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Abstract
& Context Forest ecosystem carbon uptake is heavily affected
by increasing drought in the Mediterranean region.
& Aims The objectives of this study were to assess the capacity
of a modified 3-PG model to capture temporal variation in
gross primary productivity (GPP), and ecosystem net carbon
uptake (NEE) in two Mediterranean forest types.

& Methods The model was upgraded from a monthly (3-PG)
to a daily time step (3-PGday), and a soil water balance routine
was included to better represent soil water availability. The
model was evaluated against seasonal GPP and NEE dynam-
ics from eddy covariance measurements.
& Results Simulated and measured soil water content values
were congruent throughout the study period for both forest types.
3-PGday effectively described the following: GPP and NEE
seasonal patterns; the transition of forest ecosystems from carbon
sink to carbon source; however, the model overestimated diurnal
ecosystem respiration values and failed to predict ecosystem
respiration peaks.
& Conclusions The model served as a rather effective tool to
represent seasonal variation in gross primary productivity, and
ecosystem net carbon uptake under Mediterranean drought-
prone conditions. However, its semi-empirical nature and the
simplicity inherent in the original model formulation are ob-
stacles preventing the model working well for short-term daily
predictions.

Keywords Carbon balance . Forest . Ecosystem .

Mediterranean . Drought . Model

1 Introduction

Climatic projections predict significant increases in temperature
and decreases in precipitation, in the Mediterranean basin, mak-
ing it a highly vulnerable area (IPCC 2007). In particular,
Mediterranean forest vegetation is forecast to undergo continual
change as a result of the interacting effects of climatic and land
use changes, with likely effects on hydrological balance at the
watershed and regional scale, and the supply of ecosystem
services (Giorgi 2006; Vitale et al. 2012). Recent reviews and
experimental evidence highlighted the potential of water stress to
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cause extensive forest dieback (Anderegg et al. 2012) and the
vulnerability of Mediterranean forest trees to severe summer
droughts (Nardini et al. 2013).

Transition from positive to negative carbon balance in
Mediterranean forest ecosystems, as a consequence of increas-
ing environmental constraints, is a crucial process which
might have profound consequences on forest persistence and
forest vegetation dynamics. For this reason, carbon uptake as a
functional response to climatic variables is pivotal information
to forecast the effects of climate change, evaluate the potential
of forest vegetation in drought-prone environments, and de-
sign conservation strategies from an adaptive management
perspective (Lindner et al. 2010).

Process-based models are the most feasible way to assess
functional responses to climatic variables over large spatial and
temporal scales, and to estimate the influence of key physiological
and environmental factors on forest ecosystem carbon balance
and growth processes. Models vary in complexity and scale of
application, and their applicability is related to the spatial and
temporal resolution of represented processes. In general, smaller
time steps and finer spatial resolution increase the number of
parameters required to run models, and determine the need for a
finer input data set. Therefore, it is advisable to refine simple
models to allow estimates over a wide range of forest ecosystems,
with a limited number of required parameters and data input.

The 3-PG forest growth model proposed by Landsberg and
Waring (1997) is a widely applied, simple process-based
model, which has been frequently chosen for its suitability
and relative simplicity in reproducing forest vegetation pro-
cesses and their dependence on environmental constraints.
Based on the canopy radiation-use efficiency concept
(Monteith 1977), 3-PG estimates forest growth by assuming
maximum canopy assimilation capacity is a fixed value for a
given vegetation type, further modulated by environmental
constraints, such as temperature, air vapour pressure deficit,
and soil water availability. Due to the limited number of input
variables and parameters required, 3-PG has been applied to a
number of forest ecosystems fromwidely variable climate and
site conditions (e.g. Law et al. 2000; Makela et al. 2008).

