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a  b  s  t  r  a  c  t

A  new  process-based  model  of  litter  decomposition,  characterized  by  detailed  climatic  data  input  and
simple  litter  quality  parameters,  is  proposed.  Compared  to  existing  litter  carbon  models,  specific  imple-
mentations  for  temperature  and  moisture  limiting  effects  have  been  adopted.  The  model  is capable  to
represent  decomposition  processes  in  Mediterranean  ecosystems,  with  summer  drought  slowing  down,
even at optimal  temperatures,  the  litter  decay  rates  of sclerophyll  plants  whose  leaf  masses  are  rich  in
structural  compounds  and  low  in  N  content.  The  model  was  calibrated  by  a  best  fitting  procedure  of  two
different  datasets.  First,  unpublished  results  of  litterbag  experiments  on  leaf  litter  of  9  Mediterranean
species,  decomposing  under  controlled  and  not  limiting  temperature  and  water  conditions,  have  been
used to  estimate  the  decay  rate  dependency  from  litter  quality  that  was  defined  by only  three  initial
C  pools  (labile,  stable  and  recalcitrant  compounds)  instead  of  traditional  N-based  indices.  Second,  a  set
of published  data  from  three  medium-term  field  experiments  on  a single  species,  Phillyrea  angustifolia,
decomposing  under  different  climatic  conditions,  have  been  used  to estimate  the  limiting  effects  of tem-
perature  and  moisture.  The  model  was  then  validated  against  published  data  on  seven  other  species  and
showed  a correct  reproduction  of the  major  patterns  of  litter  mass  loss  during  decomposition  processes  of
other  seven  different  Mediterranean  species.  The  model  simulations,  satisfactory  for  different  litter  types

under  a wide  range  of  climatic  conditions,  suggest  that  factors  which  were  not  taken  into  account,  such
as initial  litter  N contents,  microclimatic  variations  related  to  stand  structure,  soil  chemistry  and  texture,
and microbial  communities,  are  not  very  significant  for assessing  decomposition  dynamics  in  Mediter-
ranean  ecosystems.  The  minimal  requirements  of input  data,  the  simple  structure,  and  the  easiness  of
parameterisation  make  our  model,  among  the many  other  available  litter  carbon  models,  an  attractive
alternative  for  different  research  purposes,  at  least  for Mediterranean  ecosystems.
. Introduction

In terrestrial ecosystems, a major fraction of net primary pro-

uction is yearly delivered as leaf litter, exfoliated tissues, and
xudates, which sustain the detrital food chain. A great diversity
f organisms consume litter materials to obtain energy, also pro-
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viding the main carbon and nutrient contribution to the forest floor
(Berg and McClaugherty, 2008).

Litter decomposition is a complex phenomenon leaded by both
biotic (Hättenschwiler et al., 2005) and abiotic factors such as leach-
ing and UV radiation (Austin and Vivanco, 2006; Weider et al.,
2009). The rate of litter decomposition is affected by climatic vari-

ables, litter quality, and soil biota (Aerts, 1997; Virzo De Santo et al.,
1993). Temperature and water availability are the major control-
ling factors of litter decomposition rate at global and regional scales
(Liski et al., 2003), but the relative importance of litter quality com-
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ared to climate can change at lower spatial scales. For instance,
ecomposition rates of Scots pine needles vary across boreal forests
ore according to substrate quality rather than to climatic condi-

ions (Berg and McClaugherty, 2008). Similarly, a prevailing effect
f litter quality over climate has been reported for wet tropical
orests (Tanner, 1981; Weider et al., 2009). On the contrary, in

editerranean ecosystems the peculiar dynamics of climatic con-
itions are critical for litter and soil organic matter decomposition.

n summer, high temperature and low moisture, leading to per-
istent drought, can strongly limit microbial growth and activity
Criquet et al., 2004; Fioretto et al., 2005) whereas, the milder and
etter spring and autumn seasons induce higher metabolic rates

f microbes temporarily enhancing the litter decomposition rates
Coûteaux et al., 1995).

In general, it is well established that litter quality can be cru-
ial to assess the decomposition rate (Meentemeyer, 1978). Plant
itter is an organic material composed of many different chemi-
al compounds with a wide range of turnover times (Rovira and
allejo, 2007). In this respect, the quality of litter can be defined
s a quantitative index of how difficult its degradation is by the
oil microflora (Rovira et al., 2008), reflecting the relative pro-
ortion of the different chemical components. In addition, litter
uality radically changes during the course of decomposition as

 consequence of the different degradation rates of the various
hemical constituents (Berg and McClaugherty, 2008; Papa et al.,
008).

In detail, soluble substances and labile compounds (carbohy-
rates, proteins, a fraction of microbial biomass, and other simple
ompounds) are rapidly degraded by fast growing microorgan-
sms requiring high N concentration (Swift et al., 1979). The first
ecomposition phase, in addition to the litter morphological char-
cteristics, is supposedly regulated by labile C and N availabilities
Melillo et al., 1989) affecting the microbial respiration that con-
erts the organic carbon to CO2. Differently, cellulose and lignin,
he most abundant stable and resistant litter components, as well
s suberins, resins and waxes, are slowly degraded in later stages of
ecomposition which have been reported as mainly regulated by

ignin content (Coûteaux et al., 1995; Rutigliano et al., 1996). Sev-
ral studies demonstrated that C/N and lignin/N ratios, reflecting
he proportion of N to the whole C pool and to the most resistant
ompound, are useful indices for predicting litter decomposition
ate (Melillo et al., 1982; Taylor et al., 1989). Also, it has been
eported that lignin content exerts a major control on decomposi-
ion for lignin-rich litters, compared to N availability (Taylor et al.,
989). In Mediterranean ecosystems, sclerophyll plants, adapted
o seasonal drought, limit water loss by producing thick and dense
eaves tissue, with high leaf mass, due to high content of structural
ompounds, and low N content per unitary area (Kazakou et al.,
009). Both the high content of structural compounds and the low

 availability slow down leaf litter decomposition (Cornwell et al.,
008).

