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Chapter 5
The Role of Managed Forest Ecosystems: A 
Modeling Based Approach
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Abstract  Regional approaches to estimate the carbon budget of Italian forest 
ecosystems using Process-Based Models (PBMs), have been applied by several 
national institutions and researchers. Gross and net primary productivity (GPP and 
NPP) have been estimated through the PBMs simulations of carbon, water, and 
elemental cycles driven by remotely sensed data set and ancillary data. In particu-
lar the results of the GPP and NPP estimations provided by the implementation 
of two hybrid models are presented. The first modeling approach, based on the 
integration of two widely used models (C-fix and BIOME-BGC), has been applied 
to simulate monthly GPP and NPP values of all Italian forests for the decade 
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1999–2008. The approach, driven by remotely sensed SPOT-VEGETATION ten-
day Normalized Difference Vegetation Index (NDVI) images and meteorological 
data, provided a NPP map of Italian forests reaching maximum values of about 
900 g C m−2 year−1. The second modeling approach is based on the implementa-
tion of a modified version of the 3-PG model running on a daily time step to pro-
duce daily estimates of GPP and NPP. The model is driven by MODIS remotely 
sensed vegetation indexes and meteorological data, and parameterized for specific 
soil and land cover characteristics. Average annual GPP and NPP maps of Italian 
forests and average annual values for different forest types according to Corine 
Land Cover 2000 classification are reported.

5.1 � Introduction

Simulation models of forest ecosystems answer two needs: first to clarify the 
relationship between key ecosystem components, for a deeper understanding 
of their functioning (Kimmins 2008), and second to predict how the state varia-
bles of a dynamic system change due to processes in a forest stand or landscape 
(Brang et al. 2002). In recent years, modeling has undergone significant develop-
ments especially in forestry. Modeling tools are increasingly used by both for-
est ecologists, who face the challenge of transferring knowledge to stakeholders 
and the general community, and forest managers, who benefit from the develop-
ment of scenario-based supports for decision-making (Vacchiano et  al. 2012). 
From a general point of view, modeling means trying to capture the essence of 
a system, deconstructing complex interactions between system components until 
only the most essential structures and processes remain (Haefner 2005). From 
stochastic and empirical models, developed over the past 50 years, the increased 
availability of the data has led to a significant enhancement in the knowledge 
of the processes that regulate the tree eco-physiology. The difficulties to apply 
empirical models in sites other than those they were calibrated for, which do not 
reflect the changes occurred in site conditions or related to management opera-
tions since they were developed, have switched to using models able to predict 
changes in growth and productivity of forests also subject to climate changes, 
often taking into consideration some factors relating to anthropogenic disturbance. 
Depending on the modeling purpose, in the last three decades a series of mod-
eling approaches were developed in order to capture forest processes for a wide 
spatial and temporal resolution scale. The most used approaches are: gap models 
(Bugmann 2001), landscape models (He 2008), process-based models (PBMs) 
(Makela et  al. 2000) and hybrid models (Zhang et  al. 2008). The former of this 
series explicitly includes site and climate drivers for predicting forest composition, 
structure and biomass. Small-area or gap models reproduce the growth of single 
trees within forest patches (e.g., 100 m2) in relation to the prevailing growth con-
ditions at the site level (Botkin et al. 1972; Shugart 1984; Leemans and Prentice 
1989; Pacala et  al. 1993). Recent modeling approaches as for the 3D-CMCC 
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FEM (three Dimensional Forest Ecosystem Model of the euro-Mediterranean 
Centre for Climate Change) (Collalti et al. 2014) integrates several characteristics 
of the functional–structural tree models, based on the light use efficiency (LUE) 
approach, to investigate forest growth patterns and yield processes for complex 
multi-layer forests.

However, physiological processes are not explicitly accounted for, requir-
ing statistical fitting procedures between each environmental factor and observed 
growth (Vacchiano et al. 2012).

