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• Relatively little is known about the influences of growing-season background
ozone (O3) concentrations on leaf cuticles and foliar water loss.
• Using fumigation chambers, leaf wettability and foliar water loss were studied in
two poplar species, Populus nigra and P. euramericana, and a conifer, Pseudotsuga
menziesii, under three O3 regimes; control (approx. 1 ppbv O3), urban O3 exposure
(13–41 ppbv O3), and montane O3 exposure (30–45 ppbv O3).
• Urban O3 exposure delayed a decrease in droplet contact angles over time in Populus leaves by 2–4 wk, and decreased droplet contact angles of P. menziesii foliage.
Ozone exposure increased foliar water loss and minimal conductance to water
vapour for P. euramericana, but not P. nigra and P. menziesii. Both Populus species
had lower photosynthetic biomass in O3 treatments, due to production of fewer new
leaves, premature leaf abscission and decreased leaf size (P. euramericana only). Leaf
abscission was preceded by foliar injury symptoms characteristic of O3 exposure.
• Results suggest that exposure to [O3] common during the growing season can
increase water loss in Populus saplings, but this effect might be offset by decreased
foliar biomass. Importantly, responses were highly species specific in a given O3
treatment.
Key words: Pseudotsuga menziesii, Populus nigra, Populus euramericana, ozone
(O3), leaf wettability, foliar water loss, foliar injury, growth.
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Introduction
Ozone concentrations considered harmful to crops and
natural vegetation are exceeded frequently in many areas of
the United States (Smith, 1990; Lefohn, 1992) and Europe
(Stanners & Bourdeau, 1995). Moreover, ozone is considered one of the factors contributing to the forest
decline (Schmieden & Wild, 1995; Klap et al., 2000). Ozone
exposure can result in foliar injury to crops (Krupa et al.,
1998), deciduous trees ( Yun & Laurence, 1999; Bortier et al.,
2000b; Günthardt-Görg et al., 2000), and conifers (Salardino
& Carroll, 1998; Bortier et al., 2000b). Reported changes to
leaf cuticles of both deciduous and coniferous tree species
due to ozone exposure have included accelerated wax erosion
(Bytnerowicz & Turunen, 1994; Mankovska et al., 1999),
and changed chemical composition, thickness and structure
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(Turunen & Huttunen, 1990). Cuticular changes may
render the leaf surface more wettable, possibly leading to
decreased photosynthetic gas exchange (Brewer & Smith,
1994), increased pollutant deposition (Grantz et al., 1997),
and increased susceptibility of foliage to infection by
fungal plant pathogens (Turunen & Huttunen, 1990).
Furthermore, changes in cuticular properties may lead to
increased cuticular transpiration (Turunen & Huttunen,
1990), which can predispose trees to greater stress during
summer drought and winter frost conditions (DeLucia &
Berlyn, 1984; Barnes & Davidson, 1988). This can have
consequences for whole tree water balance, even though
water loss through cuticles is negligible when stomata are
open (Kerstiens, 1996). To understand effects on whole tree
water balance, effects of ozone exposure on foliar biomass
need to be considered.
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Ozone exposure also can have adverse influences on physiological processes and growth of plants, such as increased dark
respiration and decreased CO2 assimilation in several deciduous (Reichenauer et al., 1997; Yun & Laurence, 1999; Bortier
et al., 2000b; Guidi et al., 2001) and coniferous species
(Skärby et al., 1987; van Hove & Bossen, 1994). Decreased
photosynthesis and increased respiration costs have been
reported to cause reduced growth in both deciduous and
coniferous trees exposed to ozone (Temple, 1988; Bortier
et al., 2000b). For example, ozone exposure led to reduced
height and stem growth, and lower photosynthetic and total
biomass of Populus species (Dickson et al., 1998; Yun &
Laurence, 1999).
Many studies on the effects of ozone exposure on plants
have used high ozone concentrations characteristic of
photochemical smog (Skeffington & Roberts, 1985), simulating ozone effects that may occur only during peak
ozone episodes lasting just 1–5 d. However, adverse effects
of ozone exposure to vegetation may also occur at concentrations more characteristic over a whole growing season
(April–September in the northern hemisphere), which are
considerably lower than peak concentrations (Wunderli &
Gehrig, 1990).
In the present study the effects of low ozone concentrations
(maximum values up to 40 ppbv O3) on leaf wettability and
foliar water loss were examined. Ozone concentrations simulated in our experiments were similar to the ambient concentrations regularly measured during the growing season over
large areas in North America and north-western Europe
(Krupa & Manning, 1988; Wunderli & Gehrig, 1990;
Musselman et al., 2000). We compared two simulated diurnal
patterns of ozone exposure: urban and high elevation. The
experiments were carried out on leaves of two Populus clones
differing in ozone sensitivity, and with needles of Pseudotsuga
menziesii. In addition, we considered shoot, leaf, and needle
growth to assess the effects of ozone on leaf and whole plant
water balance.

