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Summary

1. Various woody species belonging to the mediterranean macchia ecosystem have
been studied in respect of their strategies of water resources acquisition and
water-use efficiencies, using stable isotopes analysis.

2. Evergreen species seem to depend more on rain-water utilization than the
deciduous ones, which utilize ground-water almost exclusively.

3. This pattern is paralleled by the distribution of §'>C values which show a greater
water-use efficiency for the evergreen species vs the deciduous ones.
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Introduction

Recent plant ecophysiological studies in mediter-
ranean ecosystems have focused on repeated obser-
vations of leaf-level gas exchange over extended
periods (Turner, Schulze & Gollan 1984; Tenhunen
et al. 1987), pointing out the need for long-term
integrated responses to understand physiological
adaptations and species performance in specific
environments. An equivalent understanding of the
role of below-ground resources acquisition is also
necessary to understand changes in shoot gas
exchange, especially in environments subjected to
extensive periods of water deficit. Stable isotope
analyses at natural abundance levels can serve both
the need for integrated aspects of gas exchange and
also for improving our understanding of below-
ground resource acquisition (Rundel, Ehleringer &
Nagy 1988). The relative abundance of *C vs *C
(expressed as 3'°C, carbon isotope ratio, in delta
notation) in plant tissues provides information on
relative water-use efficiency over extended periods
(Farquhar, Ehleringer & Hubick 1989). At the same
time, the relative abundance of D vs H (8D, hydro-
gen isotope ratio) of xylem sap is particularly valu-
able for determining utilization of specific water
resources (White et al. 1985; Flanagan & Ehleringer
1991). When the hydrogen isotope composition of
different waters (e.g. rain- or ground-water) is
known, it is possible to determine the extent to which
the different sources of water that are used by
different species (Sternberg & Swart 1987; Dawson
& Ehleringer 1991; Flanagan & Ehleringer 1991).
The macchia ecosystem represents a widely
spaced, diffuse plant community along the coast of

the Italian peninsula. The aim of the present study
was to conduct a parallel analysis of the leaf 3'*C (to
determine relative water-use efficiencies) and xylem
sap 3D (to determine water source) of various species
belonging to this ecosystem, in order to provide a
better understanding of the relationship between
water source utilization and water-use efficiency.

Materials and methods

The study was conducted at the ENEL (National
Agency of Electric Energy) reservation near Mon-
talto di Castro, Italy (latitude 42°22'N, longitude
11°32'E). The site is situated on the Tirrenian coast
on a flat plain limited at the shoreline by sand-dunes.
The vegetation is a mediterranean ‘macchia’ ecosys-
tem, made up of evergreen shrubs and trees. The
woody species used in the present investigation are
Quercus ilex L., Juniperus oxycedrus L. var. macro-
carpa S. et S., Phillyrea angustifolia L., Pistacia
lentiscus L., Q. cerris L. and Q. pubescens L.

Leaf area index of the stand was on average 3-5.
Samples were collected following the natural dis-
tribution of the different species along a transect
from the sea inland (Fig. 1). On 5 August 1990, four
plants of each species were selected and two samples
were collected from each plant for determination of
water source through xylem sap analysis. Plant
source water was sampled by cutting a section of stem
wall away (at least 50cm) from transpiring leaf
surfaces in order to prevent possible enrichment
fractionation. Stem segments were immediately
inserted in glass tubes, sealed with a rubber stopper,
and taken to the laboratory. Samples were kept
frozen until water was extracted. To determine the
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Fig. 1. Vegetation distribution in the experimental site along a sea inland gradient.

possible water source used by these plants, sampling
occurred following a rain event in mid-summer.
Precipitation was collected and stored in a glass vial.
Soils were extracted at depths ranging from 10 to
100cm. Well-water was sampled as an indicator of
ground-water isotopic composition. Again these
samples were stored in glass vials until isotopic
analyses were conducted. Water from stems was
cryogenically extracted under vacuum (Dawson &
Ehleringer 1991) and hydrogen in water was reduced
to its diatomic form using zinc (Coleman et al. 1982).
The procedure was modified slightly in that combus-
tion occurred at 500°C. This modification to a higher
temperature of combustion resulted in greater preci-
sion than observed in the original study of Coleman et
al. (1982). The deuterium content was measured on a
Finnigan MAT, model delta S, isotope ratio mass
spectrometer. Deuterium content is expressed in
delta notation as 8D (%) relative to the standard
mean ocean water (SMOW) standard:

D= (Rsample/Rstandard_ 1) X1000%o

where Rgmpie and Rgiangara represent the molar
deuterium/hydrogen ratios of sample and standard,
respectively. The overall precision of preparation
and analysis is +1-0%o.