Given the complexity of the decomposition process and the high
umber of interacting factors, many mathematical models have
een proposed to predict litter decomposition and soil organic mat-
er decay (Burke et al., 2003; Moorhead et al., 1996), reflecting the
oncept of litter decomposition following an exponential decay
rocess (Olson, 1963). However, the potential effects of global
nvironmental changes on litter and soil organic matter quality
nd turnover (Cox et al., 2000) have stimulated the interest on
echanistic models to simulate organic matter transformations in

errestrial ecosystems.
The process of litter decomposition is included in the majority
f biogeochemical models simulating carbon dynamics and other
cosystem processes, from annual to millennium scale. The main
xamples are CENTURY (Parton et al., 1987), RothC (Coleman and
enkinson, 1996), LPJ (Sitch et al., 2003), and the Biome- (Hunt
logy 49 (2011) 148– 157 149

et al., 1996) and Forest- (Running and Gower, 1991) BGC (Bio Geo-
chemical Cycles) models. These detailed models are often used
for simulations at regional or global level (e.g. Gholz et al., 2000),
whereas their application at lower scale, particularly in Mediter-
ranean ecosystems, is much less reported (e.g. Romanyà et al., 2000;
Hoff et al., 2002). As pointed out in a comparative analysis by Burke
et al. (2003),  each model proposes a different response function of
litter decay rate to temperature. In spite of contrary evidence (Berg
and McClaugherty, 2008), such response functions are assumed
fixed across ecosystem types and climatic locations. Further, all the
empirical functions controlling the decomposition–temperature
relationships have been calibrated with a few and limited data
sources, none of which from Mediterranean areas, irrespective
whether the models were afterward tested in such systems.

Other models, considerably simpler, have been used to repre-
sent the decomposition process at short-term, usually weeks, for
agronomic-related applications, such as CropSyst (Stockle et al.,
1994) and LEACHM (Hutson and Wagenet, 1992), and at long-
term, such as “Hockey Stick” model (Feng and Li, 2001) and ICBM –
Introductory C Balance Model (Kätterer and Andrén, 2001). Among
these, the simple Yasso model (Liski et al., 2005; Tuomi et al., 2009)
was developed for long-term decomposition predictions, taking
into account climate and litter quality, in temperate or cold ecosys-
tems.

The absence of a specific decomposition model able to capture
the climatic peculiarities of Mediterranean ecosystems and to pre-
dict the related litter decomposition dynamics in such context,
gives scope to this work. The underlying hypothesis is that a cor-
rect prediction of litter decomposition dynamics in Mediterranean
environment requires detailed climatic data and litter quality
parameters, with the latter not defined by classical N-based indices,
but by three initial pools indicated as labile, stable and recalcitrant
compounds (Palosuo et al., 2005). Then, the main objective of this
work is to present a new process-based model of litter decomposi-
tion dynamics, specifically focused on Mediterranean ecosystems.

2. Materials and methods

2.1. Litter decomposition experiment in controlled condition

The experiment was  aimed at estimating the value of maxi-
mum potential decomposition rates of leaf litter of Mediterranean
species, as a function of litter quality (i.e. the maximum potential
decay rate for each initial litter pool, see Section 2.4). Since decom-
position in open field mainly depends on litter quality, temperature,
and water availability (Gholz et al., 2000), the experiment was car-
ried out under controlled conditions, not limiting decay rates in
terms of temperature and water availability.

A set of nine species widespread in the Mediterranean environ-
ments and representing a wide range of litter quality (Bonanomi
et al., 2010; Lecerf et al., 2007) were selected from different veg-
etation types located in the Campania Region, Southern Italy. The
species pool included three evergreen shrubs (Arbutus unedo,  Coro-
nilla emerus and Phyllirea angustifolia), one broadleaf evergreen
tree (Quercus ilex), two conifers (Picea abies and Pinus pinea), and
three deciduous trees (Castanea sativa, Populus nigra and Quercus
pubescens). One of these species is a nitrogen-fixing legume (C.
emerus).

Freshly abscissed leaves were collected by placing nets under
plants of natural communities (n◦ plants > 20 randomly selected
individuals for each species), dried (40 ◦C for 5 days) and then

stored at room temperature. Proximate cellulose and lignin content
of undecomposed litters were assessed as hydrolysable fraction
and non-hydrolysable materials, respectively, following Gessner
(2005).
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Table 1
Plant species litters used in the experiment and modelling work. Data used for calibration of the maximum potential decomposition rates of litter pools (KL , KS , and KR) refer
to  unpublished results from experiments in controlled conditions. Calibration of limiting effects of temperature and moisture (LFT and LF�) is based on published data of
Phyllirea angustifolia leaf litter decomposition in three different years under field conditions. Validation was done on published data of leaf litter decomposition of seven
different species in filed conditions.