Materials and Methods
Plant material
Poplar saplings, Populus nigra L. cv. ‘Brandaris’ and Populus
euramericana L. cv. Robusta, were obtained from current yr
cuttings stored in darkness at − 2°C before planting. The
cuttings were planted in pots (10 cm diameter) and kept in a
growth chamber (Tday 21°C, Tnight 12°C, relative humidity
(rh) 60%, light period 14 h d−1 at c. 425 µmol m−2 s−1) for
25 d. The cuttings were then transplanted into larger pots
(5-l volume) with a 2 : 1 mixture of sand and potting soil
enriched with 5 g of a slow working NPMg fertilizer
(OSMOCOTE; 15% N, 11% P2O5 and 2% MgO). Fifty
days after the cuttings were planted, plants were transported
to a second growth chamber (Tday 20°C, Tnight 17°C, rh 70–

75%, light period 16 h d−1 at c. 180 ± 10 µmol m−2 s−1)
for fumigation experiments. The heights of P. nigra and
P. euramericana saplings at the start of the experiments were
29 ± 2 cm and 18 ± 2 cm, respectively.
In January 1995, P. menziesii seedlings were planted into
5-l containers and fertilized with 5 g of OSMOCOTE, and
subsequently grown in a glasshouse (Tsummer 20–25°C,
Twinter > 10°C). The plants were c. 2 1/2 -yr-old when they
were transferred to growth chambers for fumigation experiments. P. menziesii saplings were 50 ± 4 cm tall at the start
of the experiments.
Fumigation treatments
Six exposure chambers (0.6 × 0.8 × 0.6 m; air exchange 2–
3 times per minute; described in more detail by van Hove
(1989)) were placed in the growth chambers described in the
previous section. Two exposure chambers were assigned to
each fumigation treatment, a control (c. 1 ppbv O3), and two
ozone treatments (Fig. 1). These simulated urban exposure
(13–41 ppbv O3), representative of ozone concentrations
during the growing season in many urban and rural areas
(Krupa & Manning, 1988; Wunderli & Gehrig, 1990), and
montane ozone exposure (30–45 ppbv O3), representative of
concentrations observed at high elevations (1600–3600 m
above sea level (asl); Wunderli & Gehrig, 1990; Musselman
& Minnick, 2000). Concentrations of nitrogen oxides were
6 ± 1 ppbv NO (Max. 21 ppbv) and 7 ± 1 ppbv NO2 (Max. 12)
in the ozone chambers, and 10 ± 1 ppbv NO (Max. 38 ppbv)
and 5 ± 2 ppbv NO2 (Max. 10) in control chambers. Each
exposure chamber contained 6 poplars, 3 of each species and
2 P. menziesii saplings. Experiments with poplar in control
and urban ozone treatments were carried out three times
(n = 18 trees); the montane ozone exposure experiment was
implemented only once (n = 6 trees). Poplars were exposed
over a period of 6 wk. AOT-40 (sum of hourly ozone
concentrations > 40 ppbv during the growing season 0900–
1700) for the urban and the montane ozone treatments
for poplars were 0.6 (± 0.2) and 1.0 (± 0.2) ppmv h−1,
respectively. P. menziesii saplings were exposed to the urban
ozone regime only over a period of 23 wk (n = 4; AOT-40 of
2.3 ± 0.2 ppmv h−1).
Leaf wettability
Droplet contact angles (CA; droplet size 5 µl) and droplet
retention angles (RT; droplet size 10 µl) were used to assess
effects of ozone on leaf wettability (Brewer et al., 1991), and
as an indicator of changes in cuticular properties. CA is the
angle a water droplet forms with the leaf surface, with low
angles indicating the tendency to form water films rather than
droplets on a leaf surface (Brewer et al., 1991). RT is the angle
at which a droplet on the surface starts to roll, with low angles
representing poor retention (Brewer et al., 1991). CA and RT
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Fig. 1 Diurnal course of ozone
concentrations in fumigation treatments.
Shown are controls (circles), urban ozone
exposure (triangles), and montane exposure
(squares). Errors bars represent 1 SE.