Landscape models comprise a broad class of spatially explicit models that 
incorporate heterogeneity in site conditions, neighborhood interactions and 
feedbacks between different spatial processes (Pretzsch et  al. 2008). The aims 
of these models are to develop scenarios for the sustainability of forest or land-
scape functions (natural resources, habitat, hydrology, socioeconomic), to fore-
cast their response to disturbances and potential environmental change (climate, 
N deposition, land use and land use change), to investigate the relationship 
between landscape structure and regionally distributed risks, and to assess 
regional-scale matter fluxes, e.g. water, carbon and nutrients. One example is the 
mesoscale Land Surface Model proposed by Alessandri and Navarra (2008) repre-
senting the momentum, heat and water flux at the interface between land-surface 
and atmosphere; it has been coupled to a general circulation model (GCM) to esti-
mate the rate of forcing by existing vegetation on precipitation patterns. PBMs can 
be defined as a procedure by which the behavior of a system is derived from a 
set of functional components and their interactions with each other and the sys-
tem environment, through physical and mechanistic processes occurring over 
time (Godfrey 1983; Bossel 1994). More generally, these models are part of the 
Soil-Vegetation-Atmosphere Transport (SVAT) models giving a representative 
description of land surface-atmosphere interaction, and describing the physi-
cal and biological processes in vegetation and soil, as well as physical processes 
within the atmospheric boundary layer. SVAT models are commonly used to esti-
mate the exchanges of energy, mass and momentum between the atmosphere and 
the land surface. These types of models, which are widely applied and validated 
across the world, use the “big leaf” concept based on one canopy layer or multiple 
layer schemes, to simulate water and carbon cycles on a variety of spatial (hectare 
to km) and temporal (daily, monthly or annually) scales. The implementation of 
these models in forestry in the last decades has been having great success thanks 
to the availability of remotely sensed data offering a greater amount of informa-
tion both during the initialization and validation phase. Also, fluxes of energy, CO2 
and water vapor exchanges between the vegetation and the atmosphere measured 
by the FLUXNET network give the possibility to test such models over as many 
different circumstances as possible. The spatial scale which they generally work 
at (ecosystem) can describe the main features in the structure and physiognomy 
of the forest and they can be considered a valuable tool in the study of those eco-
physiological fundamental processes, at species level but also at forest typology 
level, at an intermediate spatial scale between gap models and Dynamic Global 
Vegetation Models (DGVM). An important feature of SVAT models is that they 
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can be used as stand-alone models (Marras et al. 2011; Staudt et al. 2011) or as the 
land surface scheme of a climate model (Pyles et al. 2003). However, as reported 
by Zhang et al. (2008), most process-based models are unable to simulate forest 
stand variables (e.g., height, diameter at breast height and volume) since they were 
not designed for forest management and do not predict forest stand attributes. 
Battaglia and Sands (1998), Landsberg and Coops (1999) and Makela et al. (2000) 
have extensively discussed the advantages and disadvantages of using empirical 
and mechanistic process models. Generally, as postulated by Peng et  al. (2002), 
the weakness of one type of model is the strength of the other, and vice versa. It is 
almost always possible to find an empirical model providing a better fit for a given 
set of data due to the constraints imposed by the assumptions of process models. 
Nevertheless, empirical and process-based models can be combined and integrated 
into hybrid models in which the shortcomings of both approaches can be over-
come to some extent.

According to this general framework, several ecosystem models have been 
applied to estimate carbon budgets of Italian forests, relying on the availability of 
remotely sensed data and ancillary dataset provided within the activities of specific 
national research projects as for the CarboItaly project.

5.2 � The Carbon Budget Estimation of the Italian Forests: 
Ecosystem Models Approach

Regional approaches to estimate the carbon budget of Italian forests have been 
applied in the last decade by several national institutions and researchers. In par-
ticular several PBMs driven by remotely sensed and ancillary data have been 
applied to run simulations of carbon, water and elemental cycles in order to pro-
vide estimates of GPP and NPP and thus of NEP over a wide variety of vegetation 
types across Italian forest ecosystems.

Over the last decade, the availability of micrometeorological data measured 
within a national ground-based monitoring network of Eddy Covariance tower 
sites (flux sites), has been used to calibrate and validate PBMs. In general, the 
modeling approach is mainly based on the combination and integration of widely 
applied PBMs into hybrid models so to better represent the high variability of land 
use, climate and environmental conditions over the Italian territory.

