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Introduction
Litter decomposition is a central feature of

the ecosystem dynamics,  being involved  in
the carbon and nutrient cycling through the
active transformation of organic to inorganic
matter  (Burke  et  al.  2003).  Decomposition
entails a combination of physic-chemical and
biological  processes.  Substrate  quality  and
climate are among the most important factors
affecting  litter  decay  (Meentemeyer  1978,
Hobbie 2005). For instance, the overall che-
mical  and  structural  characteristics  of  the
leaf litter affect the length of decomposition
phases, which are characterized by different
degradation  rates  (Berg  &  McClaugherty

2008). The role of climatic parameters in the
decomposition process is still a matter of de-
bate, though temperature and moisture seem
to  influence  decomposition  by altering  the
activity of decomposers (Berg & McClaugh-
erty 2008).  The response of decomposition
rates to such parameters is a key issue that
scientists have been investigating by mode-
ling. Jenny et al. (1949) first proposed a ne-
gative  exponential  function  to  quantify the
time-based  reduction  of  dead  mass  in  the
soil. This first model was further developed
by  Olson  (1963).  In  this  frame,  numerous
models have been developed in order to pre-
dict carbon storage and fluxes in many ter-

restrial ecosystems. Such models are mainly
based on two assumptions: (i) the decompo-
sition process gradually alters the chemical
composition of dead mass (i.e., fresh litter to
humus); (ii) organic matter is made of a mix-
ture of chemical compounds decaying at dif-
ferent rates. Models like CENTURY (Parton
et  al.  1994)  and  ROMUL  (Chertov  et  al.
2001)  are  based  on  the  first  assumption,
whereas others such as MBL GEN (Rastetter
et  al.  1991),  DOCMOD  (Currie  &  Aber
1997),  and  FLDM (Zhang et  al.  2007)  are
based  on  the second.  Generally,  these mo-
dels  consider  the  decomposition  rate  as  a
constant  value,  corrected  by  specific  algo-
rithms to take into account the climate varia-
bility.  Under this  assumption,  however,  the
litter  quality  does  not  appreciably  change
with time. Instead, biochemical changes are
known to affect the decomposition  rates of
organic matter along the process: more labile
components are degraded first, while recalci-
trants have a tendency to accumulate (Min-
derman 1968). Rovira & Rovira (2010) over-
came this contradiction by developing equa-
tions describing the substrate-based fluctua-
tions of decomposition rates occurring over
time. Previous reports assumed that the de-
composition  rates decrease over  time (Car-
penter 1982, Ezcurra & Becerra 1987, Yang
& Janssen 2000). This is not always true in
natural environments, where litter decay can
fluctuate either for seasonal cycles or differ-
ent patterns of microbial colonization (Rovi-
ra & Rovira 2010). However, the equations
proposed by Rovira & Rovira (2010) are too
general to grasp the difference among local
climates.

The  decomposition  dynamics  have  fre-
quently been modeled for temperate ecosys-
tems (Parton et al. 1994,  Liski et al. 2005).
On the other  hand,  studies  concerning this
fundamental  process  in  the  Mediterranean
basin are  scarce,  despite  the importance of
this region within the global change context.
Indeed,  Mediterranean  area  is  considered
one of the main hot spots in future climate
change projections (Giorgi 2006). Moreover,
the  climate  of  the  Mediterranean  area  is
srongly affected by local features, such as to-
pography, presence of water bodies and dif-
ferent vegetation cover, resulting in a great
spatial variability (Giorgi & Lionello 2008).
To successfully simulate the decomposition
dynamics  in  these  environments,  adequate
time-depending  functions  describing  the
fluctuations of the decomposition rates have
to be developed and combined with suitable
algorithms for local climate effects.

In this study, we developed a semi-empiri-
cal model for assessing the early-stage litter
degradation dynamics over two years (2011-
2012) in three sites located along a north-to-
south transect in central Italy (Umbria, Lazio
and Campania) and covered by sub-Mediter-
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Litter decomposition is an important process affecting the carbon balance of
forest ecosystems. In the Mediterranean area, seasonal changes, local climate
variations and structural  characteristics of forest stands may have a remar-
kable effect on decomposition rates. In this study, we developed a semi-empi-
rical model for assessing the early-stage litter degradation dynamics over two
years (2011-2012) in three sites located along a north-south transect in central
Italy (Umbria, Lazio and Campania) and covered by sub-Mediterranean mixed
woods. Adequate time-depending functions modeling the seasonal fluctuations
of decomposition rates were developed and combined with suitable algorithms
taking into account the effect of local climatic conditions. Leaf litter was split
into the labile (easy-degraded) and recalcitrant subcomponents. The effects of
temperature and moisture were modeled by specific equations and decomposi-
tion rates by time-depending functions. Equations were calibrated on field ex-
perimental data obtained by the litterbag method at the three study sites.
Model validation revealed an excellent correlation between observed and pre-
dicted values (R2 between 0.89 and 0.95), indicating the accuracy of the model
in predicting differences in decomposition rates among different local climatic
conditions. The simple structure and the reliability of predictions are impor-
tant characteristics of the model developed, that may be considered an opera-
tive alternative to other currently used methods aimed at assessing CO2 release
and carbon balance of forest ecosystems.
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ranean  mixed  woods.  Two  litter  compart-
ments  showing different  litter  qualities  and
decomposing  at  different  rates  were  consi-
dered.  The  role  of  different  local  climates
has been taken into consideration by apply-
ing multiplicative  functions  that  influenced
the  simulated  decomposition  process.  The
decomposition model has been parametrized
using field  data  collected in  the Lazio  test
site, and then applied to the other test sites
(Umbria and Campania) for cross-validation.
The use of leaf litter collected from a single
site (Monti Lucretili) also in the other sites
avoided  possible  influences  resulting  from
using different leaf material and allowed to
better  test  the  temperature-based  heterotro-
phic respiration for the carbon balance 

