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Responses of two olive tree (Olea europaea L.) cultivars
to elevated CO, concentration in the field
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Abstract

Five-year-old plants of two olive cultivars (Frantoio and Moraiolo) grown in large pots were exposed for 7 to 8 months
to ambient (AC) or elevated (EC) CO, concentration in a free-air CO, enrichment (FACE) facility. Exposure to EC en-
hanced net photosynthetic rate (Pn) and decreased stomatal conductance, leading to greater instantaneous transpiration
efficiency. Stomata density also decreased under EC, while the ratio of intercellular (C;) to atmospheric CO, concentra-
tion and chlorophyll content did not differ, except for the cv. Moraiolo after seven months of exposure to EC. Analysis of
the relationship between photosynthesis and C; indicated no significant change in carboxylation efficiency of ribulose-
1,5-bisphosphate carboxylase/oxygenase after five months of exposure to EC. Based on estimates derived from the Py-C;
relationship, there were no apparent treatment differences in daytime respiration, CO, compensation concentration, CO,-
saturated photosynthetic rate, or photosynthetic rate at the mean C;, but there was a reduction in stomata limitation to Py
at EC. Thus S-year-old olive trees did not exhibit down regulation of leaf-level photosynthesis in their response to EC,
though some indication of adjustment was evident for the cv. Frantoio with respect to the cv. Moraiolo.

Additional key words: chlorophyll; FACE; gas exchange; global change; intercellular CO, concentration; net photosynthetic rate:
photorespiration; ribulose-1,5-bisphosphate carboxylase/oxygenase; stomata density; stomatal conductance; transpiration efficiency.

Introduction

The projected accumulation of CO, and other greenhouse
gases in the atmosphere may cause an increase in mean
global temperature at the surface of the earth (e.g., Kat-
tenburg et al. 1996). Due to the increase in potential
evapotranspiration linked to these changes and to a con-
current decrease in precipitation at Mediterranean lati-
tudes forecast by general circulation models, plant com-
munities of Mediterranean environments will probably
face more severe drought in the future (Houghton er al.
" 1995). However, studies incorporated into global change
models have been conducted predominantly on temperate
forest or crop species. In order to implement global mod-
els with direct effects of elevated [CO,] (EC) on vegeta-
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tion, experiments must be done on all the important com-
ponents of the biosphere, including Mediterranean-type
systems.

Responses of plants to increasing atmospheric con-
centration of CO, generally take the form of increases in
carbon assimilation and sequestration, with concurrent
reductions in water vapour fluxes (Eamus and Jarvis
1989). Increasing [CO,] overcomes biochemical limita-
tions by enhancing [CO,] at the site of carboxylation in C;
species and by reducing the oxygenase activity of ribu-
lose-1,5-bisphosphate carboxylase-oxygenase (RuBPCO),
resulting in initially increased rates of carbon fixation.
However, prolonged growth at EC eventually may result

Abbreviations: AC, ambient CO, concentration; C,, CO, concentration in air; C, intercellular CO, concentration; Chl, chlorophylt;
cv., cultivar; E, leaf transpiration rate; EC, elevated CO, concentration; FACE, free-air CO, enrichment; £, stomatal conductance;
ITE, instantaneous transpiration efficiency, L, relative limitation of g, on photosynthesis; Py, net photosynthetic rate; PAR, photo-
synthetically active radiation; RuBPCO, ribulose-1,5-bisphosphate carboxylase/oxygenase; Sp, stomata density; VPD, vapour pies-
sure deficit; I', CO, compensation concentration.
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in a down-regulation response of the photosynthetic appa-
ratus (Sage 1994). Although anatomical or morphological
and not physiological, stomata adjustment in the long-
term realised by changes in stomata frequency may have
equally significant impact on leaf conductance, thus on
gas exchange, and particularly on water use efficiency
(Morison 1998).