indicate changes in the outer layer of the cuticle, that is the
epicuticular waxes rather than in the whole cuticle. Mature
poplar leaves (one leaf per tree; c. 5% of leaf biomass) were
sampled before the experiment started and subsequently in
2-wk intervals on both the adaxial (AD) and the abaxial (AB)
leaf surfaces (n = 6 trees, 3 measurements per tree). Leaf
wettability parameters were measured on both current-yr and
1-yr-old P. menziesii needles (n = 4 trees, 5 needles per tree) for
control and urban ozone treatments, before the experiment
started and subsequently in 4-wk intervals.
Foliar water loss
To determine foliar water loss, foliar water content, and
minimal conductance to water vapour in poplars, the following procedure was followed. Leaves were excised from the
tree (n = 6 trees, one leaf per tree), and leaf area was determined using a Skye Instruments Leaf Analysis System (Skye
Instruments, Leaf Analysis System, version 2.0), equipped with
a digital camera (AEG, CCD Video Camera, model XC 77
CE). Next leaf f. wt was measured and leaf stems were sealed
with paraffin wax to avoid water loss via the stem. Leaves were
then placed in a drying oven (T 30°C, rh 57 ± 2%) and
weighed periodically over 5 h to determine water loss. The
times between excission, f. wt determination and placement
in the drying oven were c. 15 and c. 15 min, respectively.
After 5 h leaves were dried for 24 h (30°C) to determine the
d. wt. Total water content (TWC; expressed as gr H2O per
gr d. wt) was calculated. Relative water loss calculations were
based leaf f. wt, to correct for the added weight of the wax.
Minimal conductance to water vapour, Gmin,H2Ov, was derived
from the flux and concentration gradient of water vapour
according to Kerstiens (1996):
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Gmin,H2Ov (m s−1) = H2Ov loss flux (g m−2 s−1)/([H2Ov]leaf
– [H2Ov]drying oven)(g m−3)
Eqn 1
The H2Ov flux was derived from the weight loss over time
and leaf area. Concentrations of H2Ov in the drying oven were
calculated from data on temperature (T) and rh over the
course of the experiment, along with [H2Ov] in the leaf using
data on the saturated vapor pressure at Tdrying oven. During the
first 30 min of drying Gmin,H2Ov decreased sharply, but had
stabilized after c. 60 min. Thus, Gmin,H2Ov calculations were
based on the period of 60–300 min in the drying oven, allowing for the stomates to close. Foliar water loss of poplar leaves
was measured at the start of the experiment, in week 0, and
then at 2-wk intervals.
Foliar water loss and needle water content of P. menziesii
foliage were measured at the start of the experiment and subsequently at 4-wk intervals. After excission branches (n = 4
trees per treatment and needle age class) were immediately
weighed for f. wt, and subsequently water-saturated overnight. Then the branches were weighted for saturated weight,
sealed with paraffin wax, weighed again, and placed in a drying oven. The time between determining saturated weight and
beginning the drying experiments was approx. 30 min. The
samples were dried in a drying oven (T 30°C, rh 29 ± 1%)
over 72 h and weighed periodically (Hadley & Smith, 1989)
to determine water loss. Samples were left in the oven for
another 3 d (T 60°C) to determine the d. wt. Relative water
loss and Gmin,H 2Ov were calculated. Relative water content
(RWC) of needles was determined as the ratio of (f. wt – d. wt)
over (saturated wt – d. wt), and corrected for the added weight
of the wax. During the first 1.5 h of drying Gmin,H2Ov
decreased sharply, but had stabilized after 2 h. Gmin,H2Ov calculations were based on the period of 2–36 h in the drying
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oven, thus, allowing for the stomates to close. Total needle
surface area, required to calculate Gmin,H2Ov, was measured
using the glass bead method (Thompson & Leyton, 1971).
Stomatal aperture and density
To study stomatal closure after leaf excission, stomatal casts
were made from intact poplar leaves, leaves that had been
exscised for 30 min (immediately before placement the
drying oven), and leaves that had been in the oven for 60 min.
Stomatal density was estimated from these casts. Measurements
were made in week 6 for both the adaxial and abaxial surfaces
of mature leaves (one per leaf tree, same leaves as used for
determination of leaf wettability parameters). Surface casts of
mature leaves were made using a gel Xantopren L. (Bayer
Dental, Xantopren L., DIN13913-C2). The hardened gel was
covered with a thin layer solution of polystyrene in toluol,
forming a clear imprint of the leaf surfaces, which were
examined microscopically for stomatal density and opening
(R. van den Noort, pers. comm.).
Leaf growth and development
To assess ozone effects on foliar and stem growth, the total
number of leaves per shoot, number of new leaves per shoot,
number of excised leaves per shoot, and plant height were
measured for poplars in week 0 (start of experiment), week 3,
and week 6 (end of experiment). Height growth of the whole
tree and the growth leader were recorded for P. menziesii at the
start of the experiment (week 0), and then at 4-wk intervals. At
the end of the experiment (week 23), the number of buds per
tree and the percent of buds that had flushed were recorded.
Data analyses
Data were analysed using SigmaStat (SPSS, 1997). We tested
for differences between trees within the experimental
chambers and between the experimental chambers in each
treatment. Since there were no statistical differences within or
between chambers in any of the response variables, data were
pooled for the statistical analysis. Thus, the trees were the
individuals for the statistical tests. Normally distributed data
were analysed by species and needle age class separately,
using a two-way ANOVA (reported as F, P-value), with
a Bonferroni posthoc test. The experimental design was a
nested ANOVA. Repeated measures techniques (RM) were
applied as appropriate. For determination of CA, RT,
Gmin,H2Ov, TWC and RWC, 18 leaves of similar age were
chosen (one per tree). There were three replicate
measurements per leaf for CA and RT. Data not meeting the
normality requirements (RT, relative water loss and leaf
excission for poplars) were analysed using a Kruskal–Wallis
ANOVA on ranks (reported as H, P-value), or a KolmogorovSmirnov test (reported as ksz, P-value). Measurements of CA