5.2.1 � Estimation of Italian Forest NPP. C-Fix and BIOME-
BGC Integration Model

Maselli et  al. (2009a) and Chiesi et  al. (2011) proposed the estimation of for-
est NPP in Italy based on the integration of a parametric model, C-Fix, and of a 
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bio-geochemical model, BIOME-BGC. C-Fix is a Monteith type parametric model 
(Veroustraete et al. 2002) which combines satellite-derived estimates of the frac-
tion of Photosynthetically Active Radiation absorbed by forest (fAPAR) with field 
based estimates of incoming solar radiation and air temperature to simulate total 
photosynthesis. The annual GPP (g C m−2 year−1) of a forest can be computed as:

where ε is the maximum radiation use efficiency, Tcori is a factor accounting for 
the dependence of photosynthesis on air temperature, Cwsi is the water stress 
index, fAPARi is the fraction of absorbed PAR, and Radi is the solar incident PAR, 
all referred to the i-th month. fAPAR can be derived from the top of canopy NDVI 
according to the linear equation proposed by Myneni and Williams (1994). Cws 
was introduced by Maselli et  al. (2009a) to optimize the model application in 
Mediterranean environments, which are characterized by a long and dry summer 
season when vegetation growth is constrained by water availability. This modifica-
tion is completed by the use of the MODIS temperature correction factors and the 
maximum radiation use efficiency equal to 1.2 [(g C MJ−1(APAR))] (Chiesi et al. 
2011).

Modified C-Fix was applied to simulate monthly GPP values of all Italian 
forests for the past decade (1999–2008) following the multi-step methodology 
described in Maselli et al. (2009a). In summary, a 1-km2 dataset of monthly min-
imum and maximum temperatures, precipitation and solar radiation was derived 
from the available meteorological maps. These maps were further processed to 
compute the temperature and water stress correction factors which are needed to 
drive Modified C-Fix. The Spot-VGT ten-day NDVI images of the ten study years 
were corrected for residual disturbances, composed over monthly periods and pro-
cessed to obtain fAPAR maps. All these maps were used to apply Modified C-Fix 
and yield monthly GPP images over the study years. These images were aggre-
gated to compute an annual average GPP image of Italy, from which average val-
ues were extracted for all forest types and Italian Regions.

The ecosystem respirations needed for the prediction of NPP in the Italian for-
est types were then simulated by BIOME-BGC. This model was developed at the 
University of Montana to estimate the storage and fluxes of carbon, nitrogen and 
water within terrestrial ecosystems (Running and Hunt 1993). It requires daily 
weather data, general information on the environment (i.e. soil, vegetation and 
site conditions) and on parameters describing the ecophysiological characteris-
tics of vegetation. The model works by searching for a quasi-climax equilibrium 
(homeostatic condition) with local eco-climatic conditions through the spin-up 
phase: this means that the sum of simulated respirations become nearly equivalent 
to GPP, which makes annual NPP approach heterotrophic respiration (Rhet) and 
NEE tend to zero. Also, such modeling makes the obtained GPP estimates similar 
to those produced by C-Fix, which are descriptive of all ecosystem components 
(Maselli et al. 2009b). The version of the model currently used includes complete 

(5.1)GPP = ε

12∑

i=1

Tcori · Cwsi · fAPARi · Radi
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parameter settings for all main biome types (White et  al. 2000). These settings 
were modified for six forest types to adapt to Mediterranean environments, which 
show eco-climatic features markedly different from those the model was originally 
developed for (see Chiesi et al. 2007 for details).

The application of BIOME-BGC in the Italian context required the transforma-
tion of the quasi-climax GPP, respiration and allocation estimates into estimates 
of real forest ecosystems, which are generally far from climax due to the occurred 
disturbances. The modeling strategy of Maselli et al. (2009b) considers the ratio 
between actual and potential forest standing volume as an indicator of ecosystem 
proximity to climax. This ratio can therefore be used to correct the photosynthesis 
and respiration estimates obtained by the model simulations. Accordingly, actual 
forest NPP (NPPA, g C m−2 year−1) can be approximated as:

where GPP, Rgr and Rmn correspond to the GPP, growth and maintenance res-
piration estimated by BIOME-BGC (g C m−2 year−1), and the two terms FCA 
(actual forest cover) and NVA (actual normalized standing volume), both dimen-
sionless, are derived from the ratio between actual and potential tree volume.

Due to the previously described functional equivalence of C-Fix and BIOME-
BGC GPP estimates, the outputs of the two models can be integrated by multi-
plying BIOME-BGC photosynthesis and respiration estimates for a ratio between 
C-Fix and BIOME-BGC GPP. In the current case, BIOME-BGC was applied only 
to the Tuscany territory, due to the lack of daily meteorological data for the rest of 
Italy. This required the application of an approximation methodology based on the 
use of two further assumptions. First, respiration simulated by BIOME-BGC was 
assumed to vary linearly following photosynthesis, which allowed the calculation 
of growth and maintenance respiration as constant fractions of GPP for each forest 
type. Second, a similar assumption was applied to simulate spatial variations of 
maximum standing volume and LAI, which were needed to compute FCA and NVA 
(Maselli et al. 2009a). Both these assumptions are in reasonable accordance with 
BIOME-BGC logic, which simulates ecosystems whose all main properties and 
functions are descriptive of a quasi-climax equilibrium.