Species Calibration of
KL , KS , and KR

Calibration of
LFT and LF�

Validation Field site Reference Climatic time series Decomposition
days

Abies alba – –
√

Taburno Virzo De Santo et al. (2002) 28.11.89–22.01.92 785
Arbutus unedo

√
– – 180

Castanea sativa
√

– – 180
Cistus  incanus – –

√
Castel Volturno Fioretto et al. (2003, 2005) 12.1.98–25.2.01 1140

Coronilla emerus
√

– – 180
Myrtus communis – –

√
Castel Volturno Fioretto et al. (2003, 2005) 12.1.98–25.2.01 1140

Picea  abies
√

– – 180
Pinus  laricio – –

√
Terzigno Virzo De Santo et al. (2002) 22.11.89–3.10.91 680

Pinus  pinea
√

–
√

Terzigno Virzo De Santo et al. (2002) 22.11.89–16.1.92 180, 785
Pinus  sylvestris – –

√
Terzigno Virzo De Santo et al. (2002) 22.11.89–3.10.91 680

Populus nigra
√

– – 180
Quercus ilex

√
–

√
Castel Volturno Papa et al. (2002) Fioretto et al. (2005) 14.12.98–16.12.01 180, 1098

Quercus pubescens
√

– – 180
Phyllirea angustifolia

√ √
– Castel Volturno De Marco et al. (2004) 21.12.00–11.3.03 810
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Decomposition experiments were carried out in microcosms
laced in a growth chamber under controlled temperature
22 ± 2 ◦C night and 25 ± 2 ◦C day) and water availability (everyday
atering to field capacity with distilled water), according to the

itterbag method (Berg and McClaugherty, 2008). Large (20 × 20)
erylene litterbags (mesh size 2 mm)  were filled with 6 g of dry
eaf litter and placed inside trays (30 cm deep, 100 cm for each
ide). A microbial inoculum obtained by mixing 10 g of soil taken
rom the fields where litter where collected (top 10 cm)  and 90 g of
ater, was added in order to improve the start up of the decom-
osition process (Bonanomi et al., 2011). The microbial inoculum
as sprayed over the litterbag. Litterbags were harvested after 30,

0 and 180 days of decomposition for a total of 216 litterbags
9 species × 3 sampling dates × 8 replicates). Bags were dried in
he laboratory (40 ◦C until constant weight was reached) and the
emaining material weighted.

.2. Field experiments of litter decomposition

Leaf litter decomposition experiments, carried out in Campa-
ia Region (Southern Italy) over the last 20 years (Table 1) have
een used for model calibration (data reported by De Marco et al.,
004; Maisto et al., 2011) and validation (Fioretto et al., 2003, 2005;
apa et al., 2002; Virzo De Santo et al., 2002). The whole database
Table 1) includes 10 time series of decomposition, ranging from
03 to 1140 days, for leaf litter of 8 Mediterranean species, coupled
ith corresponding daily time series of temperature and precipita-

ion. For one (P. angustifolia) of the considered species, the database
ncludes three time series (De Marco et al., 2004; Maisto et al.,
011) that were used for model calibration. Such data drawn from
ecomposition measurements performed in climatically different
ears on a single species, and thus largely independent from differ-
nces in morphological and chemical properties, have been used
o estimate the limiting effects of temperature and moisture on
ecomposition rate. The remaining 7 datasets were used for model
alidation.

The field experiments were carried out at 3 different sites
Table 2). The Terzigno site is located on the south-eastern slope of

onte Vesuvius. The 1944 eruption of the volcano covered the area
ith a lapillus layer about 1 m thick. On volcanic lapillus P. pinea
orest was planted in place of mixed forest occupying the site before
he eruption. The stand has a very sparse understory of herbs and
oung oaks (Q. ilex and Q. pubescens).  The soil is a Typic Vitrixerand
ith a weakly developed A horizon (5–10 cm). An experimental
De Marco et al. (2004) 26.7.02–30.6.04 705
Maisto et al. (2011) 6.10.06–13.11.07 403

plot was  located on a gentle slope to the west (Virzo De Santo et al.,
1993).

The Monte Taburno site is covered by an 80–100-year-old Abies
alba forest planted on a site formerly covered by Fagus sylvatica for-
est. An experimental plot was  located on a gentle north-east-facing
slope. A sparse understory of herbs and F. sylvatica recruitment
occurs in the plot. The soil, a Typic Hapludand (Rutigliano et al.,
2001), forms a deep profile on the pyroclastic parent material (Virzo
De Santo et al., 1993).

The Castel Volturno site is located in a Nature Reserve on a flat
coastal area of ca. 268 ha with alluvial deposit dunes composed of
loose siliceous-calcareous marine sand and pyroclastic products.
Vegetation is a mosaic of different plant patches, including low
and high Mediterranean maquis, i.e. the vegetation dominated by
sclerophyll evergreen shrubs typical of the Mediterranean basin.
Within this site, two plots in different vegetation types were used
for decomposition experiments: the low Mediterranean maquis, a
shrubland burned in 1976, covered by Cistus incanus, Myrtus com-
munis, Rhamnus alaternus, Asparagus acutifolius,  P. angustifolia and
Pistacia lentiscus, and the coppice wood of Q. ilex with sporadic P.
pinea trees (Fioretto et al., 2005). The soil of the low maquis is a
Typic Xeropsamment, the soil of the Q. ilex coppice wood is a Mollic
Xeropsamment (Rutigliano et al., 2001).