for P. menziesii were carried out on four branches (n = 4 trees),
with five replicate needles per branch. Similar to procedures
for poplar species, if there were no significant differences
between subsamples, data were pooled (P < 0.05, Sokol &
Rohlf, 1997).

Results
Leaf wettability
CA decreased over time for both poplar species and both sides
of the leaf on both control and ozone-exposed leaves
(F4,68 = 9.68 to F4,68 = 37.62, P < 0.001; Fig. 2), suggesting
that leaf surfaces became more wettable over time. Moreover,
there was a 2–4 wk delay in the decrease of CA in the ozone
treatment compared to the other treatments (F3,57 = 9.22 to
F3,57 = 11.71, P < 0.001; Fig. 2). CA was higher for the
adaxial surface compared to the abaxial surface (Fig. 2) for
both P. nigra (F2,118 = 4.42, P = 0.036) and P. euramericana
(F2,118 = 9.63, P = 0.002). There were no significant
differences in RT due to ozone exposure compared to control
leaves (RM, P > 0.05). RT decreased after 2 wk in the
exposure chambers for both P. nigra and P. euramericana
(H3 = 167.41 and H3 = 257.94, P < 0.001; Fig. 3), and was
higher for the adaxial than the abaxial surface for P. nigra
(H2 = 30.88, P < 0.001; Fig. 3).
CA of P. menziesii foliage was significantly higher for
current-yr foliage compared to 1-yr-old foliage (F2,258 = 23.19,
P < 0.001; Fig. 4). Moreover, urban ozone exposure led to
decreased CA compared to controls starting after 4–8 wk
of exposure, for both current-yr and 1-yr-old foliage
(F2,258 = 10.29 and F2,258 = 31.29, respectively, P < 0.001;
Fig. 4). There were no effects of needle age class or ozone
exposure on RT for P. menziesii foliage.
Foliar water loss
Relative water loss was higher for P. nigra exposed to montane
ozone levels after 2 and 4 wk compared to controls (H2 = 6.51,
P = 0.039 and H2 = 36.00, P < 0.001, respectively; Fig. 5a), but
differences were lost in 6 wk. Similarly, Gmin,H2Ov for P. nigra
in the montane ozone treatment was higher than the other
treatments, but in 4 wk only (H2 = 19.66, P < 0.001; Fig. 6a).
Ozone exposure led to increased foliar water loss for P.
euramericana from week 2 to week 6, expressed both as relative
water loss (H3 = 18.60 to H3 = 39.37, P < 0.001; Fig. 5b), and
as Gmin,H2Ov (H3 = 6.37 to H3 = 21.46, P < 0.001; Fig. 6b).
The highest relative water loss was observed in the montane
ozone exposure, corresponding with conditions yielding the
highest ozone dose. However, there were no differences in
TWC due to ozone exposure (RM, P > 0.05; overall mean
0.73 ± 0.01 g H2O g−1 d. wt).
Exposure to urban ozone concentrations generally did
not affect relative water loss, Gmin,H2Ov, TWC or RWC for
www.newphytologist.com © New Phytologist (2001) 152: 443 – 454
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Fig. 2 Droplet contact angles of poplar
leaves, for controls (circles, n = 18; 3 replicates
per tree), urban ozone exposure (triangles,
n = 18; 3 replicates per tree), and montane
ozone exposure (squares, n = 6; 3 replicates
per tree). Shown are values for Populus nigra,
adaxial surface (a) and abaxial surface (b),
and Populus euramericana, adaxial surface (c)
and abaxial surface (d). Error bars represent
1 SE. Asterisks, significant differences
between treatments (nested two-way
ANOVA, P < 0.001).