Material and Methods

Study areas and climatic data
The  study  has  been  carried  out  in  three

sites from central Italy located along a north-
south  transect  (Tab.  1):  (i)  the  Boschi  di
Pietralunga  (Umbria),  a  site  of  community
importance; (ii) the Regional Park of Monti
Lucretili (Lazio); and (iii) the Regional Park
of Monti Picentini (Campania). These areas
were  characterized  by mixed  woods  where
the most represented species were  Quercus
cerris (Turkey oak), Acer obtusatum (Italian
maple), Carpinus  betulus  (European  horn-
beam), Acer  campestre  (field  maple),  Cor-
nus mas  (European cornel), Fraxinus ornus
(manna  ash)  and Sorbus  aria  (common
whitebeam). Canopies at the study sites were
as much dense as the sunlight barely pene-
trated  during  the  vegetative  season.  The
physical texture of soil was silt-loam for the
three test sites, and the substrate was calcare-
ous. Some climatic data of the test sites are
reported in  Tab. 1 for the years 2008-2011.
The climate was typical Mediterranean: pre-

cipitation  occurred  mainly  in  autumn  and
winter, whereas summers were hot and dry.
Climatic  data  were  provided  by:  the  auto-
matic monitoring station located at Colle Ba-
dia  Petroia,  Città  di  Castello  (Perugia)  for
the  Boschi  di  Pietralunga;  the  Integrated
Agricultural  and  meteorological  Service  of
the Lazio Region (ARSIAL, monitoring sta-
tion  of  Licenza  -  Rome)  for  the  Regional
Park of Monti Lucretili; the National Service
of Civil Protection, section of Montecorvino
Rovella  (Salerno)  for  the  regional  Park  of
Monti Picentini. 

The  leaf  litter  decomposition  experiment
conducted  in  Monte  la  Sauceda,  southwest
Spain (36° 30′ N, 5° 35′ W, 432 m a.s.l.  -
Gallardo & Merino 1993) was used for a fur-
ther validation of the model. The vegetation
at this test site was dominated by cork oak
(Quercus suber)  forests,  mixed with  winter
deciduous oaks (Quercus canariensis).  The
soil  was  sandy,  with  small  inclusions  of
loam and clay. This area showed the typical
winter-wet  and  summer-dry  pattern  of  the
Mediterranean climate. Mean annual tempe-
rature  was 16.2  °C and the average annual
precipitation about 1600 mm. Further infor-
mation on the experimental site in Monte la
Sauceda are reported by Gallardo & Merino
(1993).

Field data collection
The  litterbag  approach  (Wieder  &  Lang

1982) is widely used to study the decompo-
sition process at the soil surface. Two kinds
of  20×15  cm  nylon  bags  with  different
meshes (3 and 10 mm) have been arranged.
The first bag type (3 mm - fine mesh, FM)
was chosen to exclude the meso-fauna, and
to minimize particle inputs and biomass loss
as  well.  The second type  (10  mm - coarse
mesh, CM) was used to allow the soil micro-
and meso-fauna to reach the litter contained

in the bags. 
During  October  2010,  leaves  from bran-

ches of Italian maple, field maple and Euro-
pean  hornbeam  have  been  collected  from
trees growing in the Regional Park of Monti
Lucretili.  Such  unique  sampling  site  has
been chosen in order to exclude differences
in  the  physical  and  chemical  properties  of
leaves due to differences at growing sites. In
this way, the decomposition rates were only
dependent on local climate, local micro- and
meso-fauna  and  soil  properties  of  the  test
sites.  Sampled leaves were pooled  and air-
dried  at  room temperature  until  reaching a
constant weight. Three grams of leaf biomass
were enclosed in each bag, according to the
percentage of presence of species in the fo-
rest  stand:  40%  Italian  maple,  40%  field
maple and 20% European  hornbeam.  Sixty
fine mesh  litterbags  and  sixty coarse  mesh
litterbags have been placed at  the soil  sur-
face in each site in January 2011, and perio-
dically  collected  (six  items  for  each  bag
type) until June 2012. Moreover, six items of
each bag-type have been used to determine
the weight  losses due to manipulation,  i.e.,
items have been chemically processed after
oven-drying at 50 °C for 72 hours, in order
to  determine  their  initial  content  of lignin,
nitrogen (N) and carbon (C). One mm mesh
size litterbags have been used to enclose se-
parately two grams of Quercus suber and Q.
canariensis leaves  in  the  experiment  at
Monte la Sauceda test site. Details on litter
quality,  field  and  analytical  methods  per-
formed in the experiment of Monte la Sau-
ceda  were  reported  by  Gallardo  & Merino
(1993).