In each plot, litter was collected by net traps during the period
of fall peak, i.e. May–June for leaf litters (Q. ilex, P. angustifolia, M.
communis and C. incanus), at Castel Volturno site, and October, for
needle litters of P. pinea, P. laricio and P. sylvestris (at Terzigno site)
and A. alba (at Monte Taburno site). Each litter was mixed to obtain
a homogeneous sample, air-dried and stored at room temperature
(20–25 ◦C) until sample preparation. Undecomposed litters were
analyzed for content of total water soluble substances, organic C
and lignin, as reported in Fioretto et al. (2005) and Virzo De Santo
et al. (1993).  Cellulose content was measured only in leaf litters
(Fioretto et al., 2005), whereas cellulose content of needle litters
was  obtained from literature data (Chadwick et al., 1998, for P.
sylvestris; Chadwick et al., 1998; Ibrahima et al., 1995; Sariyildiz
et al., 2005 for species closely related to A. alba, P. pinea and P.
laricio).

Decomposition was determined by measuring litter mass loss.
For leaf litter, the litter-bag method (Fioretto et al., 2005) was

used. About 3.5 g of air-dried leaf litter were confined in litter
bags (16 × 10 cm2, for the C. incanus and M.  communis leaves, and
26 × 22 cm2, for Q. ilex leaves) made of terylene net with a mesh
size of 1 mm and incubated on litter layer by metal pegs. At each
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Table 2
Field sites of decomposition experiments. Location, vegetation, climatic and pedologic data are reported for each site.

Site Lat./long. Altitude
(m)

Plant cover Mean annual
temperature (T) (◦

C)

Mean annual
precipitation (P)
(mm)

Lang aridity
index (P/T)

Litter
thickness
(cm)

Soil pH SOM  content
(upper A, %)

Terzigno 40◦49′N
14◦28′E

250 P. pinea forest 13.2 960 73 3.4 6.0b 58.4a

6.1b

1.1c

Taburno 41◦06′N
14◦36′E

1100 A. alba forest 7.9 2166 274 1.8 6.0b 19.0b

14.2c

Castel Volturno 40◦57′N
13◦55′E

6–9 Mediterranean
vegetation

18.6 680 37 n.d. 8.4 (1) 4.1b (1)

8.0b (2) 23.8 (2)

n.d.: not recorded.
(1) Low maquis; (2) Q. ilex wood.
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a Humus layer.
b Upper 5 cm.
c 5–10 cm.

ampling 18 bags were collected, dried at 75 ◦C and weighed in
rder to determine remaining mass (Fioretto et al., 2005). The study
asted 1140 days for C. incanus and M.  communis, 1098 days for Q.
lex and 810, 705, and 403 days for the three experiments with P.
ngustifolia.

The mass loss of needle litters was measured by linear deter-
ination method (Gourbière, 1986). In particular, about 600 g of

ir-dried needle litters were exposed in containers (100 × 100 cm2

nd 5 cm high) with the top cover and bottom being made of tery-
ene net with a mesh size of 1.5 mm.  At each sampling date, about
0 g of needle litter of each plant species was collected from con-
ainer and sub-divided in 5 replicates. After drying at 75 ◦C and
eighing, the length and weight of the needles contained in each

eplicate was measured, by placing the needles end-to-end (Virzo
e Santo et al., 1993). The study period was 785 days for P. laricio
nd P. pinea, and 680 for P. sylvestris and A. alba.

.3. The model

The model is based on the concept that decomposition process
roceeds following an exponential decay function (Olson, 1963).
ollowing a well-accepted approach (Adair et al., 2008; Liski et al.,
005) measured initial litter chemistry was used to divide leaf litter
ass (C, g) into three different pools: “stable” (S) was percent cellu-

ose, “recalcitrant” (R) was lignin-like compounds, and “labile” (L)
as the difference between 100% and the sum of S and R, intended

s non-polar and water soluble extractives. It follows that:

 = L + S + R (1)

he C partitioning in these three compartments is implemented by
 species-specific distribution vector [˛L, ˛S, ˛R] with

∑
i=L,S,R˛i = 1

nd L = ˛L · C, S = ˛S · C and R = ˛R · C.
The three groups of compounds are then decomposed at

heir own rates independent of their origin, loosing a propor-
ion of their mass over unit time, according to the following
quations:

dL

dt
= −kL · L

dS

dt
= −kS · S

dR

(2)
dt
= −kR · R

here t is time (day), kL, kS and kR are the decomposition rates of
abile, stable, and recalcitrant components, respectively.
From Eq. (1) and the mathematical solution of Eq. (2),  it follows
that:

C(t) = ˛L · C0 · e−kLt + ˛S · C0 · e−kSt + ˛R · C0 · e−kRt (3)

where C0 is litter C mass at time t = 0. Dynamic of litter mass
remaining is then calculated as percentage of initial litter C mass:
MR%(t) = (C(t)/C0) · 100

Hence, inter-specific differences of decomposition dynamics
due to litter quality are exclusively referred to the species-specific
fraction of the three main litter components, not including N con-
tent or N related indexes such as C/N and lignin/N ratio.