Fig. 3 Droplet retention angles of leaves for
Populus nigra, adaxial surface (closed circles)
and abaxial surface (open circles), and
Populus euramericana, adaxial surface
(closed triangles), and abaxial surface (open
triangles). Errors bars represent 1 SE. The
effect of ozone treatment was not significant,
but the effect of week was significant (nested
two-way ANOVA, P < 0.001; n = 30;
3 replicates per tree).

P. menziesii foliage. Relative water loss and Gmin,H2Ov increased
over the course of the experiment (F2,46 = 7.70 to F2,46 = 10.35,
P < 0.001; Fig. 7), and were significantly higher in 1-yr-old foliage
compared to current-yr foliage (F2,94 = 43.26, P < 0.001; Fig. 7).

higher on the abaxial surface for both cultivars (Table 1).
Stomata were mostly open while attached to the tree (40–100%
open), but they closed rapidly after abscission. After 60 min
of drying (starting time for calculating Gmin,H2Ov) 99% of the
stomata were closed, with a residual opening < 0.1 µm.

Stomatal density and opening
Stomatal densities for P. nigra leaves that developed during
ozone exposure treatments were lower on both adaxial and
abaxial surfaces (F3,107 = 14.70 and F3,57 = 6.57, respectively,
P < 0.001; Table 1). However, ozone exposure did not affect
stomatal density in P. euramericana. Stomatal density was
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Leaf growth and development
Ozone exposure did not affect height growth, but did lead to
decreased leaf growth for both poplar species. After 3 and
6 week of ozone exposure, both P. nigra and P. euramericana
had fewer leaves compared to controls (F2,34 = 28.87 and
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Fig. 4 Droplet contact angles of Pseudotsuga
menziesii foliage (n = 4; 5 replicates per tree).
Values shown are for current yr foliage
(circles, panel A), 1-yr-old foliage (triangles,
panel B); control (closed symbols), and urban
ozone exposure (open symbols). Error bars
represent 1 SE. CAs for control needles were
significantly higher than for ozone exposed
needles (nested two-way ANOVA,
P < 0.001).

F2,34 = 3.75, P < 0.001, respectively; Fig. 8a,d). However,
there was no effect of montane ozone exposure on the total
number of leaves in P. nigra. Trees exposed to urban ozone
concentrations developed fewer new leaves than control trees,
especially for P. nigra (RM, F3,42 = 8.44, P < 0.001; Fig. 8b,e).
Ozone exposure also led to premature leaf abscission (RM,
F3,42 = 129.74 and H3 = 48.78, respectively, P < 0.001),
especially in the montane ozone treatment (Fig. 8c,f ).
Leaf abscission was preceded by visible evidence of injury of
ozone-exposed foliage. The first signs of foliar injury (chlorosis
and necrosis) were observed on leaves between 21 and 35 d into
the urban ozone treatment, and as early as 10 d into the montane
ozone treatment. Signs of foliar injury consisted of a dull, light
green appearance of leaves, followed by chlorotic and necrotic
spots. Older foliage was most susceptible to foliar injury. Control
plants did not show foliar injury symptoms, and visible injury
was less evident for P. euramericana compared to P. nigra.

Leaf size of P. euramericana decreased by 27% after 4 wk
and 6 wk in the urban ozone treatment (F2,36 = 3.73, P =
0.033; Table 1). However, there was no effect of the urban
ozone treatment on leaf size for P. nigra.
Height growth of P. menziesii saplings was not affected by
ozone exposure (RM, P > 0.05). Ozone-exposed P. menziesii
saplings had formed 20% fewer buds than controls (means
125 ± 33 and 159 ± 33 buds per tree, respectively) after
23 wk of exposure to urban ozone concentrations. However,
this difference was not statistically significant (P > 0.05). Furthermore, there were no differences in the percentage of buds
that flushed.