The reference values of GPP, respirations, stem carbon and LAI were recov-
ered for each forest type from a BIOME-BGC simulation performed in Tuscany 
over a 12-year time period (Chiesi et al. 2011). Stem carbon was converted into 
maximum standing volume using the coefficients given by Federici et al. (2008). 
BIOME-BGC estimates were then rescaled for each forest type following relevant 
Modified C-Fix GPP outputs. The regional values of actual forest standing volume 
needed to compute FCA and NVA were extracted for each forest type and Region 
from the map of Gallaun et  al. (2010). All these data were combined within 
Eq. 5.2 to compute NPPA for each forest type and Region. CAI values (m3 ha−1 
year−1) were then computed through Eq. 5.3:

(5.2)NPPA = GPP ∗ FCA − Rgr ∗ FCA − Rmn ∗ NVA

(5.3)CAI = NPPA ∗ SCA/BEF/BWD ∗ 2 ∗ 100
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where SCA is the Stem C Allocation ratio, BEF the volume of above ground bio-
mass/standing volume Biomass Expansion Factor (both dimensionless), and BWD 
is the Basic Wood Density (Mg m−3). The SCAs of the six forest types are those of 
BIOME-BGC, while BEFs and BWDs are taken again from Federici et al. (2008). 
The multiplication by 2 accounts for the transformation from carbon to dry matter, 
and that by 100 for the change in magnitude from g m−2 to Mg ha−1.

The CAI modeled values were finally validated through comparison with the 
CAI measurements taken during the INFC, considering only the Regions where 
the presence of each forest type was significant (at least 10 1-km2 pixels). The 

Fig. 5.1   Map of estimated NPP for Italian forests
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comparison was carried out considering all six forest types and summarizing the 
results by the correlation coefficient (r), the root mean square error (RMSE) and 
the percentage mean bias error (%MBE, i.e. MBE/measured average*100).

The NPP map of Italian forests simulated by the described modeling approach 
is shown in Fig. 5.1. The maximum NPP is around 900 g C m−2 year−1, and is 
prevalently found on the lowest Alpine and intermediate Apennines zones. As 
regards the forest types, the highest productions are obtained for species distrib-
uted over hilly-low mountain areas (i.e. deciduous oaks and chestnut), which are 
less affected by thermal and water limitations.

Measured (INFC) and estimated forest CAIs are shown in the scatter plot of 
Fig. 5.2. A moderate accordance is observable (r = 0.617; RMSE = 2.04 m3 ha−1) 
and there is a tendency to underestimation (%MBE = −19.5). Most of this under-
estimation derives from Eq. 5.2, where FCA and NVA are computed using standing 
volumes which are significantly lower than those of INFC (%MBE = −23.6). It 
can therefore be concluded that the applied modeling strategy is capable of provid-
ing realistic regional CAI estimates using information completely independent of 
INFC measurements.

5.2.2 � Estimation of Italian Forest NPP. the 3-PG Model

Within the CarboItaly project, the NPP of the Italian forests has also been esti-
mated through the application of a modified version of the widely used 3-PG 
model by Landsberg and Waring (1997). The 3-PG model as proposed by Nolè 
et  al. (2013) is based on the 3-PGS (Spatial) model (Coops et  al. 1998, 2005, 
2007; Coops and Waring 2001; Nolè et al. 2009; Tickle et al. 2001) modified to 
run on a daily time step and produce estimates of GPP and NPP improving model 

Fig. 5.2   Measured versus 
estimated forest CAI for 
all forest types and regions 
considered (n = 69; 
** = highly significant 
correlation, P < 0.01)
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reliability and maintaining the original simplified modeling approach at the same 
time.