In the model, temperature and litter moisture content are
considered as the main environmental factors affecting litter
decomposition in Mediterranean ecosystems. Daily temperature
(T, ◦C) is an input parameter, while volumetric litter moisture con-
tent (�, %) is calculated by applying a NASA-CASA-like equation
(Potter et al., 1993), as a function of daily precipitation (P, mm)
and potential evapo-transpiration (ETP, mm),  the latter calculated
according to Thornthwaite (1948),  obtaining the equation:

d�

dt
= 1

Lth · Lpo
·
[

min(P, (Lth · Lpo)(1 − �)) − ETP
1 + a

1 + a · �b

]
(4)

where Lth (mm)  and Lpo (mm3
air mm−3

bulk) are litter thickness and
porosity, and a and b texture-dependent empirical coefficients.

The effects of T and � on decomposition rates are implemented as
two  scalar limiting factors (LFT and LF� , respectively), both ranging
between 0 and 1, with the minimum having a multiplying reducing
effect on the maximum potential decomposition rates KL, KS, KR:

ki(t) = Ki · min(LFT (t), LF�(t)) (5)

with i = [L, S, R].
In this way, equal weight is given to the relative importance of

T and �, by considering the reducing effect on decay rates as pro-
duced by the most limiting of two  independent factors. Moreover,
the limiting effect of moisture shortage is decoupled from that of
temperature, providing a model adapted to decomposition dynam-
ics in Mediterranean ecosystem, where summer drought can slow
down decomposition even at optimal temperatures (Criquet et al.,
2004; Fioretto et al., 2005). As a consequence, new equations for
the temperature and moisture scalars have been implemented. The

scalars were calculated as parametric functions of T and �. In the
case of temperature, the curves reported for the suite of models
reviewed by Burke et al. (2003) were evaluated. After calibration
(see Section 2.4), a logistic increase of decomposition rates was
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ight,  25 ±2 ◦C during the day, watering to field capacity).

sed, reaching its maximum value at Tm = 30 ◦C, and decreasing at
alues higher than TM = 35 ◦C:

FT =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
1 + b · e−c·T T < Tm

1 Tm ≤ T ≤ TM

e
−
(

T − a

d

)2

T > TM

(6)

In the case of litter moisture content, after calibration, a gaussian
ncrease and a linear decrease of decomposition rate were used, cor-
esponding to values lower than �m = 40% and higher than �M = 90%,
espectively:

F� =

⎧⎨
⎩

h · e−[(�−m)/n]2
� < �m

1 �m ≤ � ≤ �M

−r · � + s � > �M

(7)

.4. Model calibration
Potential maximum decomposition rates (Ki, see Eq. (5))  for the
hree litter pools were estimated by fitting model simulations to
ata of percent mass remaining in leaf litter of nine species decom-
f litterbags of 9 species decomposing in controlled optimal conditions (22 ± 2 ◦C at

posing in controlled and not limiting conditions of temperature and
water availability (see Section 2.1). An iterative procedure of linear
programming was applied to Eq. (3) to minimize the residuals of
simulated and observed MR%, based on the following constraints:
KL > KS > KR.

The effects of temperature and litter moisture content were cal-
ibrated by adjusting the levels of parameters in Eqs. (6) and (7)
to best fitting of published data (De Marco et al., 2004; Maisto
et al., 2011) from decomposition experiments carried out at Cas-
tel Volturno site on three datasets of P. angustifolia leaf litter
(Tables 1 and 2). An iterative linear programming procedure based
on the numerical optimization “simplex” algorithm (Himmelblau,
1972; Nelder and Mead, 1965) was  applied, consisting in changing
the parameter values one at a time, running a model simula-
tion, recording the model fit of experimental data, and repeating
until reaching the maximum model fit, in terms of coefficient
of determination (R2). For model simulations, the litter moisture
equation (Eq. (4))  was parameterised according to climatic time
series and litter properties recorded at the field site, using aver-

age values both for litter thickness (Lth = 26 mm)  and litter porosity
(Lpo = 0.65 mm3

air mm−3
litter). Calibrated values for parameters in

Eqs. (6) and (7) were a = 35, b = 100, c = 0.4, d = 9, and h = 2.5, m = 0.65,
n = 0.22, r = −10, s = 10, respectively.
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.5. Model simulations and validation

In order to validate the decomposition model, a set of simulation
xercises was run, and the outputs statistically compared to the val-
dation dataset (Fioretto et al., 2003, 2005; Papa et al., 2002; Virzo
e Santo et al., 2002). Litter quality data and maximum potential
ecomposition rates for labile, stable and recalcitrant pools were
pplied in model runs simulating experimental conditions at the
eld sites. Real climatic time series for rainfall and temperature
ecorded at each site were used as model inputs, and Eq. (4) was
arameterised according to litter properties recorded at the field
ites (Table 2). Finally, Eqs. (6) and (7),  parameterised as described
bove (Section 2.4), were applied to simulate the limiting effects of
emperature and litter moisture content on litter decomposition.

. Results

Model calibration led to a satisfactory prediction of potential
ecay rates for the three litter fractions (KL = 0.799, KS = 0.008,
R = 0.004), and of litter mass loss dynamics in optimal controlled
onditions (Fig. 1). Highly significant linear regression of simu-
ated and observed values of mass remaining were obtained, both
or each species and for all pooled data (Fig. 2). It is noteworthy
hat highly significant predictions were obtained for nine species
overing a very wide spectrum of litter quality, ranging from slow-
ecomposing sclerophyll leaves of P. angustifolia and Q. ilex and
eedles of P. abies to the extremely rapid decaying leaf litter of
he nitrogen fixing legume C. emerus.  Although this result is due
o an efficient parameter optimization, it is worth noting that it
as possible to predict inter-specific differences of decomposition
ynamics, at least in controlled and optimal conditions of temper-
ture and water supply, based on a simple exponential model with
hree pools. In addition, this approach allowed an estimation of
he potential decomposition rates for each litter pool, independent
rom the species-specific distribution vector of labile, cellulose and
ignin-like compounds.

