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Abstract

The availability of water resources is one of the major drivers affecting forest and agricultural productivity. The sen-
sitivity of Mediterranean forest species to water shortage is becoming even more relevant in relation to climate
changes, that for Southern Europe could lead to an increase in temperature of 2 to 3 °C, paralleled by a decrease
of 5 to 15% of summer rainfall. It is then important to study the relationship between water balance and produc-
tivity of important forest tree species such as beech and mountain pines that represent the upper limit of forest
vegetation in almost all the Apennines range. In the present paper, the measurements of water balance, evapo-
transpiration, carbon exchange and productivity in beech and pine forests of central-southern Italy (Abruzzo and
Calabria regions) are reported. The results are obtained in the course of several years of experimentation with in-
novative techniques and integrated at the canopy level.

Key-words: forest hydrology, net ecosystem exchange, global change, Mediterranean mountain forests, forest
evapotranspiration.

1. Introduction vironmental changes (global change).

The increase of carbon dioxide concentra-
tion in the atmosphere, largely due to the use
of fossil fuels and to tropical deforestation, and
the ensuing climate change, are expected to
cause the potential increase of + 2 °C average
winter temperature and + 2-3 °C in summer, ac-
companied by a slight increase in winter and a
decrease of 5-15% of summer precipitations, re-
sulting in a decrease of 15-25% of soil water
content during summer (IPCC, 2007). Further-

The availability of water resources is crucial, not
only for the distribution of vegetation on the
land surface, but also because it is one of the
major drivers affecting forest and agricultural
productivity. In fact, water availability influ-
ences the plant water status and, in cases of high
water deficits, can determine the reduction or
shutdown of photosynthesis and growth and the
alteration of metabolic processes, up to plant
death. In the Mediterranean area, rainfall is

mostly concentrated in winter, while summer is
characterized by long periods of drought, dur-
ing which high temperatures and low air hu-
midity result in higher evaporative demands,
causing the water deficiency to be particularly
harmful. The sensitivity of Mediterranean forest
tree species to drought becomes relevant espe-
cially considering the ongoing climatic and en-

more, careful analyses carried out on the Italian
long term weather data collected over more
than 200 years have already shown substantial
and significant variations in temperature and
precipitation on the peninsula (Brunetti et al.,
2006). In this regard, many changes are already
occurring globally as described in the latest re-
port of Intergovernmental Panel on Climate
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Change (winner of 2007 Nobel Peace Prize to-
gether with Al Gore). In particular (IPCC,
2007):

— in the ranking of the hottest years since the
starting of instrumental data (1850), eleven
of the 12 years between 1995 and 2006 are
positioned in the first 12 places, the increase
of temperature in the period 1906-2005 be-
ing 0.74 °C and the growth rate of the last
50 years (0.13 °C y!) being about twice that
of the last 100 years, indicating an accelerat-
ing trend. Moreover, during the same peri-
od, cold days and nights have become less
frequent, while hot days and heat waves (as
in 2003, 2005 and 2007 in Europe) are be-
coming more frequent;

— the rate of temperature increase at high lat-
itudes (Arctic, boreal areas) is about twice
than the global one. The area with seasonal
permafrost decreased by 7% in the North-
ern Hemisphere;

— clear trends were detected for precipitations
in the 1990 to 2005 time interval, with Sahel,
the Mediterranean, South Africa and parts
of Southern Asia showing significant de-
creases in rainfall, while an increase is re-
ported in the southern part of the American
continent, northern Europe and northern
and central Asia. Moreover, the intensity of
single rainfall events has been increasing in
almost all regions;

— since the ’70s, drought periods have been
longer and more intense in tropical and sub-
tropical areas;

— direct observations of ocean sea tempera-
tures, starting from 1961, indicate that the av-
erage temperature of the oceans has in-
creased down to a depth of 3000 m. The
ocean, absorbing heat (about 80% of that
added to the climatic system), tends to ex-
pand, contributing to the general trend of in-
crease in sea level;

— glaciers, snow cover and ice caps in Green-
land and Antarctica have decreased. Also
this process contributes to the rise of sea lev-
el that, globally, showed an increasing rate of
1.8 mm per year between 1961 and 2003,
growing to 3.1 mm per year between 1993
and 2003.