Mass loss and determination of lignin, 
nitrogen and carbon content

Leaves  from  litter  bags  were  carefully
cleaned  with  ultra-pure  distilled  water  to

iForest 8: 517-525 518  © SISEF http://www.sisef.it/iforest/ 

Tab. 1 - Main characteristics of the three test sites analyzed for model calibration. (FC): field capacity (mm/m2) of the upper 30-cm soil layer
(measured value); (WP): wilting point (mm/m2) of the upper 30-cm soil layer (measured value); (Tmean): mean annual temperature (°C); (Tjan):
average of January minimum temperature (°C); (SDS): Mitrakos’ index of summer drought stress; (WCS): Mitrakos’ index of winter cold
stress (Mitrakos 1980).

Site Coordinates
Elevation
(m a.s.l.)

Aspect
FC

(mm/m2)
WP

(mm/m2)
Year

Tmean

(°C)
TJan

(°C)
Rainfall

(mm)
SDS WCS

Boschi di 
Pietralunga

12° 25′ 27.48″ E
43° 25′ 47.64″ N

643 N 95.4 27 2008 14.2 3 969.2 56.3 64.3
2009 13.5 1 897.6 42.3 71.6
2010 12.8 -0.1 1254.4 33.7 72
2011 13.9 1.4 638.4 32.9 66.1

average 13.6 1.3 939.9 41.3 68.5
Monti 
Lucretili

12° 51′ 51.12″ E
42° 02′ 56.40″ N

843 N 94.2 29.1 2008 14.5 2.8 1449.8 42.1 61.9
2009 13.8 2.2 1598.2 9.5 61.6
2010 13.1 0.7 1569.4 3.2 69.1
2011 14.4 2.1 908.8 22.9 58.9

average 14 2 1381.6 19.4 62.9
Monti 
Picentini

15° 00′ 36.72″ E 
40° 42′ 03.60″ N

612 N 100.5 36.1 2008 16.3 6.2 1322.6 58.9 33.1
2009 16.4 6.8 1119 48.2 32.5
2010 15.4 4.8 1819.2 33.3 40.3
2011 15.9 5.3 1014.4 55.1 35.7

average 16 5.78 1318.8 48.9 35.4
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eliminate  soil  particles  and  meso-fauna  at
each sampling.  After  cleaning,  leaves were
oven-dried at  50 °C for 72 hours  and then
weighted. The litter mass loss was calculated
as  percentage  of  variation  from the  initial
weight. Since small amounts of soil mineral
elements could contaminate leaf samples in
the bags, the remaining mass of each sample
was calculated by detracting its ash content
from the dry mass. The ash content was de-
termined by burning 0.3 g of each sample at
550  °C  for  2  hours  in  a  high  temperature
electric  oven  (GenLab,  UK).  Leaves  were
pulverized in a planetary ball mill (PM400,
Retsch  -  Germany).  Lignin  content  of  the
mixed  species  litter  was  determined  using
the method  by  Van Soest  & Wine (1968),
modified  as  described  by  Fioretto  et  al.
(2005). N and C were measured by a CHNS-
O Analyzer (Thermo FlashEA1112, Thermo
Fisher Scientific Inc. - USA).

Model description

Theory and basic assumptions
Time-dependent  simulation  of  leaf  litter

decay  has  been  performed  on  a  dynamic
semi-empirical model based on the Olson’s
model  (1963).  It  was assumed that  the de-
caying litter lost a proportion of its mass per
unit of time (Olson 1963). In this study, litter
was considered to be composed of two main
components constituted by lignin in the first
component (recalcitrant litter) and by cellu-
lose, hemicelluloses and soluble compounds
in the second component (labile litter). Fur-

thermore,  these components  were characte-
rized by different decomposition rates (Loui-
sier  &  Parkinson  1979),  though  neither
group of compounds decays independently,
as lignin physically can protect great part of
the  cellulose  and  hemicelluloses  from  de-
composition  (Cooke  & Whipps  1993).  De-
composition  rates  of  these  groups  change
over time, in relation to the progressive va-
riation in  the proportions of different com-
pounds. Finally, it was also assumed that mi-

crobial activity depended on optimal tempe-
rature and moisture conditions (Olson 1963,
Meentemeyer 1978,  Berg et al.  1993,  Liski
et al. 2003), though the relationship between
temperature  and  decomposition  rate  is  still
debated (Giardina & Ryan 2000,  Epstein et
al. 2002).