In some applications, the model has been modified by exclu-
sion or introduction of sub-models. For example, 3-PG was
developed towards a remotely sensed driven version to produce
forest productivity estimates at the regional scale using satellite-
derived data (Coops et al. 1998; Tickle et al. 2001); or modified
by the introduction of a soil respiration routine to estimate
ecosystem net productivity (e.g. Nolè et al. 2009); in other cases,
3-PGwas combinedwith soil organic matter decomposition sub-
models to represent soil carbon dynamics (Xenakis et al. 2008).

The monthly time step basis of the 3-PGmodel, including a
monthly average climatic input data set, can be considered a
major simplification and reduces its potential to portray eco-
system carbon balance dependence on short-term weather
patterns, as observed in Mediterranean ecosystems (Chiesi

et al. 2012; Pereira et al. 2007). An improved 3-PG capability
to describe soil water balance should also be viewed as an
important model feature to interpret forest growth as a func-
tion of soil water dynamics, and possibly extend model use to
catchment water balance estimates (Feikema et al. 2010).

During the last two decades, our capability to validate
predictive process-based models of ecosystem carbon balance
and productivity has substantially been improved by the avail-
ability of large scale data sets generated by eddy covariance
flux measurements, performed over a broad range of forest
types worldwide (McCarthy et al. 2012).

As a result of the above considerations and opportunities, the
specific objectives of our studywere to assess the capability of a
modified 3-PGmodel to capture the temporal variation in gross
primary productivity (GPP) and ecosystem net carbon uptake
(NEE) in Mediterranean forest ecosystems. The effects of soil
water availability on assimilation processes and productivity
were better represented by upgrading the model from amonthly
to daily time step, and enriching the model with an improved
soil water balance routine. Following these modifications, the
model was evaluated against 3-year seasonal GPP and NEE
dynamics from eddy covariance flux measurements performed
at two Mediterranean forest types in Italy.

2 Materials and methods

2.1 Model description

Our current 3-PG model version, 3-PGday that operates on a
daily basis, retained the original 3-PG assumptions and equa-
tions (see Landsberg and Waring 1997; Coops et al. 1998) to
calculate canopy gross primary production (GPP). GPP was
determined as the product of radiation intercepted by the
canopy, and radiation-use efficiency for carbon fixation:

GPP ¼ aPAR⋅εmax⋅ f x ð1Þ

where aPAR is canopy absorbed photosynthetic active radia-
tion, εmax is the biome-specific constant for radiation-use
efficiency, and fx is the summary modifier for environmental
constraints, obtained as the product of single environmental
modifiers; canopy aPAR was estimated as the product of daily
totals incident PAR and MODIS-derived fPAR (see below for
details on MODIS data).

For our modelling exercise, environmental constraints on
GPP included air temperature, available light, air vapour pressure
deficit, and available soil water, with corresponding modifiers
respectively denoted as fL, fD, fθ, fT. The summary modifier fx
ranges were between zero (system totally constrained) and 1
(no constraint acting on the system). All modifiers were calcu-
lated on a daily basis.
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Here we report the basic modifier estimate equations; a list
of equation parameters, with their descriptions and values
used in the simulations, is given in Table 1.

The temperature modifier (fT) was calculated following
Sands and Landsberg (2002):

f T ¼ Tav−Tmin

Topt−Tmin

� �
� Tmax−Tav

Tmax−Topt

� � Tmax−Topt
Topt−Tmin

� �
ð2Þ

where Tav is the average daily air temperature, and Tmin, Tmax,
and Topt are respectively minimum, maximum, and optimum
air temperatures for photosynthesis.

The effects of gradual GPP saturation with increasing
irradiance (e.g. Baldocchi and Harley 1995) were included,
applying a light modifier (fL), and integrated as a hyperbolic
function of absorbed photosynthetic active radiation (aPAR),
using the derivation reported by Makela et al. (2008):

f L ¼ 1

ξ⋅aPARþ 1
ð3Þ

where ξ is an empirical parameter.
The vapour pressure deficit modifier (fD) was calculated

following the original work of Landsberg and Waring (1997):

f D ¼ exp −k⋅Dð Þ ð4Þ

where D is the daily average of air vapour pressure deficit,
and k is an empirical coefficient, which accounts for the
effect of D on stomatal conductance.