Discussion
The results of this work suggest that ozone concentrations
commonly observed during a typical growing season, in both
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Fig. 5 Relative water loss of Populus nigra (a)
and Populus euramericana (b) after 5 h of
drying for controls (circles, n = 18), urban
ozone exposure (triangles, n = 18), and
montane ozone exposure (squares, n = 6).
Error bars represent 1 SE. Asterisks, values
significantly different from the control
treatment (differences within each week;
nested one-way ANOVA, P < 0.001).

urban and montane environments, lead to higher foliar water
loss for poplar species, which may have implications for tree
water balance. However, ozone exposure also reduced foliar
biomass through effects on new leaf growth, leaf excission and
leaf size. These factors may offset the influences of ozone
effects on cuticles and water loss of individual leaves, and for
whole plant water balance. Importantly, responses were highly
species-dependent.
Leaf wettability
Concerns about cuticular changes resulting from pollutant
deposition in both natural and agricultural plants have
stimulated many studies on how liquid water interacts with
leaf surfaces (Cape, 1996). CA and RT provide an index of
how the leaf surface changes over time with respect to ozone
exposure, and also have implications for pollutant deposition

© New Phytologist (2001) 152: 443 – 454 www.newphytologist.com

(Grantz et al., 1997). Significant decreases in contact angles,
coupled with increasing droplet retention angles, correspond
to the tendency for water to form films and be more easily
retained on the leaf surface (Brewer et al., 1991; Brewer &
Smith, 1997).
In this study, observed values of CA for poplars before
ozone treatments agreed well with values reported in the literature (Brewer & Smith, 1997; Paoletti et al., 1998), and
observed CA values for P. menziesii were consistent with data
reported for other conifers (73° to 113°; Barnes & Brown,
1990; Staszewski et al., 1998). For both poplars and the
conifer, CAs decreased with increasing leaf age. This may be
due to cuticular erosion (Stazewski et al., 1998). The influence
on RT was minimal.
Our results suggest that the effects of ozone on cuticular
interactions with liquid water vary with the ozone exposure
regime and species. For example, exposure to ozone concentrations
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Fig. 6 Minimal conductance to water vapour,
Gmin,H2Ov, of Populus nigra (a) and Populus
euramericana (b) between 60 and 300 min of
drying for controls (circles, n = 18), urban
ozone exposure (triangles, n = 18), and
montane ozone exposure (squares, n = 6).
Error bars represent 1 SE. Asterisks, values
significantly different from the control
treatment (differences within each week;
nested one-way ANOVA, P < 0.001).

typical for urban areas delayed the onset of decreases in CAs
(Fig. 2), suggesting an influence of ozone on development of
epicuticular waxes in young poplar leaves. By contrast, no significant changes were found for leaves in the montane ozone
exposure treatment in poplars. The pattern was similar in
P. menziesii foliage exposed to urban ozone levels. CAs were
lower than those of control leaves starting after 4 wk of fumigation (Fig. 4). This result is consistent with data for Picea
abies. When P. abies needles were exposed in the field to
similar ozone concentrations to those in our experiments
over three growing seasons, CAs decreased over time (Barnes
& Brown, 1990). Yet, P. abies in exposed to ozone in open-air
fumigation systems over four growing seasons did not alter
CA (Cape et al., 1995).
Changes in cuticular properties that influence how the
leaf interacts with water have important implications. For
example, increased leaf wettability, as observed for P. menziesii,

may lead to higher incidence of water droplets and water films
on leaf surfaces. Liquid water on leaf surfaces may decrease
photosynthetic gas exchange (Brewer & Smith, 1994) and
pollutant deposition (Grantz et al., 1997). Moreover, there
may be implications for rates of cuticular water loss (Turunen
& Huttunen, 1990).
Foliar water loss
Leaves of P. nigra in both ozone treatments had increased
relative water loss during the first 4 wk of ozone exposure,
but not after 6 wk (Figs 5 and 6). Interestingly, effects of
ozone exposure on relative water loss and G min,H2Ov of
P. euramericana (generally considered more ozone tolerant)
were higher than in P. nigra (Figs 5 and 6), suggesting that
ozone effects on foliar water loss were species dependent. Possible
explanations for increased water loss are the erosion of
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Fig. 7 Relative water loss after 36 h (a) and
minimal conductance to water vapour,
Gmin,H2Ov (b), of Pseudotsuga menziesii over
time. Values shown are for current yr foliage
(triangles), 1-yr-old foliage (circles); control
(closed symbols), and urban ozone exposure
(open symbols). Error bars represent 1 SE.
Relative water loss and Gmin,H2Ov were
significantly higher for 1-yr-old needles
compared to current-yr needles (nested
two-way ANOVA, P < 0.001).