The model fundamental assumption is the canopy LUE (light use efficiency) 
approach, considering the GPP as the product of the absorbed photosynthetically 
active radiation (aPAR) and εmax, which is assumed to be a biome-specific con-
stant for potential LUE (g C m−2 MJ−1), and reduced by the effect of environ-
mental constraints (f(x)). Daily GPP (g C m−2 MJ−1) has then been computed as 
follows:

The model reduces daily potential GPP by the effect of environmental constraints 
represented by four modifiers, ranging between 0 (system “shutdown”) and 1 (no 
constraint). Main environmental modifiers are daily average temperature (T) modi-
fier (fT), daily VPD modifier (fD), soil water modifier (fθ) and light modifier (fL). 
Effects of daily average temperature on daily GPP have been modeled as a func-
tion of cardinal temperatures, minimum (Tmin), maximum (Tmax) and optimum 
(Topt) temperature for net photosynthetic production, as proposed by Sands and 
Landsberg (2002). Other environmental modifiers have been calculated according 

(5.4)GPP = aPAR × εmax × f (x)

Fig. 5.3   EC measured and 3PG estimated GPP daily patterns for: a Arca di Noè–Le Prigionette 
(2005–2007); b Castelporziano (2005–2007) (Nolè et al. 2013)
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to the original model routine as proposed by Landsberg and Waring (1997). A new 
environmental modifier introduced in this new version is the light modifier fL, to 
describe the nonlinearity light response of forest ecosystem (Grace et  al. 1995; 
Baldocchi and Harley 1995). The light modifier describes, with a hyperbolic func-
tion, the gradual saturation of GPP with increasing irradiance, as proposed by 
Makela et al. (2008):

Fig. 5.4   Map of estimated annual GPP for Italian forests
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where γ (m2 mol−1) is an empirical parameter.
The input dataset, provided by the partners of the CarboItaly Project, is com-

posed by daily maps of meteorological variables derived from NCEP/NCAR 

(5.5)fL =
1

γ aPAR + 1

Fig. 5.5   Map of estimated annual NPP for Italian forests
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(Reanalysis) and MSG (Meteosat 2nd generation), remotely sensed vegetation 
indexes from MOD15A2 LAI–fPAR, soil characteristics from SPADE-2 European 
Soil Database and land use-land cover maps from Corine Land Cover 2000. 
Model estimates of GPP have been validated against daily measurements from 
two Mediterranean Eddy Covariance sites of the CarboItaly Project (Arca di Noè–
Le Prigionette (Sardinia) and Castelporziano (Lazio). In particular, model results 
show a significant correlation (Fig. 5.3) for the Mediterranean sites and a tendency 
to overestimate GPP during the summer season.

The map of estimated annual GPP and NPP for Italian forests is shown in 
Figs. 5.4 and 5.5 respectively, with maximum values of forest production mainly 
distributed in the Apennines sub-alpine areas. In Table  5.1 average annual GPP 
and NPP for different forest types according to Corine Land Cover 2000 classifica-
tion is reported, showing the highest values of estimated NPP for chestnut woods, 
holm oak and evergreen woods, and more generally for low and middle mountain 
forest ecosystems.

5.3 � Conclusions

The implementation of hybrid models, based on the integration of different pro-
cess-based and empirical models, represents one of the most important tools for 
the understanding of forest ecosystem processes and to estimate forest ecosystem 

Table  5.1   Average annual GPP and NPP for different forest types according to Corine Land 
Cover 2000 classification

Class Forest type GPP average
(ton C ha−1 year−1)

NPP average
(ton C ha−1 
year−1)

1 Mediterranean shrub land 6.75 3.17

2 Holm oak and evergreen woods 8.93 4.20

3 Woods mainly planted with Mediterranean pine 
trees and/or cypresses

7.83 3.68

4 Hygrophilous forests 6.81 3.20

5 Broad-leaved woods and plantations with non 
native species

6.43 3.02

6 Deciduous mixed oaks woods 8.56 4.02

7 Chestnut woods 9.93 4.67

8 Beech forests 8.11 3.81

9 Woods mainly planted with pine-trees in the 
sub-alpine and alpine areas (silver fir and red fir 
woods)

8.67 4.07

10 Black pine and mountain pine woods 7.91 3.72

11 Conifers woods and plantations of non native 
species

8.33 3.92
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productivity at regional scale. These models have been applied on a wide range 
of Italian forest types within several research projects, as for the national specific 
CarboItaly project.

The availability of both high resolution remotely sensed dataset and micro-
meteorological data for model parameterization and validation, contributed to 
the development of new methodological approaches for the estimation of carbon 
budgets of Italian forests. The converging results provided by the two different 
hybrid models previously presented, show the reliability of these models in pre-
dicting national forest productivity at regional scale. A significant contribution to 
models reliability is provided by the availability of ground-based data set meas-
ured at the national flux network of Eddy Covariance sites covering main national 
ecosystem typologies.
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