Finally, the soil water modifier (fθ) was assessed as follows:

f θ ¼
1

1þ 1−REWð Þ
.
c

h in ð5Þ

where c and n are soil type-related parameters (clay soil,
c=0.4, n=3; clay loam soil, c=0.5, n=5; sandy loam soil,
c=0.6, n=7; sand soil, c=0.7, n=9; Landsberg and
Waring 1997), and REW is the soil relative extractable water,
calcu- lated on a daily basis as:

REW ¼ MIN
SWCd−SWCWP

SWCFC−SWCWP
; 1

� �
ð6Þ

where SWCd is soil water content at day d, SWCFC and SWCWP

are soil water at field capacity, and at permanent wilting point,
respectively.

SWCd, SWCFC, and SWCWP estimates were derived from
the newly introduced soil water balance routine. SWCFC was
computed as follows:

SWCFC ¼ 1−
ρb
ρs

ð7Þ

where ρb and ρs are soil bulk density and soil particle density,
respectively.

SWCWP was determined as available soil water when soil
water potential (Ψs) is −1.5 MPa (Campbell and Norman
1998); Ψs was calculated as proposed by Campbell (1985):

Ψ s ¼ Ψ e
SWCd

SWCFC

� �−b
ð8Þ

where Ψe is the soil water potential at the point of air entry,
given by:

Ψ e ¼ −5ffiffiffiffiffi
dg

p 2SWCFCð Þ−b ð9Þ

where the texture-dependent empirical coefficient, b, is calcu-
lated as a function of the geometric mean particle diameter dg
and standard deviation σg, based on the bimodal lognormal
model proposed by Shinozawa and Campbell (1991), where S
and C represent the fraction of silt and clay, respectively,
applying the following equations:

Table 1 Main environmental characteristics of study sites

Castelporziano Arca di Noè-Le
Prigionette

Geographic location Central Italy Sardinia

Latitude, longitude 41° 45′ N, 12° 22′ E 40° 36′ N, 8° 9′ E

Altitude (m a.s.l.) 7 74

Mean temperature
2005–2007 (°C)

15.5 15.9

Mean annual rainfall
2005–2007 (mm)

740 588

Forest type Holm oak (>90 %) Mediterranean maquis

Canopy leaf area index
(m2 m−2)

3.5 2.8

Soil depth (m) 0.5 1

Soil texture
(clay, sand, silt, %)

5.4, 89.6, 5 74.3, 12.7, 13.0

Further information on study sites can be found at the following URL: http://
www.fluxnet.ornl.gov/fluxnet/sitepage.cfm?SITEID=534 (Castelporziano);
http://www.fluxnet.ornl.gov/fluxnet/sitepage.cfm?SITEID=2633 (Arca di
Noè-Le Prigionette)
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b ¼ 10ffiffiffiffiffi
dg

p þ 0:2σg ð10Þ

dg ¼ exp 5:756−3:454⋅S−7:712⋅Cð Þ ð11Þ

σg ¼ exp 33:14−27:84⋅S−29:31⋅C− lndg
	 
2h i1=2� �

ð12Þ

SWCd was calculated as SWC at day d-1, updated with daily
soil water balance given by the difference between daily precip-
itation (Pd), and daily evapotranspiration (Ed); the excess water
is assumed to run off the system if SWCd exceeds SWCFC:

ASW d ¼ MIN ASWd−1 þ Pd−ETd−1; ASWFCf g ð13Þ

Daily evapotranspiration was computed using the Penman–
Monteith combination equation:

Ed ¼ 1

λ
⋅
Δ⋅Rn þ ρa⋅cp⋅D

	 

⋅gbl

Δþ γ 1þ gbl=gcð Þ ð14Þ

where Δ is the rate of saturation specific humidity change with
temperature, Rn is net radiation, ρa is dry air density, cp is
specific heat capacity of air, D is vapour pressure deficit, λ is
the latent heat of vaporization, γ is the psychometric constant,
and gbl and gc are a boundary layer and the canopy
conductance, respectively.