The calibration of the limiting effects of temperature and litter
oisture content on decay rates produced likely shapes (Fig. 3A

nd B), with highly significant linear regression of simulated and
bserved percent mass remaining (Fig. 4). This result indeed con-
rms the possibility of predicting litter decomposition dynamics

n Mediterranean environment, based on the limiting effects of
emperature and moisture content on litter decay rates. Despite
onsidering leaf litter of one species only, the parameterisation of
he response to the limiting factors was based on a representative

ataset of real climatic conditions including a total of 1918 daily
ata.

Concerning the model validation with field decomposition
ata, simulations correctly reproduced the patterns of litter mass

A
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Tempe ratu re (T, °C)

0
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0.4

0.6

0.8

1
LFT LF

Fig. 3. Shape of scalar factors limiting decomposition rates as function of temp
Fig. 2. Linear correlation (coefficient of determination and associated P-value)
between simulated and observed litter mass remaining in litterbags of nine species
decomposing in controlled optimal conditions.

remaining during the decomposition process of 7 leaf litter species
in three different sites (Fig. 5). This constituted a consistent valida-
tion because the highly fitting outputs with real data were obtained
without any further empirical adjustment of the model. However,
some differences in model performance between the species were
found. Leaf litter decomposition of sclerophyll species, both trees
and shrubs, was  predicted with high statistical significance. A lower
statistical power, thought still significant, was  found in the predic-
tion of Pinus needles and Q. ilex leaves decomposition. In detail,
the model underestimated the litter mass remaining during the
whole decomposition period (Fig. 5), with an average deviation
from observed data equal to 11.0%, 11.8%, 14.9%, and 21.1% for P.
pinea, P. sylvestris, Q. ilex, and P. laricio,  respectively.

4. Discussion

The model proposed in this study correctly predicted medium-
term litter decomposition dynamics (up to 4 years) in Mediter-

ranean ecosystems, encompassing a wide range of environmental
conditions (from coastal maquis to high mountain) and plant litter
types (7 species). Our model, similarly to other existing tools (e.g.
Tuomi et al., 2009), is based on three litter pools and scalars for the
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erature (A) and litter moisture (B), as resulting from model calibration.
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imiting effects of temperature and moisture on decay rates. How-
ver, our approach is novel for the mathematical implementation
f such effects. Our new implementation makes it possible to pre-
ict decomposition dynamics even in the absence of data on N and

 content of litter, where the limiting effects of temperature and
oisture are a major factor affecting litter decay rate. Applications

f other existing models, such as Century (Parton et al., 1987) and
ayCent (Del Grosso et al., 2001), require input data on amount
nd timing of nutrient amendments in order to correctly predict
ecomposition rates in these ecological conditions.

.1. Effect of litter quality

In our model, the three C pools L, S, R define the initial litter
uality based on conventional elemental and proximate analysis of
lant litter (Berg and McClaugherty, 2008). In other litter and soil
rganic matter models, initial organic matter is subdivided in a vari-
ble number of pools, ranging from one (e.g. TEM model, Raich et al.,
991) to six (e.g. CENTURY model, Parton et al., 1994). Recently,
dair et al. (2008),  by comparing similar models with 1, 2 or 3 pools,
oncluded that 3 pools are necessary to correctly predict long-term
10 years) litter decomposition, which is consistent with our find-

ngs. During the model implementation, a comparative analysis of

ass loss simulations were done with different model versions,
ased on either one, two, or three pools. We  found a statistical gain
improvement of R2 of simulations vs. observations) of 6% and 39%,
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ots  – observations; black lines-simulations. (B) Linear correlation between simulated an
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passing from one- to two- and three-pools, respectively (Fig. S1).
On the other hand, a higher number of pools did not provide any
significant advantage, making the model parameterisation more
difficult.

The major differences between our model and other previous,
structurally similar, 3-pools models (Adair et al., 2008; Palosuo
et al., 2005) are in the assessment procedure of the fraction-specific
decomposition rates (KS, KL, KR). Our estimates of potential decay
rate for the labile fraction (Fig. S2)  was  lower compared to Adair
et al. (2008) (KL = 0.79 vs. >1). For cellulose and lignin-like pools
(Fig. S2), our data were respectively either much lower (KS = 0.008
vs. 0.76) or higher (KR = 0.004 vs. 0) compared to published val-
ues (Adair et al., 2008). This could depend by differences in the
chemical definition of the three litter pools or in the related decay
rates estimation approaches. Our method seemingly provided bet-
ter estimates compared to previous models which were either
parameterised on few standard materials (two litter types for Yasso
model, Liski et al., 2005), or not reporting the source of the k val-
ues used as a model input for the different litter pools (Burke et al.,
2003).