epicuticular waxes (Turunen & Huttunen, 1990), indirect
effects of ozone exposure on the development of cuticles,
as well as higher residual opening of stomatal pores
(Maier-Märker, 1999). Moreover, higher Gmin,H2Ov may lead
to increased susceptibility to drought conditions, both in
summer (Delucia & Berlyn, 1984), and in cold winter
conditions (Barnes & Davidson, 1988). For example, when
plants in our experiment were exposed to an 8-d drought
period following 6 wk of ozone exposure, ozone-exposed
plants had a higher incidence of foliar drought injury,
evidenced by more leaf defoliation.
By contrast to poplars, relative water loss and Gmin,H2Ov
were not affected by ozone exposure for P. menziesii (Fig. 7).
Relative water loss was higher for 1-yr-old foliage than for
current-yr foliage (Fig. 7), which could be due to erosion of
cuticles and changes in wax composition (Turunen & Huttunen,
1990), and changes in residual stomatal opening (Maier-
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Märker, 1999). The pattern of increased relative water
loss and Gmin,H2Ov of P. menziesii during the course of the
experiment (Fig. 7) suggested a chamber effect, as the same
trend was found for all treatments. Observed Gmin,H2Ov for
P. menziesii agreed well with values reported in the literature (1–12 × 10–5 m s–1; e.g. Kerstiens, 1996).
The observed increased water loss from leaves exposed to
ozone could be due to both increased permeability of the
cuticle to water vapour and increased water loss via residual
stomatal conductance. Although our observations showed
that 99% of the stomata for poplar leaves were closed after
60 min of drying, stomatal closure may have been incomplete
(Ceulemans et al., 1989). Based on a residual stomatal aperture in poplars of c. 0.1 µm after 60 min in the oven in our
experiments, the relative contribution of cuticular conductance
to the total Gmin,H2Ov could have been as low as 10–22%
(Kerstiens, 1996). Interestingly, all cases of significantly
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Table 1 Effects of ozone exposure on leaf development of poplars.
Leaf sizes are means (±1 SE) for controls (n = 18), urban ozone
exposure (n = 18), and montane ozone exposure (n = 6). Effects of
ozone exposure stomatal density (week 6) are shown for the adaxial
(AD, n = 18; 6 replicates per tree) and the abaxial leaf surface (AB,
n = 18; 3 replicates per tree). Significant differences are indicated by
letters and apply within (by rows) species and week (nested two-way
ANOVA, P < 0.05; repeated factor : week).
Leaf size (cm2)

Control

O3, urban

O3, mtn

Populus nigra Brandaris
Week 0
Week 2
Week 4
Week 6

48 (7)
46 (5)
75 (9)
69 (7)

48 (7)
55 (6)
65 (8)
61 (6)

48 (7)
58 (5)
42 (15)
61 (8)

Populus euramericana Robusta
Week 0
Week 2
Week 4
Week 6

29 (4)
58 (5)
82 (6) a
94 (8) a

29 (4)
56 (7)
61 (6) b
68 (7) b

29 (4)
47 (8)
83 (8) a
96 (11) a

Stomatal density (# mm−2)

Control

O3, urban

O3, mtn

Populus nigra Brandaris
Adaxial (AD)
Abaxial (AB)
AD/AB

99 (2) a
201 (4) a
0.49

89 (2) b
204 (6) a
0.44

80 (30) c
175 (6) b
0.46

133 (4)
207 (5)
0.64

133 (6)
220 (6)
0.60

Populus euramericana Robusta
Adaxial (AD)
141 (3)
Abaxial (AB)
224 (4)
AD/AB
0.63

higher relative water loss and Gmin,H2Ov for poplars and P.
menziesii coincided with significantly higher water loss and
Gmin,H2Ov within the first 60 min of drying, suggesting that
ozone exposure may have led to slower rates of stomatal closure for abscised leaves (van Hove & Bossen, 1994; Paoletti
et al., 1998; Maier-Märker, 1999).
Implications for whole tree water balance
Increased water loss via damaged cuticles and lowered
stomatal function suggests potentially negative implications
for whole tree water balance. Yet, our data on growth suggest
that predicted higher rates of water loss may be offset by
several other factors. First, ozone exposure corresponded to
decreased foliar biomass in poplar saplings (up to 50%). This
decrease was caused by production of fewer new leaves and
premature leaf excission (Fig. 8), as well as development of
smaller leaves (P. euramericana, urban ozone treatment).
Decreased leaf production and premature leaf abscission also
have been reported for other deciduous tree species exposed
to ozone ( Yun & Laurence, 1999; Bortier et al., 2000b).
Typically, leaf exscission was preceded by foliar injury
characteristic for ozone exposure (Krupa et al., 1998; Yun &
Laurence, 1999; Bortier et al., 2000b).