Woody perennials are significant in the global carbon
cycle and their long life spans provide them with the po-
tential to be considerable sinks for long-term storage of
carbon (Atkinson 2000). The stomata response to EC in
evergreen trees may be less strong than in woody decidu-
ous and herbaceous vegetation (Saxe er al. 1998). In-
traspecific variation in the responsiveness of woody
plants to EC has been identified (Radoglou and Jarvis
1990, Wayne and Bazzaz 1995, Tognetti et al. 1999).
Olive (Olea europaea L.) is an important widely culti-
vated evergreen tree of the Mediterranean climate, but its

Materials and methods

Plants and growth conditions: Plants of two olive (Olea
europaea L.) cultivars, Frantoio and Moraiolo, were
raised in 30 000 cm’ pots for five years. On 1 March
1999 (before bud break), 10 plants per cv. (120-150 cm in
height and 2-3 cm in diameter), were transported to the
natural CO, degassing vent of Bossoleto (Rapolano
Terme, Siena, Italy), where they were constantly exposed
to EC. For a detailed description of this natural laboratory
see Korner and Miglietta (1994): CO, of mineral origin is
emitted at this experimental site from a series of vents
located on the flanks of a circular crater (about 80 m in
diameter) and increases the [CO,] of surrounding air
(500-1 000 pmol mol™). Control plants (10 per cv.) were
placed nearby. After three months, plants were randomly
assigned to four FACE-system rings (two EC, 560 pmol
mol”, and two AC, 360 pmol mol") at Rapolano Terme.
The distance between the rings was 30 m. All pots were
manually weeded, and all plants were daily drip irrigated
throughout the experiment. Because nutrient conditions
were near optimal at the start of the experiment, slow-
release fertiliser was only applied once during the
growing season.

The FACE-system consists of a perforated rectangular
plenum (8x3 m), COp-supply and [CO;]-monitoring com-
ponents, and PC-based control program. Multiple vertical
pipes (spacing 75 cm) were inserted into the distribution
PVC plenum with internal diameter of 20 cm. The verti-
cal pipes (PVC, internal diameter of 6.5 cm and 2 m
height) had triple-jet gas emission ports, which can be
opened or closed to adjust the height of injection into the
rectangular plot. This permitted to follow the growth of
plants and allowed for CO, fumigation of the plant cano-
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response to EC has never been studied. In this study, we
examined the effects of exposure to EC on early photo-
synthetic acclimation potential and stomata behaviour of
olive leaves. We hypothesised that CO,-induced changes
in gas exchange and stomata characters would be small in
comparison to typical responses of deciduous trees or
herbs. We compared leaves of two olive cultivars (Fran-
toio and Moraiolo) which have shown physiological and
morphological differences in response to ozone fumiga-
tion (Minnocci et al. 1999). Plants were grown in condi-
tions close to their natural environments, in large pots to
limit restrictions on rooting volumes. The use of container
was chosen to allow the transfer of plants from a natural
CO, degassing vent to a nearby free-air CO, enrichment
(FACE) facility, which was already in use, and vice versa.
The rationale for transferring plants from the CO, vent to
the FACE facility was to use the former as a pre-treat-
ment.

py. A high volume blower injects air into the plenum.
Pure CO, was mixed with ambient air by placing the out-
let immediately after the blower at the level of a flexible
pipe, which connects the blower to the plenum, and sup-
plied 24 h per day. A motorised metering valve (Zone-
master, Satchwell Control System, Milano, Italy) con-
trolled the CO, injection rate. A detailed description of
the FACE-system can be found in Miglietta ef al. (1997).

Gas exchange measurements were made on two leaves
from four plants per cv. from each of the two treatments
using a portable, open-system gas analyser (CIRAS, PP-
Systems, Hitchin, UK), on intact attached leaves. Current-
year whole leaves (fully expanded, of the same stage of
development) were used; individual leaf area was
previously measured as 0.717x — 0.095, where x is the
product of leaf length by leaf width (Tattini et al. 1997).
The Py-C; response of olive leaves was determined
during warm sunny (and windy to avoid overheating) days
of July 1999 (after 5-6 months of exposure) at ambient
conditions between 10:00 and 17:00 h solar time at
saturating sunlight (PAR 1 500-1 600 pmol m™ s™). The
conditions inside the cuvette (6 cm?) were leaf
temperature of 30 °C and vapour pressure deficit (VPD)
of 1.4 kPa. On average, leaf temperatures and VPD in the
cuvette increased by < 2 °C over the course of a complete
sequence of measurements. The [CO,] of the cuvette was
initially maintained at 200 pmol mol”’ for 5 min to
stimulate stomata opening and then reduced to 75 pmol
mol!. The [CO,] of the cuvette was incrementally
increased in 10 steps up to 2 000 pmol mol™, and gas
exchange properties were logged at each measurement
[CO,] once the system had reached steady equilibrium.