In contrast with the correct model behavior in simulating the
decomposition of deciduous and evergreen leaf litter, the mass
remaining of the three Pinus species (P. laricio,  P. pinea and P.

sylvestris) has been underestimated by our model – and, conse-
quently, mass loss rate has been overestimated – with an average
deviation from experimental data of 15.2%. A possible explana-

12/2003 12/200712/2006

periodosi�on

0.931
.000 1

100
g

astel Volturno site on leaf litterbags of Phillyrea angustifolia (see Table 2). (A) White
d observed data with coefficient of determination and associated P-value.
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iated P-value) between simulated and observed data of litter mass remaining in
itterbags of 7 species (Table 1) decomposing in 3 different experimental fields
Table 2).

ion is that Pinus litter may  contain inhibitory compounds, such
s resins, that are not represented by the three pools approach.
he slight underestimation reported for Q. ilex could be related
o the abundant inhibitory compounds of sclerophyll Mediter-
anean species, that have been shown to slow down decomposition
nd mineralization by forming recalcitrant complexes with organic
atter, as in the case of high molecular-weight condensed tannins

Castells et al., 2004; Hättenschwiler and Vitousek, 2000). How-
ver, these substances are implicitly included in our representation
f litter quality, as recalcitrant non-hydrolysable materials. Other
tudies reported cases of simulations deviating from observed data.
alosuo et al. (2005),  in an application of Yasso model to long-term
itter decomposition in Canadian ecosystems, found the mass loss
ither over- or underestimated for the grass Festuca hallii and the
onifer Larix laricina, with such incorrect predictions related to the

xtreme values of some litter chemical parameters (O-alkyl carbon
nd phenol concentration for F. hallii and L. laricina, respectively).
uomi et al. (2009),  fitting simulations by Yasso07 model with a
arge dataset of litterbag decomposition experiments, noticed a
logy 49 (2011) 148– 157 155

higher mass loss rate in European litterbag measurements com-
pared to the North or Central American ones. It was related to the
larger mesh size and smaller litter mass used in the European litter
bags, which may  have caused more leaching, and thus overesti-
mates of mass loss in Europe.

Nitrogen content and N related indexes such as C/N and lignin/N
ratios have been often used as quality parameters in litter and
organic matter models (for review see Burke et al., 2003). Our
results, consistently with Palosuo et al. (2005),  indicate that the
exclusion of N as input variable does not preclude the possibility of
correct predictions of short- and medium-term litter decay rates.
This seems to apply well to Mediterranean ecosystems where lit-
ter decomposition can be slowed down by both climatic factors
(summer drought) and poor litter quality (litter rich in structural
compounds). This hypothesis is also partially supported by the
meta-analysis study of Knorr et al. (2005) reporting that N additions
enhanced the decomposition of high-quality litters, while reduced
the mass losses of low-quality litters. Moreover, a contrasting effect
of a high N concentration has been observed during decomposition
process, with a general speeding up in the early stage (Fioretto et al.,
2008) and a slowing down of both the late stage of lignin decay and
of the whole decomposition process (Berg and Laskowsky, 2006;
Rutigliano et al., 1996).

4.2. Effect of climatic conditions

Previous litter decomposition models reported biome-specific
biases due to the intrinsic difficulty of representing all possible
environmental conditions. For instance, Adair et al. (2008) reported
that their model, capable of an accurate description of the general
patterns of long-term litter decomposition across many ecosys-
tems, failed in some specific conditions. Specifically, this occurred
for root litter in wetlands and aboveground materials in semi-arid
ecosystems and related to anaerobic conditions and UV effects,
respectively, both factors not considered by the model.

Mediterranean ecosystems are characterized by warm and dry
summer seasons with litter layers sporadically wetting by rainfall
events, but still subject to very rapid drying afterwards, much faster
compared to underground soil conditions (Criquet et al., 2004).
Obviously, this limiting water availability bears negative effects
on the litter decay rates. In order to represent the dynamics of
this process, we modelled the litter moisture content by a specif-
ically adapted NASA-CASA sub-model (Potter et al., 1993) able to
describe the rapid litter wetting and drying cycles on the basis of
daily rainfall and temperature time series. This approach is radi-
cally different from other models. According to Burke et al. (2003),
in other models the effect of moisture content is often implemented
as a scalar dampening linear or exponential increases in k with tem-
perature, as in Biome-BGC (Hunt et al., 1996) and RothC (Coleman
and Jenkinson, 1996), or shifting the temperature at which k is
greatest, as in CENTURY (Parton et al., 1987) and FAEWE (Van der
Peijl and Verhoeven, 1999). Furthermore, the effects of water lim-
itations has been usually implemented by calculating aggregated
climatic metrics, e.g. among many others mean annual or monthly
temperature and actual or potential evapo-transpiration (Burke
et al., 2003). Such data have been used to calculate general abiotic
scalars, such as DEFAC (Decomposition factor based on tempera-
ture and moisture, Kelly et al., 2000; Parton et al., 1994), or the
climate decomposition index (CDI), used by Parton et al. (2007),
which incorporates monthly temperature and rainfall. At global
and regional scales, this approach has been reported as effective
to predict long-term organic matter decomposition, but it is clearly

unable to capture the rapid and critical changes of litter moisture
in semi-arid environments.