Model structure and equations
The semi-empirical model of litter decom-

position  (Fig.  1) has been developed using
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Fig. 1 - Conceptual diagram of the decomposition model. Dashed boxes refer to input va-
riables, squares are stocks, rounded square are driver variables, circles represent specific in-
formation dealing with model control, dashed arrows denote fluxes and solid arrows repre-
sent impacts.

Tab. 2 - Parameter and equations used for litter decomposition modeling. (Tsoil): soil temperature at depth 10 cm; (Tair): air temperature;
f(T)arctan, f(T)LT, f(T)linear: temperature effect on decomposition rates; (meltsnow): water from the snow pack; (SWC): soil water content; (RWC):
relative water content; (WP) wilting point; (FC): field capacity; (intloss): interception per rain events; (KC): crop coefficient; (EtrA): annual
real evapotranspiration; (ET0A): annual potential evapotranspiration; (ET0): potential evapotranspiration; (S): maximum quantity of water ab-
sorbed after run-off start; (LAI): leaf area index; (CN): run-off curve number;  f(RWC): moisture effect on decomposition rates; (w): lignin
percentage of leaf litter; (k1): decomposition rate of labile compounds; (k2): decomposition rate of recalcitrant compounds.

Parameter Units Equations and values Source
Tsoil °C 0.769 + 0.826 · Tair This work
f(T)arctan dimensionless 0.56 + (1.46 · arctan(π · 0.0309 · (Tsoil - 15.7))) / π Del Grosso et al. 2005
f(T)LT dimensionless 0.57658 · exp(308.56 · ((1 / 56.02) - (1 / (273 - Tsoil - 227.13)))) Lloyd & Taylor 1994
f(T)linear dimensionless 0.198306 + Tsoil · 0.036377 Adair et al. 2008
meltsnow mm day-1 0.66 · Tair Parton et al. 1994
SWC mm day-1 (rainfall + meltsnow) - (intloss + runoff + ET0) This work
RWC unitless (SWC - WP) / (FC - WP) Del Grosso et al. 2005
intloss mm day-1 rain · (1 - exp(- KC · LAI)) Ritchie 1972
KC dimensionless ETrA / ET0A Allen et al. 1998
ETrA mm year-1 PA / (√ (0.9 + (PA2 / (300 + 25 · TA3)2))) Turc 1954
ET0 mm day-1 0.408 (Rn - G) + γ · (900 / (Tair + 273) · u2 · (e°(T) - ea)) / (Δ + γ · (1 + 0.34 · u2)) Allen et al. 1998
runoff mm day-1 (((rainfall - intloss) - (0.2 · S))2) / ((rainfall - intloss) + (0.8 · S)) Steward et al. 1976
S mm 254 · [(100 / CN) - 1] Steward et al. 1976
LAI dimensionless 2.56 / [1 + 1430 · exp(-0.0471 · t)] Calibration
CN dimensionless 55 Steward et al. 1976
f(RWC) dimensionless 5 · (0.287 + (arctan(π · 0.009 · (RWC · 10 - 17.47))) / π) Del Grosso et al. 2005
w % 38 This work
k1 % day-1 1 / (-2.04 · 103 + 1.99 · 103 · t 0.0482) This work
k2 % day-1 9.09 · 10-4 + 2.06 · 10-5 · t - 4.31 · 10-8 · t 2 This work
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the software platform STELLA
® v. 7.0.3 (Isee

Systems Inc., USA), an object-oriented pro-
gram (OOP), comprising several interrelated
modules. The organization into small auton-
omous  units  (modules)  allows  much  more
flexibility  in  modeling  complex  processes
such as litter decomposition,  being affected
by  several  environmental  and  biological
components.  Furthermore,  a  single  specific
function performed in a module can be re-
placed by a similar one with no need of rear-
ranging  the  whole  model.  Also,  different
models can be linked each other in order to
explore more processes mutually interacting
at the same time.

Sub models and their equations to simulate
the parameters are described below (see also
Tab. 2).

Climatic module
Data concerning latitude, annual average air
temperature (TA, °C) and January minimum
average air temperature (TJan,  °C) calculated
over  four  years  (2008-2011)  have been in-
cluded in the model (climatic static database)
as input parameters for simulating solar ra-
diation (W m-2) and daily average air tempe-
rature (Tair,  °C) using the climate algorithm
reported by Vitale et al. (2003). Soil tempe-
rature (Tsoil, °C) has been calculated by using
an empirical equation (eqn. 1 - r2 = 0.99) de-
rived by fitting air and soil temperature data-
base (2007-2011) supplied by climatic moni-
toring station of Licenza, located in the Re-
gional Park of Monti  Lucretili  (Lazio, cen-
tral Italy - eqn. 1):

where t is the day of the year.