The canopy conductance gc was calculated, according
Landsberg and Waring (1997), using the following expressions:

gc−opt ¼ MIN gs�opt⋅LAI
� �

; gc−max
n o

ð15Þ

gc ¼ gc�opt⋅ f D�θ⋅ f T ð16Þ

where gs-opt is optimal stomatal conductance, gc-max is
maximum canopy conductance, gc-opt is optimal canopy con-
ductance, and fD-θ and fT are previously defined modifiers.

Fig. 1 Seasonal daily
temperature (°C) and
precipitation (millimeters)
patterns reported at study sites
during 2005, 2006, and 2007; a
Arca di Noè-Le Prigionette. b
Castelporziano
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Vapour pressure deficits and available soil water indepen-
dently affect carbon dioxide uptake via their effects on stoma-
tal conductance; in 3-PGday the effects of these parameters
were accounted for by a modifier (fD-θ), which represented, at
each moment, the minimum value between fD and fθ:

f D�θ ¼ MIN f D; f θð Þ ð17Þ

Net ecosystem exchange (NEE) was estimated as the differ-
ence between GPP and ecosystem respiration (Reco), where Reco
is the sum of autotrophic (Ra, including above- and below-
ground components), and heterotrophic (Re) respiration, i.e.:

NEE ¼ GPP−Reco ð18Þ
Reco ¼ Ra þ Re ð19Þ

Following the original assumption (Landsberg and Waring
1997), Ra was considered a constant GPP fraction, as follows:

Ra ¼ 0:53⋅GPP ð20Þ

Reichstein et al. (2003) estimated soil respiration (Rsoil) as
a function of soil temperature and soil water availability:

Rsoil ¼ Rref ⋅ f T soil⋅RWCsoilð Þ ⋅ g RWCsoilð Þ ð21Þ

where Rref is soil respiration under standard conditions
(Tsoil=18 °C and non-limiting water), Tsoil is soil temperature,
RWCsoil is soil relative water content (i.e. ratio between soil

water content at a given time, and soil water content at field
capacity), and f and g are empirical parameters.

Soil respiration estimated by (Eq. 21) includes both hetero-
trophic and autotrophic contributions to soil respiration. This
introduced the problem of double accounting the autotrophic
component of soil respiration, which is already computed by
the model as a constant fraction of GPP (Eq. 20). In this study,
soil heterotrophic respiration was assumed to be 55 % of the
total soil respiration based on recent experimental evidence,
including Mediterranean forest ecosystems (Tedeschi et al.
2006; Keith et al. 2009), and supported by a review (Bond-
Lamberty et al. 2004), which summarized soil respiration data
from different forest types under different climatic conditions.
Therefore, NEE was computed as follows:

NEE ¼ GPP− Ra þ 0:55⋅Rsoilð Þ ð22Þ

2.2 Study sites

The model was applied to simulate temporal GPP and NEE
patterns at two Mediterranean sites in Italy: Castelporziano in
Central Italy, and Arca di Noè-Le Prigionette in Sardinia. See
Table 1 for site geographic characteristics, and Fig. 1 for
weather patterns during the study period. In Castelporziano,
the vegetation type is characterized as an evergreen holm oak
(Quercus ilex L.) dominated forest with scattered Quercus
suber L. trees; in Arca di Noè-Le Prigionette, the vegetation
is Mediterranean maquis in which Juniperus phoenicea L.,
Pistacia lentiscus L., and Phyllirea angustifolia L. are the