Presently, all these evidences suggest that
global warming is unequivocal and that the re-
sponsibility could be assigned with very high
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confidence to human activity (IPCC, 2007); all
this implies an inevitable and worrying impact
on the hydrological balance of ecosystems and
large watersheds, especially in the most vulner-
able areas of the Earth.

It is crucial to understand how forest ecosys-
tems respond to environmental factors and to
climate change, particularly at the border of
species natural ranges, such as at the upper lim-
it of tree vegetation. In fact, in those areas, cli-
mate change could have a more significant im-
pact than in other conditions. The range of Eu-
ropean beech (Fagus sylvatica 1.) and black
pines (Pinus laricio Poir.) cover much of the in-
termediate alpine elevations and of the upper
Apennine mountain region (Hofmann, 1991). In
almost all the Apennine range, beech and black
pine represent the upper limit of forest vegeta-
tion. It is therefore crucial to study the rela-
tionship between water balance and forest pro-
ductivity in ecosystems of the Fagetum phyto-
climatic belt, in central and southern Italy.

2. Materials and methods

The results presented in this work derived from
long-term research sites, installed between 1990
and 2003, in a mature beech forest of Abruzzo
(Collelongo, I’Aquila, 1560 m a.s.l., measure-
ments started in 1991-93) and in a planted black
pine forest (Bonis experimental watershed, Sila
Greca, 1171 m a.s.l., installed in 2003) in Ca-
labria, by National Research Council (CNR)
and the University of Tuscia.

These sites have been equipped with mi-
crometeorological instrumentations to deter-
mine the exchange of carbon and water vapour
at canopy level (eddy covariance technique). Al-
so, the different components of forest produc-
tivity and water balance and the allocation of
absorbed carbon to different plant and ecosys-
tem compartments have been regularly mea-
sured. Details about the experimental design
can be found in several papers published over
the years (Valentini et al., 1996; Matteucci, 1999;
Scarascia-Mugnozza, 1999; Scarascia-Mugnozza
et al., 2003; Scartazza et al., 2004; Marino et al.,
2005; Matteucci and Scarascia Mugnozza, 2007).

The forest water balance can be summarized
by the following equation:

P-(It+R+D+Ds+Evs+T)=0 1)
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where P is precipitation, It is the precipitation
intercepted and evaporated, R indicates the
runoff on the ground; D represents the hori-
zontal subsurface runoff and infiltration, Ds is
the change in soil water content; Evs indicates
soil evaporation; 7T the plant transpiration. This
equation takes into account the pathways tak-
en by water to enter the ecosystem, to move
within the ecosystem and leaving it (Fattorelli,
1987). The sites are equipped with rain gauges
to measure precipitation above the crown (P in
Eq. 1), and with measuring devices for the com-
ponents of throughfall (7F) and stemflow (SF).
The sum of these two precipitation components
equals to the available water supply to the soil,
while the difference between total rainfall and
the former components corresponds to the in-
terception (It in Eq. 1).

In the study site of Collelongo, R and D, are
not continuously measured but, in most occa-
sions, can be considered negligible. At the Bo-
nis watershed, measurements of R have been
performed on experimental basis on thinned/un-
thinned plots (Veltri et al., 2001; Callegari et al.,
2003) and on plots exposed to different level of
forest fire (Bovio et al., 2001). In the beech for-
est, soil water content has been measured with
the TDR technique every 15-30 days from 1996
to 2004 and continuously (30 minutes average)
from end of 2004 up to now. At the flux tower
of Bonis, soil water content is measured con-
tinuously since 2004 while it has been previously
measured during experiments on the effect of
management on water balance. At both sites,
canopy fluxes are measured using the eddy co-
variance technique (Aubinet et al., 2000), pro-
viding values representative of some hectares of
forest. These measurements when added up on
annual basis, lead to the assessment of net ab-
sorption (or release) of carbon and total eva-
potranspiration (ET) from forest ecosystems.
Evapotranspiration, being the sum of Evs and
T in Eq. 1, allows to close the simplified water
balance equation:

TF + SF = ET + Ds )

Although located in mountain environments,
the beech and black pine forests are subject to
considerable climate variability on an yearly
bases with summer water deficits being not ex-
ceptional (Scarascia-Mugnozza et al., 2003).

3. Ecosystem productivity as
Sclimatic variability

affected by

Forests occupy about 30% of the land surface,
but their total carbon stock represents 80% of
the total aboveground carbon and 40% of the
underground carbon of all terrestrial ecosys-
tems; also, forests are responsible for 60 to 70%
of total land primary productivity (Melillo et al.,
2003). As for the carbon inflow and outflow, it
should be underlined that 70% of carbon ex-
changes between the biosphere and the atmos-
phere takes place at the level of forest ecosys-
tems. This confirms the important role of forests
in the global biogeochemical C-cycle even in the
context of growing carbon emissions into the at-
mosphere and progressing climate change. Un-
fortunately, Mediterranean ecosystems are
among those most susceptible to global warm-
ing (Schroter et al., 2005) while negative effects
on productivity at the southern limit of the
range of beech have already been reported
(Jump et al., 2006).

Long-term continuous measurements of car-
bon exchange at ecosystem scale by eddy co-
variance technique (net carbon exchange at
ecosystem scale or Net Ecosystem Exchange,
NEE) are capable of detecting changes in the
carbon cycle due to extreme events, namely very
hot and dry years. Events such as those that oc-
curred in summer 2003 or 2007 are able to
greatly limit the net carbon absorption of forest
ecosystems located in Mediterranean mountains,
as observed in the pine forest of Sila Greca (Fig.
1) in 2007 when during August, cumulative val-
ues of NEE were 20 to 30% lower compared to
2003, 2004 and 2005. Similar findings were de-
tected in the beech forest of Collelongo in the
year 1993 (Valentini et al., 1996), 2000 (Scaras-
cia-Mugnozza et al., 2003) and 2007.

Therefore it is becoming clear that even
shade-tolerant, hardwood forests such as
Mediterranean-mountain beech forests, can be
greatly impacted by summer drought stress that
can significantly reduce primary productivity
and carbon absorption.

In summer, soil water content in the Colle-
longo beech forest is affected by irregular pre-
cipitation and intense ecosystem evapotranspi-
ration and, when drought is particularly strong,
soil moisture values may be below 15% in the
first 20 cm of soil and less than 20% in whole
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Figure 1. System for measuring carbon fluxes and evap-
otranspiration in forest of black pines in the Parco
Nazionale della Sila (Calabria).

profile (0-90 cm). These conditions have oc-
curred repeatedly in recent years, when evapo-
transpiration varied between 2 and 4 mm per
day along the growing-season, with overall
evapotranspiration losses of 200 to 400 mm. Pre-
cipitation during the growing season in Colle-
longo was generally sufficient to offset the wa-
ter losses caused by ET but even in this case, the
rainfall distribution should be carefully consid-
ered. In fact, one third of the seasonal rainfall, up
to 150 mm, can be concentrated between mid-
September and mid October, during the late
growing season, when ecosystem functionality
start to decrease, while a significant proportion
(up to a quarter) may fall in the month of May,
when the forest is leafing out and Leaf Area In-
dex is growing from zero to full coverage.
More than 60-70% of annual rainfall (aver-
aging 1200 mm annually) is falling down during
the dormant period, recharging the soil and
preparing the vegetation recovery, but not all
this water is available to be fully utilized by the
vegetation, also for the fragmented and carsic
geologic feature of the site. The imbalance be-
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tween water supply and consumption, typical of
the summer conditions, may run up until mid
September. Therefore, during summer, the
ecosystem must rely on ground water reserves
or on herratic thunderstorms to respond to at-
mospheric evapotranspiration demands.