The Py-C; response curves were made by fitting an
empirical nonlinear model:

PN = PNmax [1 _(1 _RL/PNmax)“-Ci/r)] (I)

where Pymax, the asymptotic level, represents the
predicted CO,-saturated Py, Ry is the rate of daytime
respiration at zero {CO,] (photorespiration), and I is the
CO, compensation concentration (in the absence of
daytime respiration). The fitting was carried out by Mar-
quardt-Levenberg iterative least-square method available
in Sigma-Plot software (Jandel Scientific, San Rafael,
CA, USA). The initial slopes of the Py-C; curves
(dPy/dC;) were calculated by linear regression of the first
several points (C; below 200-250 pumol mol ™). Relative
limitation of stomatal conductance (g;) on photosynthesis
(L) was estimated according to the equation:

Ly= (1 — Py/Pyo) 100 2)
where Py; is the estimated Py at C; corresponding to the

[CO,] in a specific ambient air (C,), and Py is the esti-
mated Py at a C, resulting in a C; equal to the growth C,,

Frantoio
30 |- M%
of o5
- g
o ® 560 umol mol™!
o 010 O 2360 pmol mol*!
- 1 1 i ] I | |
g Moraiolo
= S
oz
20
10+
010
1 | 1 | I | |
0 400 800 1200 1600

C; [pmol mol'1]

Fig. 1. Response curves (means of two leaves from four plants
per cv. from each of the two treatments) of net photosynthetic
rate (Py) to intercellular [CO,] (C;) for cultivars Moraiolo and
Frantoio of olive grown under CO,-enriched atmosphere of 560
umol mol™' (closed circles) or at ambient [CO,] of 360 pmol
mol™ (open circles) in a FACE system. Current-year fully
expanded leaves of 5-year-old trees measured in July 1999 at
ambient temperature and saturating PPFD. The statistical
comparison of gas exchange parameters derived using modelled
responses from five replicate Pn-Cj curves in each treatment-cv.
combination is-given in Table 1.
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the rate at which stomatal resistance to CO, diffusion is as-
sumed to be zero (Farquhar and Sharkey 1982). Both Py;
and Pyo were derived using Eq. 1 (Liu and Teskey 1995).
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Fig. 2. Net photosynthetic rate (Py), stomatal conductance (g),
the ratio of intercellular to atmospheric [CO,] (C/C,), and
instantaneous transpiration efficiency (ITE) for cultivars
Moraiolo and Frantoio of olive grown under CO,-enriched
atmosphere of 560 pmol mol! (cross-hatched columns) or at
ambient [CO,] of 360 pmol mol™! (hatched columns) in a FACE
system. Current-year fully expanded leaves of 5-year-old trees
measured during September 1999 at saturating PPFD and
respective growth [CO,]. Values are means = SE (n = 5
individuals, two leaves from five plants per cv. from each of the
two treatments). Differences between [CO,] treatments were
always highly significant (p = 0.0001 for Py, g, and ITE)
except for C/C, (p=n.s.). Differences between cultivars were
significant for Py and ITE (p = 0.0492 and -0.0057, respec-
tively), while interactions between effects were never significant
(ITE, p = 0.0582).
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During September-October gas exchange measure-
ments (irradiance-saturated photosynthetic rate, Py, g
leaf transpiration rate E, and C;) were made on two
current-year leaves of the same stage of development
from five plants per cv. from each of the two treatments.
Maximum Py, g, and ITE (instantaneous transpiration
efficiency, Pn/E) were measured during sunny days from
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Fig. 3. Comparative rate of net photosynthesis (Py), stomatal
conductance (g;), and intercellular [CO,] (C) for cultivars
Moraiolo and Frantoio of olive grown under CO,-enriched
atmosphere of 560 umol mol™ (cross-hatched columns) or at
ambient [CO,] of 360 pmol mol™ (hatched columns) in a FACE
system. Measured on current-year fully expanded leaves of 5-
year-old trees in September 1999. For all plants gas exchange
was reciprocally measured at [CO,] of 360 or 560 ymol mol™ at
saturating PPFD. Means + SE (r = 5 individuals, two leaves
from five plants per cv. from each of the two treatments);
differences between measurement [CO,] were always significant
{p < 0.0001), differences between cultivars were significant
only for Py (p = 0.0258), while differences between growth
[CO,] and interactions between effects were never significant.
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09:00 to 14:00 h (25-27 °C), under saturating PAR
(> 1000 pmol m™? s™). The same open gas exchange
system was used for reciprocal Py determination. The
reference [CO,] was set at 360 and 560 umol mol”, and
measurements were performed in the rings (measuring the
two treatments at both reference-[CO,], alternatively). In
October mature, 5-7 fully expanded leaves of 5-year-old
trees carrying or not carrying fruits were also sampled
(only two plants per cv. and per treatment were carrying
fruits and thus used for comparison).