For carbon isotope determination, five to 10
subunit leaves of the study species were sampled
randomly in the upper part of the crown (on the same
trees as for xylem sap hydrogen isotope ratio), dried
and finely ground before the combustion process.
Carbon isatope ratio (83C), relative to the PeeDee
belemite (PDB) standard (using equivalent equation
as above), was determined by combusting samples in
an elemental analyser coupled to the same isotope
ratio mass spectrometer. Overall precision of the 13C
analysis was +0-11%o.

The salinity content of xylem sap was estimated by
means of the analysis of conductivity of effusate of
stem segments placed in distilled and deionized water
for 24h at room temperature.

Results and discussion

The study area has a typical mediterranean climate
with an annual precipitation of 860mm. Sampling
occurred 3 days following a rain event of 6-5mm. This
was the first rain following a 25-day drought; the total
rainfall for the period from the beginning of June to
the date of sampling was 44 mm. The rain-water had a
3D value of —24-7+1-7%., while the ground-water
was —43-1+1-8%o (Table 1). The isotopic composi-
tion of rain-water varies seasonally (Dansgaard 1964)
and the observed value was typical for this part of
Italy during the summer (Yurtsever & Gat 1981;
TAEA 1986). The well-water value was close to the
long-term mean precipitation input value for Genoa
(380km distant), the closest long-term IAEA moni-
toring station (Yurtsever & Gat 1981). Ground-
water 8D values are relatively stable throughout the
year, representing a long-term average of the isotopic
composition of annual precipitation that falls in the
area.

Table 1. Values of 8D from soil samples collected at various
soil depths

Soil depth (cm) 3D (%)
10 266
30 -279
60 -30-7
100 -31-1
Ground-water (12m) —41-1
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Fig. 2. Distribution of 3D values (+1 SE) among the study
species. Rain-water and ground-water levels are indicated
by solid lines.

The upper soil layers (10 and 30cm) had 3D values
similar to those of the recent precipitation events
(Table 1), consistent with the high infiltration
capacity known for these soils. The deepest soil
layers showed more negative 8D values, consistent
with precipitation values expected during the cooler,
winter recharge period (Dansgaard 1964; Yurtsever
& Gat 1981; IAEA 1986).

Differences in the isotopic composition of ground-
water and rain-water were large enough to allow
evaluation of the relative uptake rates of surface and
deep-water sources by analysis of the isotopic com-
position of stem xylem sap water. As shown in Fig. 2,
the variation of 8D among species was quite large,
ranging from —3-2%o to —40-4%o.

Juniperus oxycedrus var. macrocarpa showed the
highest 3D values (—3-2+2-3%.), which were more
positive than the observed rain-water values. Sea-
water isotopic composition was not measured in the
present work, but to interpret these data, it should be
noted that the 0%o reference value is the SMOW and
the actual sea-water composition at the experimental
site should not be very different from this value. The
most likely explanation of the observed high 3D
values is that J. oxycedrus was using a different water
source combination other than rain-water and
ground-water. A likely explanation is that J. oxyce-
drus was using a mixture of sea-water and recent
precipitation. Juniperus oxycedrus is the first woody
species to appear on the dunes; it occupies sites very
close to the seashore. The soils on the front of the
dunes are frequently infiltrated by sea-water, and
pools of a saline and freshwater mixture commonly
occur in this coastal environment. Berger & Heur-
teaux (1985) have observed freshwater lenses
beneath the dunes in hydrodynamic equilibrium
upon the saline aquifer on the sandy dunes in the
Camargue (France); these lenses are thought to
sustain the growth of J. phoenicea. While Berger &
Heurteaux (1985) excluded the possible utilization of

saline water by Juniperus, our data indicated the
uptake of a mixture of fresh and saline water by J.
oxycedrus. \

Similar situations in which a mixture of fresh and
saline water are utilized by plants in coastal areas
have been observed by Sternberg & Swart (1987) in
the Florida Keys. In addition to mangroves, for
which the direct utilization of saline water is well
known, various species at the mangrove margin were
found to utilize a mixture of fresh and saline water.

The evergreen broad-leaved species Pistacia lenti-
scus, Phyllirea angustifolia and Q. ilex showed 8D
values of —19-7+£5-8%., —23-8+3-3%., and
—28-4+2-6%o, respectively, indicating utilization of a
mixture of both rain-water and ground-water. In
particular, Pistacia lentiscus seemed to show slightly
higher 8D values, which can result, partially, from a
utilization of the mixture of fresh and saline water in
lenses beneath the dune. Indeed Pistacia lentiscus
root system penetrates quite deep in the soil. Spiegel-
Roy, Mazigh & Evenari (1977) observed on clones of
Pistacia vera and Pistacia altantica planted in Negev
highlands of Israel, a root distribution up to 210cm in
depth.

