated with their higher LCI which varied from 0.49
to 0.64 in Acacia fine roots and from 0.43 to 0.55 in Eucalyptus fine
roots over the study period.

Lower decomposer activities for Acacia leaves than for Eucalyp-
tus leaves could be associated with the higher lignin and N concen-
trations and lower C:N ratio in Acacia leaves than in Eucalyptus
leaves. Microbial N limitation has been shown to trigger selective
lignin degradation during decomposition of Picea rubens forest
floor (Gödde et al., 1996). Decreasing C:N ratios has been shown
to decrease soil respiration and stabilize soil organic matter in
the Oa horizon in Picea abies stands (Michel and Matzner, 2002).

Phosphorus limitation of microbial decomposers which is usu-
ally more detrimental in the early stage of decomposition
(Güsewell and Freeman, 2005) was suggested by N:P ratios >20–
30 for the residues from the two species (Güsewell and Freeman,
2005; Güsewell and Verhoeven, 2006). This limitation was likely
more marked for Acacia residues with N:P ratio >40. The initial rise
in the N:P ratio in the P-rich Acacia fine roots might result from a
rapid loss of solubilized inorganic P (Uselman et al., 2012). The lack
of any relationship between litter decomposition rates and the ini-
tial values of P concentration and the C:P ratio suggests that these
parameters are not sufficient to characterize the availability of
endogenous P for decomposers over the period of the experiment.
5. Conclusions

HFA did not occur for either leaves or fine roots of the two spe-
cies in this study. Decomposition rates were slower for Acacia resi-
dues than for Eucalyptus residues despite initial higher N and P
concentrations in the Acacia residues. The decomposition rates
depended on the carbon quality of the litter, primarily in terms
of water soluble compounds and lignin, and on the P availability.
The complexity of the relationships between litter quality and
decomposer activity should be studied to improve our understand-
ing of litter decomposition in forest ecosystems (Freschet et al.,
2012b). This issue is particularly relevant for studies dealing with
the introduction of legume tree species into eucalypt monocultures
(Binkley et al., 2001; Forrester et al., 2006; Forrester, 2014) or
inter-cropping (Corbeels et al., 2003). The dynamics of carbon
and nutrient release throughout the decomposition of litter and
harvest residues strongly influence the productivity of eucalypt
plantations (Laclau et al., 2010; Mendham et al., 2014) and these
results suggest that the tree species re-planted after clear-cutting
has little effect on the decomposition of slash. Other in situ studies
are needed to assess the functional diversity and the temporal
dynamics of decomposers across forest plant species, soils and cli-
mates (Cleveland et al., 2014). Detailed characterization of the lit-
ter quality is required, covering easily degradable compounds
providing energy in the first phases of decomposition through to
low quality C and decomposer-inhibiting compounds (Coq et al.,
2010). It is also important that litter decomposition models should
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take account of the interactions between litter quality and decom-
poser activities explicitly (Ågren et al., 2001; Kaiser et al., 2014).
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