Hydrological module 
This module has been developed to simulate
the soil water content (SWC(t), mm day-1) in
the first 30-cm depth of soil. Air temperature
(°C),  precipitation (mm) and water holding
capacity (FC(t), mm day-1) have been inclu-
ded as input parameters. When the SWC was
below the water holding capacity it was cal-

culated from the in-coming and out-coming
water balance as follows (eqn. 2):

where  meltsnow  (mm day-1)  was the in-co-
ming water supply from melting snow, cal-
culated  by  a  temperature-dependent  linear
equation  according to  Parton  et  al.  (1994);
intloss (mm day-1) was the water interception
by the canopy (Ritchie 1972), which, in turn,
is a function of the leaf area index (LAI, m2

leaf

m-2
ground). The LAI(t) (eqn. 3) has been simu-

lated  by  a  logistic  equation,  parametrized
using  empirical  data  derived  by  Gratani  &
Foti (1998) for a mixed deciduous forest lo-
cated in Abruzzi (central Italy), similar to the
woody stands considered in this study (eqn.
3):

The time period considered for the  intloss
modeling was from the 100th to the 281th day
of the year. The runoff (runoff(t), mm day-1)
was  simulated  according  to  Steward  et  al.
(1976).  In  this  module,  we used the runoff
model  calibrated  for  woods  protected  from
grazing, and soil adequately covered by litter
and brush (Steward et al. 1976). The poten-
tial  evapotranspiration  (ETo(t),  mm  day-1)
was calculated by a modified Penman-Mon-
teith  equation,  as  reported  by  Allen  et  al.
(1998).  SWC(t)  was  considered  equal  to
FC(t) and the excess water was assumed to
percolate to the bottom layer when the hy-
drological balance exceeded the  FC(t). Wa-
ter holding capacity FC(t) and wilting point
were calculated using the soil calculator al-
gorithm of the CENTURY model (Parton et
al.  1994) based on equations developed by
Gupta  &  Larson  (1979) and  Rawls  et  al.
(1982). Soil  calculator algorithm needed of
sand, clay and silt fractions as input.

Decomposition module
Litter decomposition followed two exponen-
tial dynamics made as function of time and

climatic conditions (eqn. 4):

where M(t) was the amount of litter at time t,
M1 and M2 were the initial amounts of the la-
bile and recalcitrant components (determined
by the fraction of initial litter lignin content)
and  k1 and  k2 their decomposition rates, re-
spectively. CDIi,j were the climatic decompo-
sition  indexes  (Adair  et  al.  2008),  specific
for each pool  and accounting for local cli-
mate conditions. Decomposition rates related
to  labile  and  recalcitrant  components  [k1(t)
and k2(t)] were not constant but varying over
time. The equations describing the decompo-
sition rates for the two compartments M1 and
M2 were obtained by interpolation of decom-
position rates of non-lignin and lignin frac-
tions, respectively, and estimated by biomass
losses data obtained in the Lucretili Regional
Park (Lazio, central Italy) test site during the
entire experimental time period (eqn. 5):

where  k(t) is the decomposition rate (day-1),
M0 was the initial mass (%) and  Mt was the
mass (%) at time t (days).

Then, the time-based equations of k1 and k2

have been chosen by a best fitting procedure
performed by CURVE EXPERT BASIC 1.4 share-
ware software (Hyams 2010 - eqn. 6, eqn. 7):

where t is the day of the year.
The  decomposition  rates  have  been  cor-

rected by incorporating the climatic decom-
position index (CDI) to account for climatic
variability.  CDI  simulated the soil  moisture
[f(RWC)]  and  temperature  [f(T)i]  effects  as
follows (eqn. 8 - Adair et al. 2008):

The effect of temperature  has  been simu-
lated  taking  into  account  three  functions
from the literature, suited for Mediterranean
conditions (Fig.  2). Indeed,  the majority of
litter  decomposition  models  were  realized
for  temperate  climates  and  their  equations
implied a marked sensitivity to temperature
already above 10 °C (Adair et al. 2008). The
equations  were  f(T)arctan (Del  Grosso  et  al.
2005),  f(T)LT (Lloyd  &  Taylor  1994)  and
f(T)linear (Adair et al. 2008). In details (eqn. 9,
eqn. 10, eqn. 11):
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T soil (t )=0.769+0.826⋅T air (t )

SWC (t )=[ rain(t )+meltsnow (t )]−
−[intloss (t )+runoff (t )+ET 0( t)]

LAI (t )=
2.56

1+1430⋅exp(−0.047⋅t)