In a comparative study of water relations on a
number of mediterranean shrubs, Rhizopoulou &
Mitrakos (1990) observed that Phyllirea latifolia and
Q. ilex showed lower water potentials than Pistacia
lentiscus during the summer drought and therefore
concluded that these species can withdraw water
from very dry soils. In particular Phyllirea latifolia
seemed to reach the lowest water potential values
and have the most hardy turgor loss point among the
shrubs of the macchia ecosystem. Perhaps this result
is now not surprising, since it appears that these
species do not have access to a stable water source
(such as ground-water) during the summer drought
periods.

The two deciduous oaks, Q. pubescens and Q.
cerris showed 3D values of —39-0+1:33%. and
—40-4+0-8%0, respectively, indicating an almost
exclusive utilization of ground-water during the
summer drought. These two species did not switch to
utilizing surface moisture following rain events as
noted for pine trees by White et al. (1985). Instead
they follow a pattern noted by Ehleringer et al.
(1991), where many long-lived perennials relied on
only deep-soil-water even after substantial summer
rain. These two oak species usually colonize the
bottom parts of the dune, where water conditions are
more favourable, due to the emerging water table
and the soil texture, which becomes richer in clay.

The difference in water utilization between ever-
green and deciduous species is particularly evident. It
is reasonable to hypothesize that deciduous species,
due to their relative short period of growth, which
essentially coincides with the driest months, should
depend more on constant sources of water, like
ground-water, than on scarce and highly unpredict-
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Fig. 3. Distribution of carbon isotopes discrimination values
(£1 SE) among the study species.

able precipitation events. This tendency is also
supported by the relatively higher occurrence of
xylem embolism in deciduous oaks than in evergreen
species (Borghetti et al. 1992), during periods of
water shortage. The evergreen species can modulate
their growth patterns throughout the year in accord-
ance with periods of maximum soil-water avail-
ability.

The observed range of 8'3C values of leaves of
different species indicated that all species were C;
plants (Farquhar et al. 1988) (Fig. 3). However, there
was an unusually large variation in isotope values.
Particularly evident was the relatively high value of
d13C for J. oxycedrus (—22-9%£0-2%o), indicating a
rather high carbon discrimination. Pistacia lentiscus,
Q. ilex and Phillyrea angustifolia showed almost
equivalent ~ 3C  values  (—26-24+0-18%o,
—26-44+0-27%0 and —26-4910-32%., respectively),
while the two deciduous oaks, Q. pubescens and Q.
cerris had lower 83C values (—27-19+0-39%. and
—27-5%0-7%o, respectively).

The 5'3C value paralleled the salinity content of
stem water effusates of the study species (Table 2).
The higher 8'°C values, especially marked for J.
oxycedrus, suggest that water-use efficiency and
exposure to sea-water were positively correlated.
Other studies have documented an increase in 3'°C
values in response to increasing salinity in the
environment (Guy, Reid & Krause 1980; Neales,
Fraser & Roksandic 1983; Seemann & Critchley
1985; Flanagan & Jeffries 1989). Therefore, the

Table 2. Conductivity values of stem water effusates for the
study species, expressed on a dry weight basis

Species C (wmhos mg™1)
Juniperus oxycedrus 750+41
Pistacia lentiscus 410£32
Phillyrea angustifolia 360+18
Quercus ilex 250+28
Q. pubescens 120+15
Q. cerris 140+30

utilization of a mixture of saline and freshwater by J.
oxycedrus, as indicated by 8D values, was associated
with a higher water-use efficiency and reflects a
certain ‘halophytic’ tendency by this species, which is
the only mediterranean-climate woody species to
grow close to the shoreline. Differences in water-use
efficiency between Q. ilex and Q. pubescens seedlings
have been observed in gas-exchange studies (Epron
& Dreyer 1990). Over a range of pre-dawn water
potential between —2-0 and —4-0 MPa, seedlings of
Q. ilex showed a steeper slope of the assimilation—
stomatal conductance relationship, indicating a
lower intercellular CO, concentration than Q. pube-
scens. Although the difference in 8'°Cis rather small,
it seems there is a tendency in Q. pubescens to be
more water conservative than Q. cerris, an ecological
trait that is quite well known in the mediterranean
area. The evergreen species showed 3°C values
significantly more positive (P<0-05) than the deci-
duous species. This would suggest that the evergreen
species of the macchia ecosystem have a higher
water-use efficiency than the deciduous species.

Together these data suggest significant partitioning
of water sources at the community level. Depen-
dence on more reliable water sources (e.g. ground-
water) was associated with less efficient use of water,
whereas utilizing and presumably being dependent
on summer moisture input had more conservative
water-use efficiencies. This is probably due to differ-
ences in water potential for species utilizing the
scarcer and more unreliable summer rains, vs deep-
rooting species, as noted by DeLucia & Schlesinger
(1991) and Flanagan, Ehleringer & Marshall (1992),
who have observed a negative relationship between
plant water-use efficiency and water potential for a
variety of perennial species.
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