In our model, we considered the minimum of the two  scalars for
both temperature and moisture as a multiplicative limiting factor
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f decay rates. In this way, the effects of litter moisture content and
emperature were decoupled, with equal importance of the two
ndependent climatic factors in determining the model prediction.

ost models fix either maximum or baseline decomposition rates
hat are modified by temperature and moisture scalars (Coleman
nd Jenkinson, 1996; Hunt et al., 1996; Parton et al., 1994). All
roposed temperature scalars represent decomposition increas-

ng with temperature (at least up to 30 ◦C, Burke et al., 2003),
ut there is little agreement among different models regarding
he shape of the temperature–decomposition relationship. Scalar
hape represents a major, not sufficiently assessed, difference
mong models, directly affecting the shape of k-temperature rela-
ionships. We  used a methodology to calibrate the scalar by best
tting of experimental data under a wide range of Mediterranean
limatic conditions, and the resulting logistic/gaussian shape of
emperature scalar (Fig. 3A), beside differing from all other pub-
ished models, was well in accordance with that used in CENTURY

odel (Burke et al., 2003; Parton et al., 1994), though the latter
s based on an exponential and an arctangent functions, for the

onthly and daily versions, respectively. Burke et al. (2003) in a
eview on modelling of temperature effects on decomposition, con-
luded with a specific point of consensus on how simulation models
reated temperature–decomposition relationships. A Q10 of 1 to

 is likely for temperatures between 17 and 22 ◦C. Our tempera-
ure scalar fits with these suggestions, with Q10, varying between
.00 and 1.79 within the specified temperature range, and rapidly

ncreasing at temperature <15 ◦C, consistently with the RothC, CEN-
URY and FAEWE models (Burke et al., 2003). Hence, compared to
revious decomposition models, the peculiar shape of our temper-
ture scalar, producing highly fitting simulations, could be regarded
s an improved fine-tuning for Mediterranean ecosystems.

. Conclusions

By means of a new process-based model, specifically developed
or Mediterranean ecosystems, it has been possible to correctly
redict leaf litter decomposition of several species across different
nvironments. In the model, litter quality is represented with the
ell-accepted three-pool approach, whereas specific implemen-

ations for temperature, and especially moisture limiting effects,
ave been adopted. In summary, the minimal requirements of input
ata, the simple structure and the easiness of parameterisation for
ifferent research purposes make our model an attractive alterna-
ive among the many litter carbon models. However, there are a
umber of factors also affecting decomposition processes, which
e did not take into account due to their negligible importance

n Mediterranean conditions, including initial N and P contents of
itter, microclimatic variation related to stand structure, and site
actors such as soil chemistry, texture, and microbial communi-
ies. Future modelling approaches focusing on semiarid ecosystems
hould include the effects of ultraviolet radiation that are nowa-
ays considered a major factor in aboveground litter decomposition
Austin and Vivanco, 2006; Gallo et al., 2009).

cknowledgements

This work is the result of the MIUR – PRIN projects “Effects
f species diversity on litter production and decomposition in
editerranean maquis: modelling analysis” (2005) and “Modelling

nalysis of C and N fluxes in Mediterranean macchia: influence of
patial variability of vegetation cover” (2003). The author’s contri-

ution is the following: Model design SM,  FG, GB, DP, FAR, AVDS,
C, OM,  AMP; Model implementation FG, GI, SM; Calibration and
imulations GI, FG, DP, EF; Data collection GB, AVDS, FAR, AFio, AFie,
DM, SP; Manuscript preparation GI, GB, SM,  FAR, AVDS, AFio, SC.
logy 49 (2011) 148– 157

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.apsoil.2011.06.004.

References

Adair, E.C., Parton, W.J., Del Grosso, S.J., Silver, W.L., Harmon, M.E., Hall, S.A., Burke,
I.C., Hart, S.C., 2008. Simple three-pool model accurately describes patterns
of long-term litter decomposition in diverse climates. Glob. Change Biol. 14,
2636–2660.

Aerts, R., 1997. Climate, leaf litter chemistry and leaf litter decomposition in terres-
trial ecosystems: a triangular relationship. Oikos 79, 439–449.

Austin, A.T., Vivanco, L., 2006. Plant litter decomposition in a semi-arid ecosystem
controlled by photodegradation. Nature 422, 555–558.

Berg, B., Laskowsky, R., 2006. Litter decomposition: a guide to carbon and nutrient
turnover. Adv. Ecol. Res. 38, 20–71.

Berg, B., McClaugherty, C., 2008. Plant Litter: Decomposition, Humus Formation and
Carbon Sequestration, second ed. Springer-Verlag, Berlin, Heidelberg, 341 pp.

Bonanomi, G., Incerti, G., Antignani, V., Capodilupo, M.,  Mazzoleni, S., 2010. Decom-
position and nutrient dynamics in mixed litter of Mediterranean species. Plant
Soil 331, 481–496.

Bonanomi, G., Incerti, G., Barile, E., Capodilupo, M.,  Antignani, V., Mingo, A., Lanzotti,
V., Scala, F., Mazzoleni, S., 2011. Phytotoxicity, not nitrogen immobilization,
explains plant litter inhibitory effects: evidence from solid-state 13C NMR  spec-
troscopy. New Phytol., doi:10.1111/j.1469-8137.2011.03765.x.

Burke, I.C., Kaye, J.P., Bird, S.P., Hall, S.A., McCulley, R.L., Sommerville, G.L., 2003.
Evaluating and testing models of terrestrial biogeochemistry: the role of tem-
perature in controlling decomposition. In: Canham, C.D., Lauenroth, W.K. (Eds.),
Models in Ecosystem Science. Princeton University Press, Princeton, NJ, pp.
225–253.
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