Stomata density and chlorophyll analyses: Observa-
tions of stomata density were made on portions of leaves
taken from the central area of fully expanded leaves col-
lected in mid-July and in mid-October. Samples from two
leaves of five plants per cv. from each of the two treat-
ments were selected between second-order veins. They
were immediately plunged in liquid nitrogen and there
stored until observation. Frozen-hydrated leaf laminae
were sputter-coated with 20 nm of gold (measured by
quartz thin-film monitor) into the cryopreparation cham-
ber of SCU 020 (BalTec, Liechtenstein). They were ob-
served at 8 kV in a scanning electron microscope (SEM
515, Philips, The Netherlands) maintained at —160 °C.
Slow-scan images were digitised at a resolution of
768x576 pixels (256 grey levels) and analysed with
AnalySIS 2.0 (Soft-Imaging Software, Germany). Stomata
density (Sp, number of stomata mm™) of three fields per
sample (500 x magnification) was determined on the re-
corded digital images. Stomata overlapping the margins
were excluded.

Chl a, Chl b, and Chl (a+b) concentrations were
measured on two excised leaves (similar to those of gas
exchange measurements) from five plants per cv. from
each of the two treatments in mid-July and mid-October.
About 0.5 g(fresh mass) of leaf tissue was macerated in
10 cm® N, N-dimethylformamide in the dark for 48 h at
4 °C; pigment concentrations were determined in the ex-
tracts spectrophotometrically (Lambda 6 UV-VIS, Perkin-
Elmer, UK), and expressed on a leaf area basis (Moran
1982).

Statistical analysis: Values for single leaves were (two
per plant) pooled on a plant basis and subjected to two-
and/or three-way analysis of variance (ANOVA) to
examine the effects of cv., growth [CO,], and/or
measurement [CO,]. The percentage difference in a given
variable between the EC and AC treatments was
calculated as [(EC — AC)/AC] 100.



Results

The response of Py to C; in current-year leaves (July)
differed only slightly between the two cultivars and for
AC and EC treatments (Fig. 1). This was reflected in the
photosynthetic parameters calculated from the PW/C;
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curves (Table 1); there were no significant effects of the
[CO,] treatments on Pymax, R, I', and dPy/dC;. The esti-
mated average Py at a given C; did not differ between
[CO;] treatments. Py at a C, resulting in a C; equal to the

Table 1. Foliar gas exchange parameters for two cultivars of olive tree grown under CO,-enriched atmosphere of 560 umol mol™ (EC)
or at ambient [CO,] of 360 pmol mol™' (AC) in a FACE system, estimated from response curves of net photosynthetic rate (Py) to
internal [CO,] (C;). Measured on current-year fully expanded leaves of 3-year-old trees in July 1999, Means + SE for each treatment
(n = 4 individuals, two leaves from four plants per cv. from each of the two treatments). Parameters and equations are defined in the
text. Significance (p-level) of treatment effect for cultivar and CO, treatment and the interactions between effects are shown; ns, non-
significant.