To test whether the total water resources
have been sufficient to sustain the water con-
sumption of the forest site, the site water ba-
lance was assessed in some representative years.
The following parameters were considered in
the computation: the quantity of water lost from
the different soil layers measured with the TDR,
the contribution of precipitation output (the
sum of SF and TF) and the evapotranspiration
(ET). The water balance, the difference between
precipitation output (PU, net interception) and
the evapotranspiration should be equal to the
change in water content of soil in the soil lay-
ers explored by the roots.

Between May and September this difference
was, on average, equal to -130 mm, a figure
which makes up 75% of the variation of soil wa-
ter content between 0 and 70 cm (175 mm), be-
ing the depth interval where most of the ab-
sorbing roots are located (Dore, 1995). During
the time needed for leaf area index to reach the
maximum value (in late June-early July) PU-ET
(-60 mm) represented almost 80% of the var-
iation in the first 70 cm (75 mm) (Scarascia
Mugnozza et al., 2003).

In years when the evapotranspiration
reached very high values, or when soil water
storage was insufficient to supply the evapo-
transpiration demand, water stress conditions
that could limit the carbon absorption may de-
velop even in the mountains of the Mediter-
ranean region.

In fact, there is a relationship between plant
water potential and maximum instantaneous
canopy-level carbon exchange (Fig. 2). From
ecophysiological studies, it is well known the re-
lationship between water potential and gas ex-
change at the individual leaf. The measurements
conducted at our experimental forest sites have
shown that this type of response is present also
at the ecosystem scale (Fig. 2).

The water status also affect the growth of
tree diameter and biomass production, as mea-
sured by dendrometers applied to a representa-
tive set of beech trees in the forest, which
showed periods of lagging growth during water
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Figure 2. Relationship between water potential mea-
sured on the basis of 3-5 trees around the tower to mea-
sure the flows and net ecosystem exchange (NEE) at
saturation (changed sign).

stress, and sometimes a recovery following the
late summer rainfall. Overall, water availability
was a major causal factor of forest functioning
and of carbon gas exchanges in the study beech
forest.

The presented results can be considered sig-
nificant as they were obtained by measuring the
components of the hydrological balance at dif-
ferent integration times, opening new opportu-
nities for the study of water balance in ecosys-
tems. The evapotranspiration responds to cli-
matic factors and is well correlated to the wa-
ter status of soil and plants. In the presence of
climate anomalies, which are expected to in-
crease in the coming years, expecially in the
Mediterranean basin, water stress will affect not
only the carbon metabolism and the water re-
lations of forest trees but it will also impact on
the ecosystem stability and on pest resistance.
In fact, in the year 2007 the values of crown
transparency, an index of anticipated foliage
senescence, in Central Italy exceeded for the
first time the critical threshold of 25% (from
CONECOFOR level 1 plots; Petriccione B., per-
sonal communication).

The impact of heat waves may occur also at
subcontinental scale, resulting in reduced gross
primary productivity up to 30% with effects al-
so on the atmospheric concentration of CO,, as
occurred in the year 2003 (Ciais et al., 2005).
Moreover, the uncertainty related to the re-
sponse of terrestrial ecosystems at our latitudes
is emphasized by the possibility of catastrophic

events such as forest fires that may increase in
future, both in number and in destructive po-
tential.

What happened in our country in the sum-
mer of 2007 may be a clue of what may happen
in the future. In fact, although almost all of the
fires are of anthropogenic origins, the enormous
increase of forest surface devastated by fires is
related to drought conditions that have facili-
tated both the power and the extensions of wild
fires. It should be stressed that similar dynam-
ics have also been reported in northern regions,
as Siberia, where, in drought years, the number
and extent of fires were higher than in wetter
years, including almost virgin forests (Mollicone
et al., 20006).
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