Patterns of stomatal density were not consistent in the
literature. For example, increased stomatal density was reported
for deciduous leaves exposed to ozone by Pääkkonen et al.
(1998). Yet, in our study new leaves of P. nigra exposed to
ozone had 10–20% fewer stomata mm–2, and there was no
significant trend for P. euramericana. One explanation for
reductions in stomatal density in our study is that plants may
have been slightly water stressed during the fumigations,
especially the ozone-exposed plants with higher Gmin,H2Ov.
Drought stress has been shown to induce development of
lower stomatal densities in new leaves of Betula pendula (Pääkkonen et al., 1998).
Height growth may be less sensitive to ozone exposure than
other parameters we measured. Congruent with data on Fagus
sylvatica (Bortier et al., 2000a), height growth of poplar and
P. menziesii seedlings was not affected by ozone exposure. We
saw no differences in any growth parameter in P. menziesii.
Indeed, data from our study and others might suggest that
conifers are less susceptible to some of the negative consequences of ozone exposure than deciduous trees (Kytoviita
et al., 1999). However, conifers maintain foliage for several years;
thus, deleterious effects of ozone exposure may carry over to
subsequent growing seasons (Reich, 1987; Langebartels et al.,
1998). Additional studies on a diversity of conifer species are
needed to understand influences on long-lived leaves.
Finally, several factors could have influenced the results of
our study. It has been reported that low photosynthetic rates
may increase plant susceptibility to ozone, as low net carbon
uptake may limit repair and antioxidant defense processes
(Fredericksen et al., 1995). This may have been the case here,
due to the relatively low light intensity in the fumigation
chambers. Furthermore, there may have been an interactive
effect of nitrogen oxides and ozone on the plants. It has been
reported that exposure to NO2 during the daytime may lead
to incomplete stomatal closure during the night (Bytnerowicz
et al., 1998). However, it is unlikely that the concentrations
observed in out study would have impacted stomatal function. Darrall (1989) reported that stomatal responses were
negatively impacted by NO2 concentrations above 1000
ppbv, a concentration 2 orders of magnitude greater than
those observed in our study. Further more, little is still known
about the interactions of ozone with NO (Bytnerowicz et al.,
1998). Although NO and NO2 can cause foliar injury, the
concentrations in our experiments were well below concentration reported to cause foliar injury (Bytnerowicz et al., 1998).
Moreover, the hourly NO and NO2 concentrations on our
experiments were well below the maximum concentrations
reported for urban areas, and below the maximum concentrations
reported for forest sites in California (Bytnerowicz et al., 1998).

Conclusion
Ozone exposure at concentrations typical of ambient levels in
urban and montane conditions may have negative consequences
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Fig. 8 Leaf growth of poplar exposed to
different ozone treatments. Shown are
controls (open bars, n = 18), urban ozone
exposure (solid bars, n = 18), and montane
ozone exposure (hatched bars, n = 6). Shown
are the total number of leaves per shoot (a),
number of new leaves per shoot (b), and
number of abscised leaves per shoot (c) for
Populus nigra as well as Populus
euramericana (d, e and f). Error bars represent
1 SE (differences within each week; one-way
ANOVA, P < 0.001).

for tree water balance and foliar biomass. The extent to
which increased rates of foliar water loss are compensated
for through reductions in biomass will have important
implications for whole plant water balance to susceptibility
and drought stress.
Interestingly, the strongest and most consistent negative
effects of ozone exposure were found for the species typically
considered to be more ozone tolerant, P. euramericana. Thus,
ozone tolerance may depend on the response variable considered. Moreover, the assessment of ozone effects in field
conditions is complicated by the species-specific responses.
Future research needs to address the effects of ozone in field
conditions and for trees of different sizes. Additional studies
are needed to better understand the role of ozone-exposed
cuticles in whole tree water balance. Progress in this area will
depend on the development of methods that can distinguish
between cuticular water loss and minimal opening of the stomata on intact leaves.
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