Parameter cv. Frantoio cv. Moraiolo ANOVA
EC AC EC AC cv. [CO,]  ev.x[CO)

Pmax [umol m?s'] 31.46(0.40) 31.57 (0.50) 31.79(0.81) 30.95(0.36) ns ns ns
Ry [umol m?s'] -5.42(0.69) -6.14 (0.48) -541(0.14) -5.62(0.32) ns ns ns
r [umol mol'] 63.04 (3.85) 62.69 (2.55) 66.44(0.65) 66.94(0.87) ns ns ns
dPw/dC; [mol m s 0.065 (0.002) 0.069 (0.001) 0.056 (0.003) 0.062 (0.005) ns ns ns
Py at C;=240 [umol m?s'] 11.09(0.41) 12.42 (0.36) 10.70(0.31) 10.83(0.56) ns ns ns
Pyat C;=370 [umol m?s'] 16.63 (0.60) 18.29 (0.50) 16.28(0.44) 16.37(0.71) ns ns ns
Po at G = growth C, [pmol m?s'] 22.07 (0.68) 17.91 (049) 21.89(0.56) 16.06(0.70) ns 0.0001 ns
Lyat C,=360 [%] 49.80(0.32) 30.70(0.29) 51.12(0.25) 32.40(0.53) 0.0037 0.0001 ns
L.at C,=560 [%] 2471 (042) 32.13(0.30) 25.63(0.22) 33.92(0.56) 0.0118 0.0001 ns
L, at growth C, [%] 24.71 (0.42)  30.70 (0.29) 25.63(0.22) 32.40(0.53) 0.0118 0.0001 ns

growth C, was significantly enhanced in the EC treatment
(23 and 36 %, respectively, for the cvs. Frantoio and
Moraiolo). Relative stomata limitation of Py in EC-leaves
was significantly higher than in leaves grown at AC, but
lower in leaves grown at 560 pmol mol™'. When [CO,]
treatments were compared for L at their respective
growth C, the differences were consistently significant
and values of L at growth AC were significantly reduced
by EC in both cultivars similarly (about 20 %); the
differences between cultivars where always significant,

with generally higher values for the cv. Moraiolo.

Py of current year foliage (September) responded
positively to growth EC (Fig. 2). EC enhanced Py by
44 % in the cv. Moraiolo and by 31 % in the cv. Frantoio.
Py was higher in the cv. Frantoio than in the cv. Mo-
raiolo. g was also significantly affected by EC. Foliage of
plants grown in EC had lower g; than that of plants grown
in AC, and the reduction was stronger in the cv. Frantoio.
Comparison of g; at the growth [CO,] shows that increase
in AC from 360 to 560 pmol mol™ led to a 24 and 37 %

Table 2. Stomata density (Sp) and chlorophyll concentrations [Chl a, Chl 5, and Chl (a+b)] of current-year fully developed leaves of
olive cultivars Moraiolo and Frantoio grown under COp-enriched atmosphere of 560 pmol mol™ (EC) or at ambient [CO,] of 360
umol mot™ (AC), in a FACE system. Means + SE within brackets (n= 5 individuals, two leaves from five plants per cv. from each of
the two treatments). Percent change, [(EC — ACYAC] 100, and significance (ANOVA, p-level) are also reported; *p < 0.05, “p <

xk

0.01, "p<0.001, ""p £0.0001, n.s. p > 0.05 (not significant).
Parameter ¢v. Frantoio cv. Moraiolo ANOVA