M (t )=M1⋅e(−k 1⋅CDI i⋅t )
+M 2⋅e(−k 2⋅CDI j⋅t )

k ( t)=
ln(M 0)−ln (M t)

t

k1 (t )=
1

−2.04⋅103
+1.99⋅103⋅t(4.82⋅10

− 2
)

k 2(t)=9.09⋅10−4
+2.06⋅10−5

−4.31⋅10−8
⋅t2

CDI= f (RWC )⋅f (T )i

f (T )arctan=0.56/ π +

+[1.46⋅arctan (π⋅0.0309⋅[T soil−15.7])] /π

Fig. 2 - Trends of the three soil temperature-based functions f(T) included in the model.
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The decomposition rates were strongly af-
fected by temperature functions by slowing
down of decomposition process of about 85-
75% at  low winter  temperature.  The  three
functions were affecting decomposition rates
in different ways during summer period. The
arctan function (eqn. 9) was normalized to 1
at 30 °C, whereas the linear function (eqn.
11)  was not  normalized,  although its slope
(0.036) did not allow reaching values > 1.07
for the range of latitudes considered in this
study. The Lloyd & Taylor’s function (eqn.
10) had an exponential trend that reached 1
at the soil temperature of 16 °C, after that the
function  increased  rapidly  its  values  dou-
bling the decomposition rates at 27 °C and
triplicating them at 34 °C. The soil moisture
effect  [f(RWC)]  has  been  simulated  accor-
ding to  Del Grosso et al. (2005) as follows
(eqn. 12):

The  relative  water  content  [RWC(t)]  al-
lowed to  quantify the  water  content  in  the
soil by water balance with respect to the pre-
vious day. It was calculated by SWC accor-
ding  to  Del  Grosso  et  al.  (2005).  f(RWC)
took  values  ranging  from 0.7  to  1.1  when
soil  RWC was 0 and 1,  respectively.  Diffe-
rent CDIs were applied to M1 and M2 compo-
nents according to the following conditions
(eqn. 13):

where  TJan is the minimum average air tem-
perature (°C) in January and TID is the ma-
ximum deviation of TJan from annual average
temperature (°C).

Further  information  about  decomposition
model are reported in Appendix 1.

Statistics
Multivariate analysis of variance (MANO-

VA)  and  principal  component  analysis
(PCA) were performed to test for differences
among test  sites  in  the climatic  parameters
(precipitation, average, minimum and maxi-
mum  temperature),  and  to  classify  all  the
variables considered in order of importance.

Post-hoc comparison analysis (Tukey’s HSD
test) was carried out in order to quantify sig-
nificant differences among the test sites. To
verify  the  goodness-of-fit  of  predictions
obtained  from  the  decomposition  model,
ANOVA and linear regression analysis were
carried out  to  test  the relationship  between
simulated and measured data. All statistical
analyses were performed using the software
package  STATISTICA

® 8.0 (Stat Soft Inc., Tul-
sa, OK, USA).

Results

Climatic differences between test sites
The MANOVA analysis of climatic varia-

bles  (precipitation,  average,  minimum  and
maximum temperature) carried out over the
whole experimental period (January 2011 to
June  2012)  revealed  significant  differences
among  test  sites  (F  =  106.76,  p  <  0.01).
However,  the  post hoc analysis  highlighted
that these differences were due to the diffe-
rent homogeneous groups (test sites) with re-

spect to some variables, such as mean tem-
perature or rainfall (Tab. 3) 

According to the Kaiser’s criterion (1960),
PCA results revealed that average and maxi-
mum temperature had the largest weight  on
the PC model, which accounted for 95.8% of
the  total  variation  (eigenvalues:  2.83  and
1.00,  respectively),  while  precipitation  ap-
peared to have not significant effects (eigen-
value < 0.01).  As a consequence,  a greater
weight  has  been  assigned  to  temperature
than  to  precipitation,  and  temperature  has
been used  as  an important  variable  to  dis-
criminate  different  climatic  decomposition
indexes (CDIs).

Evaluation of decay dynamics at the test
sites and litter quality

The litterbag method has been widely uti-
lized to quantify the litter mass decay over
time. However, we observed that decomposi-
tion rates were overestimated both in early
and  late  phases  of  the  process  when  the
coarse-mesh  (10  mm)  litterbags  were  uti-
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Fig. 3 - Values of 
k1(t) and k2(t) mea-
sured and interpo-
lated by: (a) the Har-
ris’ model; (b) the 
quadratic curve.

Tab. 3 - Analysis of homogeneity of temperature and precipitation among the studied stands
after Tukey’s HSD test (α=0.05). (Tmean): average temperature (°C); (Tmin): minimum tempe-
rature (°C); (Tmax): maximum temperature (°C); (****): significant homogeneity between site
pairs for the parameter considered.

Parameter
Boschi di

Pietralunga
Monti Lucretili Monti Picentini

Tmean (°C) **** **** -
Tmin (°C) **** **** -
Tmax (°C) - - -
Rainfall (mm) - **** ****

f (RWC)=5⋅
0.287+arctan(π⋅0.09⋅RWC−17.47)

π

f (T )LT=0.576⋅e
308.56⋅[(56.02)

−1
−(273+T soil−227.13)