Table 2 List of parameters in model equations

Parameter Symbol Unit Value Reference

Radiation-use efficiency, max εmax G C molPAR
−1 0.35 Landsberg and Waring (1997)

Stomatal conductance sensitivity to D k Mbar−1 0.05 Xenakis et al. (2008)

Minimum temperature for tree growth Tmin °C 0 Hoff et al. (2002)

Maximum temperature for tree growth Tmax °C 40 Hoff et al. (2002)

Optimal temperature for tree growth Topt °C 20 Hoff et al. (2002)

Light modifier parameter ξ Dimensionless 0.0437 Makela et al. (2008)

Relative soil water modifier α Dimensionless 1.062 Makela et al. (2008)

Relative soil water modifier (exponential) ν Dimensionless 11 Makela et al. (2008)

Maximum canopy conductance gc-max ms−1 0.02 Breuer et al. (2003)

Optimal stomatal conductance gs-opt ms−1 0.004 Breuer et al. (2003)

Canopy boundary layer conductance gbl ms−1 0.2 Sands and Landsberg (2002)

GPP/NPP ratio γGPP/NPP Dimensionless 0.47 Landsberg and Waring (1997)

Reference soil respiration Rref μmol m−2 s−1 5.13 Reichstein et al. (2003)

Lower temperature for soil respiration T0 °C −46 Reichstein et al. (2003)

RWC for half-maximum soil respiration RWC1/2 Dimensionless 0.16 Reichstein et al. (2003)

Activation energy E0 parameter arew K−1 52.4 Reichstein et al. (2003)

Activation energy E0 parameter brew K−1 285 Reichstein et al. (2003)
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prevailing species. The two study sites were well differen-
tiated by their soil physical characteristics, both in terms of
soil depth and soil texture (sandy soil in Castelporziano and
clay soil in Arca di Noè-Le Prigionette).

2.3 Input variables and simulation procedures

Input meteorological variables included daily averages of air
(Tair) and soil (Tsoil) temperatures, daily averages of air vapour
pressure deficit (D), daily precipitation (P), daily totals of
short-wave global radiation total (Rsw) and incident photo-
synthetic active radiation (PAR), and daily values of soil water
content (SWC). Both study sites host eddy covariance flux
towers, and all meteorological variables were obtained from
High Quality Level 4 data sets in the European Fluxes
Database Cluster database, available at the following URL:
http://gaia.agraria.unitus.it. The same data source provided
information on soil characteristics, including soil depth, texture,
and water holding capacity.

Canopy leaf area index and the fraction of photosynthetically
active radiation absorbed by the canopy (fPAR) were derived
from MODIS products (MOD15A2 Leaf Area Index–FPAR),
available for downloading at the following URL: https://lpdaac.
usgs.gov/products/modis_products_table). Canopy absorbed
PAR (aPAR) was estimated as the product of incident PAR
and MODIS-derived fPAR.

The model was applied to estimate temporal patterns of
GPP and NEE over 3 years (2005, 2006, and 2007). At both
sites, the model was initialized using field measurements of
soil water content on January 1, 2005; subsequently, the
model was initialized by calculating soil water balance, and
converted into the soil water modifier (Eq. 5). The model
successively calculated the other environmental modifiers
required to estimate GPP and NEE as previously described.
The model was parameterized using values derived from the
literature. No calibration or tuning of model parameters using
site measurements was done. The only site-specific parame-
ters, measured at the study sites, were related to soil charac-
teristics (soil texture and soil depth). Model parameters are
listed in Table 2).