EC AC A[%] EC AC A[%] cv.  [CO,] cv.x[CO,]
July
S [stomata mm™?] 396 (10) 491 (9) 19 519(15) 527 (21) S -
Chia [gm?] 0.406 (0.003) 0.487(0.014) —17  0.602(0.024) 0.671(0.010) —-10 ™ ns.  ns.
Chi b [g m?] 0.148 (0.016) 0.154(0.002) —4  0.186(0.007) 0.222(0.005) —16 ** ns.  ns
Chl(a+b) [gm?] 0.608 (0.056) 0.640(0.015) -5  0.786(0.031) 0.892(0.005) -12 ™  ns. ns.
October
Sp [stomata mm?] 448 (19) 503 (6) -1 544(5) 596 (19) -9 oo™
Chla [gm?] 0.304 (0.01) 0.335(0.047) -9  0.427(0.02) 0.312(0.018) 37 ns ns.
Chl b [gm?] 0.094 (0.003) 0.103 (0.016) -9  0.134(0.006) 0.094(0.008) 9 ns. ns. =
Chl (a+b) [gm?] 0.398 (0.013) 0.438 (0.063) -9  0.562(0.026) 0.406 (0.025) 38 ns. ns.
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decrease in g; for the cvs. Moraiolo and Frantoio, respec-
tively. g; was somewhat higher in the cv. Frantoio than in
the cv. Moraiolo when plants were grown at AC. The ra-
tio of C; to C, was unaffected by the [CO,] enrichment in
both cultivars, with a 2.3 % increase for the cv. Moraiolo
and a 1.4 % decrease for the cv. Frantoio. Generally, as
a result of increased Py and decreased g;, ITE of leaves
increased by 73 % in the cv. Moraiolo and by 94 % in the
cv. Frantoio when plants were grown at EC. The cv.
Frantoio had higher ITE than the cv. Moraiolo, particu-
larly when plants were grown in EC.

For the cv. Frantoio (September), Py and g, tended to
be lower in leaves of plants grown at EC than AC when
measured at the same [CO,] (Fig. 3). Nevertheless, results
of ANOVA indicated no statistically significant differ-
ences in Py, gs, and C; between treatments when measured
at the same [CO,]. The two cultivars differed somewhat in
Py, with higher values measured in Frantoio grown at 360
umol mol™ and measured either at 360 pmol mol™ or at
560 umol mol”. The effect of measurement [CO,] was

Discussion

Curves of Py as a function of C; have been used to assess
photosynthetic acclimation and to identify the mecha-
nisms contributing to -acclimation (Gunderson and
Wullschleger 1994). Changes in Py are the result of
changes in both g, and mesophyll capacity for photosyn-
thesis. The impact of EC on mesophyll capacity in turn
depends on the carboxylation efficiency (activity, amount,
and kinetic properties) of RuBPCO and the capacity for
photosynthetic electron transport and ribulose-1,5-bis-
phosphate regeneration (e.g., Radoglou et al 1992,
Bunce 2000). The activity of RuBPCO is related to the
slope of the Py/C; curve, at low C; (Caemmerer and Far-
quhar 1984). We observed no significant change in
RuBPCO carboxylation efficiency in leaves grown at EC
after five or six months. Also, there was no significant re-
duction in COy-saturated photosynthetic rate (Pnmax) OF
photosynthetic rate at average C;, further demonstrating
that EC does not induce consistent down-regulation of
photosynthetic capacity during the first season of expo-
sure. Probably, olive plants were still in a state of transi-
tion from AC to EC, one growing season being not
enough to achieve full acclimation. However, these re-
sults are in agreement with other studies of field-grown
Mediterranean evergreen trees that indicate no change in
photosynthetic capacity during long-term exposure to EC
(Scarascia-Mugnozza et al. 1996), but contrast with re-
sponses in many experiments with potted plants (Sage
1994). Large pots may have not strongly restricted root-
ing volume, which represents a large sink for photosyn-
thates.

Comparison of Py at the growth [CO,] shows that EC
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always consistent. In October, Py was higher in plants
which were bearing fruits with respect to non-bearing
plants, regardless of treatments (values not shown);
growth [CO,] was without effect.

Leaves of the cv. Moraiolo showed generally higher
Sp than those of the c¢v. Frantoio (Table 2). In July,
growth at EC had caused a consistent reduction (19 %) in
Sp in leaves of the cv. Frantoio, but this was not the case
of the cv. Moraiolo (2 %). In October, instead, also the
cv. Moraiolo showed such a reduction in Sp, similar
(about 10 %) to the cv. Frantoio.