−1 ]

f (T )linear=0.198+T soil⋅0.036

M t={
M 1⋅exp (−k1 CDI linear t )+
M 2⋅exp(−k 2 CDI linear t) if T Jan>2.5

M1⋅exp(−k1 CDI LT t)+
M 2⋅exp(−k2 CDI arctan t) if T Jan⩾1.5

andT Jan⩽2.5
andTID>12

M 1⋅exp (−k1 CDI linear t )+

M 2⋅exp(−k2 CDI arctan t) if T Jan⩽2.5
andTID>12
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lized. This was likely due to losses of orga-
nic  matter  not  related  to  the  decomposers’
activity.  Although  the  use  of  fine-mesh  (3
mm) bags could  reduce the decay rates by
excluding  some invertebrates,  errors  in  the
estimation  of  decomposition  rates  resulted
higher  when  coarse-mesh  bags  were  used.
Therefore,  the  decomposition  model  has
been parametrized using only data from fine-
mesh litterbags.  The litter  mass decay over
time is displayed in  Fig. 3, where a marked
reduction  of leaf litter  mass (10-14%) was
evident just after one month of permanence
to the ground, likely due mainly to the leach-
ing of soluble compounds from litter. In this
early phase, no significant differences among

sites were observed (F = 1.610, p = 0.200).
In winter, the decomposition rate of the site
Boschi di Pietralunga (the northern site) was
slower than those of the other  sites,  losing
about 10% less of biomass (F = 6.948, p <
0.01) after 100 days since the beginning of
the experiment. Biomass differences between
the site Boschi di Pietralunga and the others
became  more  evident  after  140  days  (F  =
11.499, p < 0.01; Tukey’s HSD test: Boschi
di Pietralunga vs. Monti Picentini, p = 0.046;
and  Boschi  di  Pietralunga  vs. Monti  Lu-
cretili, p = 0.030). Finally, no significant dif-
ferences (F = 1.99, p = 0.137) were observed
among test-sites at the end of the experiment
(after 520 days). Data concerning the leaf lit-

ter weight  decay at  the three sites  are  pre-
sented  in  Appendix  1.  Initial  content  of
lignin, N and C concentrations of the leaf lit-
ter were 38  ± 2.6%,  2.37  ± 0.05  mg gDW

-1

and 50.04 ± 0.14 mg gDW
-1, respectively.

Assessment of time-depending equations
for decomposition rates

Equations describing the decomposition ra-
tes [k1(t) and  k2(t), eqn. 6 and eqn. 7] have
been  obtained  by  fitting  the  data  obtained
from the  Regional  Park  of  Monti  Lucretili
(Fig. 3). The Harris’ model and the quadratic
curve were the best fitting models for k1(t) (r
= 0.90)  and  k2(t)  (r = 0.66)  decomposition
rates,  respectively.  The  processes  modeled
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Fig. 4 - Scatter plots (a) and 
decay curves (b) showing the 
comparison between obser-
ved and simulated data for 
the site located at Monti 
Lucretili.

Fig. 5 - (Upper panels): ob-
served and simulated values 
of mass loss with time at two 
study sites: (a) Boschi di 
Pietralunga; (b) Monti Picen-
tini. (Lower panels): compa-
risons between observed and 
simulated data obtained at 
two study sites: (c) Boschi di 
Pietralunga; (d) Monti Picen-
tini.
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by eqn. 6 and eqn. 7 were coherent and bio-
logically meaningful, since k1(t) had high de-
composition  rate  (10-2 day-1)  in  the  first
month due to the leaching, then rapidly fal-
ling to a stable rate of 10-3 day-1. Contrarily,
k2(t)  showed low rate  values (10-4  day-1)  in
the  early  stage  (when  most  decomposable
compounds  were  still  present),  reached  its
maximum rate (10-2  day-1) after the 301st day
of the year (due to the progressive reduction
of labile compounds), and then slowed down
to a rate value of 10-3 day-1.

Estimation of leaf litter decomposition 
depending on local climate

The  climatic  dependence  indexes  (CDIs)
were calculated for all test sites taking into
account  their  time-based  dynamics  for  the
f(RWC) and  f(T) functions. The model opti-
mized  for  the  site  at  the Regional  Park  of
Monti Lucretili proved to simulate quite ac-
curately the non-linear dynamics of the de-
composition process (observed vs. predicted:
r2 = 0.74 - Fig. 4a), though a systematic un-
derestimation  was  detected  in  the  summer
period (Fig. 4b). Also, model predictions of
mass  loss  well  fitted  to  the  observed  data
from sites Boschi di  Pietralunga and Monti
Picentini (Fig. 5a, Fig. 5b), as confirmed by
the  results  of  the  ANOVA test  (Boschi  di
Pietralunga: F = 3.385, p = 0.068; Monti Pi-
centini: F = 2.654, p = 0.106). The strong re-
lationship  between  observed  and  simulated

values was further confirmed by the slope of
the regression when imposing the intercept
to zero, being 0.995 ± 0.012 (R2=0.79)  for
the site Boschi di Pietralunga (Fig. 5c) and
0.996 ± 0.011 (R2=0.90) for the site Monti
Picentini (Fig. 5d).