2.4 Validation data and model performance

Model results were compared to daily soil water content and
eddy covariance (EC) flux measurements performed at the
two study sites over 3 years (2005–2007); daily net ecosystem
exchange (NEEEC) and ecosystem respiration (Reco-EC) data
were retrieved from the High Quality Level 4 data sets in the
CarboEuropeIP database, and GPPEC was calculated according
to the following algebraic sum:

GPPEC ¼ NEEEC þ Reco ð23Þ

Fig. 2 Seasonal daily soil water
content (SWC) patterns predicted
by 3-PGday (SWC3-PGday), and
soil water content (SWCEC)
measured at the study sites during
2005, 2006, and 2007; a Arca di
Noè-Le Prigionette. b
Castelporziano; SEE standard
error of the estimate
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Model performance was assessed by considering the abso-
lute model bias (Bias), and the coefficient of determination
(R2), calculated as follows:

Bias ¼
X
i¼n

n

yi −
^
y

� �
=n ð24Þ

R2 ¼

X
i¼n

n

yi −
^
y

� �2

X
i¼n

n ðyi − yÞ2
ð25Þ

where yi is the measured value,
^
y is the estimated (modelled)

value, and y is the average of the measured y values.

3 Results

Our 3-PG model, including the soil water balance routine,
realistically simulated temporal variation in soil water content
(SWC). At both study sites, simulated and measured SWC
values agreed well throughout the entire study period, with
significant linear relationships, and rather coincident peaks
and troughs (Fig. 2).

The model effectively described GPP (Fig. 3) and NEE
(Fig. 4) seasonal patterns at both study sites throughout 2005,

2006, and 2007. It is noteworthy that the model accurately
represented long-term seasonal patterns. As for short-term
(over a few days) temporal variation, the model captured
minor GPP peaks that occurred following rainfall during
autumn 2005 and 2006 in Arca di Noè-Le Prigionette; how-
ever, it missed the peaks in July 2005 and November 2006 at
Castelporziano. The transition of both forest communities
from a carbon sink to a carbon source, under summer heat
and rainfall deficits, was effectively represented (Fig. 4); NEE
ranged between −4 and 2, and −8 and 2 g Cm−2 day−1 in Arca
di Noè-Le Prigionette and Castelporziano.

The model captured seasonal ecosystem respiration (Reco)
patterns satisfactorily; however, it failed to predict short-term
anomalies (Fig. 5).

Annual totals of GPP, NEE, and Reco are reported in
Table 3. Results were congruent with measured and modelled
values at both sites for the entire study period.

Model performance was further assessed by plotting 8-
day aggregated Bias (Eq. 24) values against main environ-
mental variables (air temperature, Tair; relative soil water
content, RSWsoil; fraction of absorbed photosynthetic active
radiation, fPAR; soil temperature, Tsoil). Despite the rather large
environmental range explored, no significant relationship
was detected between simulated variables (GPP, NEE, Reco)
Bias and environmental variables (Figs. 6, 7, and 8).
Variation in R2 estimator (Eq. 25) was successively used to
describe the correlation strength between modelled and

Fig. 3 Left panels: seasonal
patterns of daily gross primary
production (GPP) predicted by
3-PGday (GPP3-PGday), and gross
primary production (GPPEC)
measured at the study sites during
2005, 2006, 2007. Right panels:
linear regression between GPP3-
PGday and GPPEC. a Arca di Noè-
Le Prigionette. b Castelporziano;
SEE standard error of the estimate
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measured values. R2 variation as a Tair, RWCsoil, and fPAR
function suggests the GPP and NEE model predictions were

weaker with increasing temperature and decreasing relative
soil water content (Fig. 9).

Fig. 4 Left panels: seasonal
patterns of daily net ecosystem
exchange (NEE) predicted by 3-
PGday (NEE3-PGday), and net
ecosystem exchange (NEEEC)
measured at the study sites during
2005, 2006, and 2007; right
panels: linear regression
between NEE3-PGday and
NEEEC. a Arca di Noè-Le
Prigionette. b Castelporziano;
SEE standard error of the
estimate

Fig. 5 Left panels: seasonal
daily ecosystem respiration
patterns (Reco) predicted by
3-PGday (Reco3-PGday), and
ecosystem respiration (RecoEC)
measured at the study sites
during 2005, 2006, and 2007;
right panels: linear regression
between Reco3-PGday and RecoEC.
a Arca di Noè-Le Prigionette. b
Castelporziano; SEE standard
error of the estimate

A. Nolè et al.736



4 Discussion

Trends toward higher temperatures and reduced precipitation
are predicted to produce unfavourable soil water balance
conditions in Mediterranean region causing intense drought
stress (Williams et al. 2013), the decline of forest trees, and
possible transition of forest ecosystems to shrubland-type or
steppic vegetation.