After five months of treatment, plants of both cultivars
did not show significant changes in the amounts of Chl a
and Chl b per unit leaf area when grown in EC (Table 2).
However, after seven months of exposure to EC, leaves of
the cv. Moraiolo showed a significant increase in Chl
concentrations compared to control plants (total Chl,
38 %). Differences between cultivars were consistent in
July but not later in the season, with the cv. Moraiolo
showing higher values than the cv. Frantoio.

resulted in a persistent increase in photosynthesis of cur-
rent-year leaves after seven months of exposure in the
field. This is in agreement with the majority of reports in
the literature where such an increase in [CO,] has resulted
in enhanced Py in C; plants (Eamus and Jarvis 1989,
Ceulemans and Mousseau 1994, Saxe et al. 1998). We
suggest that there was no reduction in the enhancement of
photosynthetic capacity of the foliage grown at EC -over
one growing season, because there was no difference in
Py between [CO,] treatments when measured at the same
[CO,], for the cv. Moraiolo. Nonetheless, some indication
of early photosynthetic acclimation was evident for the
¢v. Frantoio. These results suggest that as the growing
season progresses, downward acclimation of photosynthe-
sis might occur depending on the genotype. This specific
and time-related response is consistent with other CO,-
enrichment studies conducted in the field or in large pots
(Sage 1994).

Stomata closure in response to EC is a common phe-
nomenon (Morison 1998). In our study, the decline in g,
probably resulted from direct effects of CO, on the sto-
mata guard cells, because plants were watered regularly
and leaf water potential did not differ between treatments.
The mechanisms by which CO, affects stomata aperture
are not known and there may be inter- and intra-specific
variation in CO, sensitivity of g; (Eamus and Jarvis
1989). In our study, the cv. Frantoio showed a tendency
for negative photosynthetic acclimation and reduced g,
sensitivity at high [CO,] compared to the cv. Moraiolo,
but this was not significant. The difference in g, between
EC- and AC-grown 5-year-old plants was mainly a result



of the direct effect of short-term stomata response to CO,.
As these plants were relatively young, well watered, and
supplied with nutrients this is consistent with the absence
of evident photosynthetic acclimation to CO, (Drake et
al. 1997). In plants grown at full irradiance and with an
adequate supply of soil water, stomata sensitivity to CO,
may be reduced (Eamus and Jarvis 1989). The tendency
for g, to be lower in 5-year-old plants grown in EC than in
5-year-old plants grown at AC when measured at the
same [CO,] may diminish the opportunity for photosyn-
thesis to fully respond to EC in the long-term in cv.
Frantoio.

The close coupling of mesophyll and stomata was
shown by the relative constancy of the ratio of C; to C,
which was unchanged at high [CO,] (Morison 1998). De-
spite EC reduced g, the constancy of the ratio of C/C,
(approximately 0.7 pmol mol™) and of the C; at corre-
sponding [CO,] suggests that there was little acclimation
to EC in 5-year-old olive plants (cf. Liu and Teskey 1995,
Rey and Jarvis 1998). However, EC during growth de-
creased the stomata limitation to photosynthesis, reflect-
ing unchanged rates of CO, diffusion and an increase in
biochemical limitations with increasing C;. Thus, despite
the observed reduction in g, in response to EC, stomata
appear to be less limiting to photosynthesis in EC plants
than in AC plants (Drake er al. 1997). The greater sto-
mata limitation in both cultivars, when grown in EC and
measured at normal ambient {CO,], might indicate some
acclimation of g, to high [CO,].

A possible mechanism of stomata acclimation and
adjustment was through the reduction of stomata density
in plants grown at EC (in the cv. Frantoio this happened
first with respect to the cv. Moraiolo), which is in accor-
dance with the hypothesis of adaptive modifications of
stomata number (Woodward 1987). This change may
have significant impact on conductance and hence on gas
exchange, and particularly on water use efficiency (Heath
and Mansfield 2000). We may hypothesise that a stronger
reduction of stomata density in EC-grown plants of the
cv. Frantoio was the cause of the somewhat lower g (and
Py) values when leaves were measured at the same [CO,]
(Berryman ef al. 1994). Comparisons of stomata density-
CO, responses for olive as well as other species from dif-
ferent climates and over the different time scale of centu-
ries and millennia indicate a general decline in density
with increasing [CO,], with no evidence of consistent
changes in CO, sensitivity (Woodward and Beerling
1997).
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