Model validation
Model validation was carried out using the

dataset obtained from the leaf litter experi-
ment at Monte la Sauceda, southwest Spain.
Simulations  carried  out  adequately  reflect
the litter decay dynamics of two litter species
at the test site (Fig.  6a,  Fig.  6b). However,
some systematic differences were found be-
tween  observed  values  and  model  predic-
tions  concerning  the  decomposition  dyna-
mics of Q. suber. The model proved to over-
estimate the litter mass remaining during the
whole  decomposition  period,  with  an  ave-
rage deviation of 10% (Fig. 6a, Fig. 6b). The
regression  slope  obtained  by  imposing  the
intercept to zero was 0.99 ± 0.3 (R2 = 0.89)
for Q. suber leaves (Fig. 6c) and 0.99 ± 0.02
(R2 = 0.95)  for  Q. canariensis  leaves (Fig.
6d).

Discussion
Our  results  showed  a  pronounced  depen-

dence of leaf litter decomposition upon local
climatic conditions.  Decomposition  was af-
fected by low temperature that  strongly re-
duced the decay rate of labile compounds of

the litter during winter months (i.e., Boschi
di Pietralunga), in agreement with Johansson
et  al.  (1995) and  Berg  &  McClaugherty
(2008). On the other hand,  sites characteri-
zed by cold winter and hot summer (such as
the regional Park of Monti Lucretili) exhibi-
ted a decay rate strongly affected by tempe-
rature extremes. In such locations, decompo-
sition rates were reduced by cold winter and
increased by warm summer, providing thus
favorable  conditions  for  the  decomposers’
activity. Finally, sites characterized by mild
winter, such as the Regional Park of Monti
Picentini, were less affected by temperature,
likely due  to  the  rapid  acclimation  of  soil
microorganisms  to  temperature  fluctuations
along the season (Lou et al. 2001). Further-
more, mild winter temperature may lead to a
rapid consumption of easy-decomposable re-
sources before spring and, as a consequence,
a deficiency of substrate suitable for decom-
posers (Eliasson et al. 2005). Indeed, in this
study  a  high  variability  of  the  remaining
mass in the litter bags was observed at the
end  of  the  experimental  period.  This  was
likely due to different local climatic condi-
tions,  which  were  caused  by  site-specific
characteristics, thus affecting the decomposi-
tion rate of each litter bag. 

The model proposed in this study proved to
simulated quite accurately the early stage de-
composition dynamic for Mediterranean mi-
xed woods.  Although the model was based
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Fig. 6 - (Upper panels): ob-
served and simulated values
of mass loss with time at the
validation site: (a) Quercus

suber; (b) Q. canariensis.
(Lower panels): comparisons
between observed and simu-
lated values obtained at the
validation site: (c) Quercus

suber; (d) Q. canariensis.
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on a consolidated approach,  the time-based
decomposition rates are a novel mathemati-
cal implementation. Notably, these equations
were not  site-specific and were applied  in-
discriminately to the all study sites.

Different  local  climates  required  different
approaches for modeling the litter decompo-
sition process, which is highly dependent on
temperature  in  Mediterranean  ecosystems.
Moreover,  by  comparing  the  experimental
litter mass loss to its model predictions (data
not shown), we noticed that labile and recal-
citrant  litter components  did respond diffe-
rently to changes in the climatic conditions.
Furthermore,  the application  of the decom-
position model optimized for mixed woods
of  central  Italy  to  the  hot  and  dry site  in
Monte la Sauceda (Spain), allowed us to bet-
ter focus on the most important  aspects of
the  model  in  order  to  improve  its  perfor-
mances under different environmental condi-
tions.  Despite  the  model  overestimation  of
mass losses in the Q. suber litter at the vali-
dation site, simulated values did not exceed
10%  of  deviation  from  experimental  data.
Such discrepancy was likely stemming from
unwanted physicochemical processes occur-
ring in the litterbags, such as photodegrada-
tion,  fragmentation  induced  by  raindrop
splash,  soil  erosion  and  runoff  (Whitford
2002, Dirks et al. 2010, Berhe 2012).

Conclusion
The  decomposition  model  developed  in

this study is able to describe the early stages
of leaf litter decomposition along a climatic
gradient in the Mediterranean mixed woods
using few important geo-climatic parameters.
Despite  some systematic  deviations  of pre-
dictions  from observed  data  were detected,
the model may represent an operational com-
promise between formal simplicity and satis-
factory reliability of simulations, as demon-
strated  by  the  strong  correlations  between
observed and predicted values. Although dif-
ferent local microclimates required different
approaches for modeling the litter decompo-
sition process, the model achieved can take
into account the heterogeneity of the Medi-
terranean environment. Notably, the general
time-based  equations  for  modeling  the  de-
composition  rates  resulted  not  site-specific,
though derived from experimental data.

The litter  decomposition  model  presented
here  will  be  next  embedded  in  a  process-
based model for the quantification of carbon
assimilation  (photosynthesis)  and  autotro-
phic respiration, thereby allowing an assess-
ment of the carbon balance for the conside-
red forest ecosystem under  different micro-
climates.  The final aim is to provide forest
managers with an important tool for assess-
ing the effect of different managing activities
on the carbon balance of forest ecosystems.
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