This might come as the result of the crucial role of soil water
availability in constraining plant gas exchange and carbon up-
take. For this reason, a viable representation of soil water content
variability over drought onset and progression is considered an

important prerequisite for modelling forest primary productivity
and carbon balance under Mediterranean conditions.

The previous 3-PG model version, similar to the 3-PGS
version presented byNolè et al. (2009), showed an overestimate
of gross primary productivity (GPP) during summer months in
Mediterranean sites with low precipitation, consistent with
results reported by Law et al. (2000). The discrepancies were
likely associated with an overly simplified representation of
soil water availability, and consequent inaccurate effects on
physiological processes.

In our attempts to upgrade the original 3-PG model
structure from a monthly to daily time step, we implemented a
routine to better represent soil water availability. Feikema
et al. (2010) successfully introduced a rather complex multi-
layer soil water balance into 3-PG to simulate forest plantation
transpiration in southeastern Australia. We similarly as-
sumed the effect of progressive drought on plant phys-
iology could be conveniently obtained by water balance-
driven temporal development of soil water availability;
however, our application was simpler and less demand-
ing, and was parameterized as a single-layer bucket
representation of soil water availability.

We followed the direction of Duursma et al. (2008), which
showed daily plant gas exchange during drought could be
reasonably predicted by a simple model restricted to the soil
compartment. This is in agreement with the indication by
Piedallu et al. (2013) that showed soil water balance performed
better than climatic variables for modelling plant ecological
parameters under Mediterranean conditions. Feikema et al.
(2010) showed that the improved 3PG+model simulated daily

Table 3 Annual values (grams of C per square meter per year) of
measured (EC subscript) and modeled (3-PGday subscript) GPP (gross
primary production), NEE (net ecosystem exchange), and Reco (ecosys-
tem respiration) at Arca di Noè–Le Prigionette and Castelporziano
study sites during 2005, 2006, and 2007

Arca di Noè-Le Prigionette Castelporziano

2005 2006 2007 2005 2006 2007

GPP3-PGday 1,201 1,158 953 1,660 1,399 1,634

GPPEC 1,155 1,178 942 1,635 1,409 1,574

NEE3-PGday −271 −256 −30 −589 −293 −486

NEEEC −237 −249 −90 −603 −496 −417

Reco3-PGday 894 613 984 1,074 1,137 1,154

RecoEC 888 621 854 1,033 914 1,157

Negative NEE values indicate carbon uptake from the atmosphere (i.e. the
system acts as a CO2 sink)

Fig. 6 Eight-day aggregated Bias
(see Eq. 24) for GPP as a function
of air temperature (Tair), relative
soil water content (RWCsoil), and
fraction of absorbed
photosynthetic active radiation
(fPAR) for the two study sites
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stand transpiration in reasonable agreement with observed
values; however, they did not extend their analysis to stand-
level carbon flux comparisons.

Our new model version satisfactorily captured seasonal
patterns of both gross primary production (GPP) and net eco-
system exchange (NEE), with better prediction of GPP than
NEE. The model explained daily GPP and NEE variability at

both study sites, and this resulted in reliable GPP and NEE
predictions on an annual basis (Table 3). During drought, the
model’s capacity to identify environmental conditions that
change the forest from a carbon sink to a carbon source was
of particular importance to ecosystem carbon balance esti-
mates. Forest carbon uptake can be heavily affected by heat
waves and rainfall deficits (e.g. Ciais et al. 2005), and even

Fig. 8 Eight-day aggregated Bias
(see Eq. 24) for Reco as a function
of soil temperature (Tsoil), relative
soil water content (RWCsoil), and
fraction of absorbed
photosynthetic active radiation
(fPAR) for the two study sites

Fig. 7 Eight-day aggregated Bias
(see Eq. 24) for NEE as a function
of air temperature (Tair), relative
soil water content (RWCsoil), and
fraction of absorbed
photosynthetic active radiation
(fPAR) for the two study sites
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short-term fluctuations in soil humidity, following dry soil
rewetting by occasional precipitation might significantly affect
forest ecosystem net carbon gain (Jarvis et al. 2007). Such
conditions are predicted to become more frequent under future
climatic conditions in the Mediterranean region (IPCC 2007),
with accumulated effects potentially leading to drought-
induced forest decline (Anderegg et al. 2012).

Net ecosystem carbon exchange (NEE) was predicted by
introducing an empirical soil respiration model in 3-PGday in

which the relative soil water content, expressed as a fraction
of water content at field capacity, was the crucial soil respi-
ration (Rsoil) predictor on a daily basis (Reichstein et al. 2003;
Tedeschi et al. 2006). However, to calculate ecosystem respi-
ration (Reco) 3-PGday retained the original assumption that
autotrophic respiration (Ra) was a constant fraction of soil
heterotrophic respiration and GPP. This may explain why the
model did not generate a faithful representation of short-term
fluctuations in ecosystem respiration (Fig. 5).

Fig. 9 R2 estimator variation
(see Eq. 25) as a function of air
temperature (Tair), relative soil
water content (RWCsoil), and
fraction of absorbed
photosynthetic active radiation
(fPAR) for GPP and NEE at the
two study sites
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Nonetheless, 3-PGday successfully captured environmental
conditions at Arca di Noè-Le Prigionette, when results showed
that changed into a carbon source (Fig. 4). In addition, on a
seasonal scale NEE model estimates were satisfactory (Table 3),
which confirms the assumption that separating soil autotrophic
and heterotrophic respiration does not impair the model’s predic-
tive power to long-term projections (Nolè et al. 2009).

The analysis of model Bias (Figs. 6, 7, and 8) showed that
divergence between modelled and measured values was not
influenced by the effects of any single environmental variable;
however, correlation strength between modelled and measured
values as a function of environmental variables did indicate
model predictions were weaker with increasing air temperature
and decreasing relative soil water content (Fig. 9). This re-
quires careful model applications under the extreme conditions
forecasted by climate projections. In particular, model sensi-
tivity to soil humidity was interpreted as an expected conse-
quence of the new model structure, and marked a difference
with the previous model version, which was more sensitive to
lower rates of atmospheric humidity rather than precipitation
and soil humidity (Nolè et al. 2009). It is noteworthy that a
better model performance in the simulation of soil humidity
was observed for the clay-soil Arca di Noè Le Prigionette site
(Fig. 2), and this could explain differences in model perfor-
mance for low soil water conditions at the two sites (Fig. 9).
Therefore, further improvements might be obtained with en-
hanced model parameterization, particularly for air tempera-
ture and soil humidity responses and especially for sandy soils.
However, the semi-empirical nature and simplicity inherent in
the original model formulation (Landsberg and Waring 1997)
appears itself as an obstacle allowing the model to effectively
predict short-term daily variations.

Overall, the modified 3-PG model, that retains sufficient
simplicity in comparison with more demanding models (e.g.
Chiesi et al. 2012), can be considered as a reliable tool to
provide quantitative information on the potential for carbon
uptake and carbon accumulation in Mediterranean drought-
prone forest ecosystems and as an aid to design conservation
and management strategies in order to mitigate the likely
impacts of climate change on forest ecosystems dynamics.
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