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Effects of tropospheric ozone on white clover plants
exposed in open-top chambers or protected
by the antioxidant ethylene-diurea (EDU)
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Summary &mdash; Tropospheric ozone concentration in a large part of Europe is high enough to cause visible injury to
sensitive plants and several crop species. In this paper the results are reported of a research carried out within UN-
ECE ICP-Crops co-ordination in 1994. Effects of tropospheric ozone on vegetation in the Milan (Italy) experimental
site are evaluated using white clover plants. Plants were exposed to the air and sprayed with water or ethylene-diurea
(EDU) as antioxidant. Another set of plants were exposed in open-top chambers in filtered or unfiltered air. The data
suggest that summertime ozone concentrations can be sufficient to produce visible leaf injury to white clover plants of
a sensitive cultivar. Moreover, data show a slight reduction in dry weight owing to ozone exposure; the loss is about
10% for water-treated plants versus EDU-treated plants and 19.8% for exposure to unfiltered air compared with fil-
tered air at the final harvest.
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Résumé &mdash; Effets de l’ozone troposphérique sur des plantes de trèfle blanc cultivées dans des chambres à toit
ouvert ou traitées avec l’antioxydant éthylène-diurée (EDU). La concentration d’ozone au niveau de la troposphè-
re est suffisamment élevée dans une grande partie de l’Europe pour causer des dommages visibles aux plantes sen-
sibles et à de nombreuses espèces cultivées. Cet article illustre les résultats d’une recherche effectuée en 1994 dans le
cadre du Programme international de coopération sur les effets des polluants atmosphériques sur les cultures (UN-
ECE ICP-Crops). Les plantes ont été exposées en plein air et arrosées avec de l’eau ou de l’éthylène-diurée (EDU)
comme antioxidant. Une partie des plantes a été placée dans des chambres à toit ouvert avec air filtré ou non-filtré.
Les données montrent que les concentrations estivales d’ozone sont en mesure de produire des dommages visibles aux
feuilles d’un cultivar sensible de trèfle blanc. Les données montrent aussi une faible perte de production en poids sec
due à l’exposition à l’ozone; cette perte se situait à -10 % pour les plantes traitées avec de l’eau par rapport aux
plantes traitées avec l’EDU et à -19,8 % pour la récolte finale des plantes exposées à l’air non-filtré, par rapport à
celles exposées à l’air filtré.
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INTRODUCTION

Ambient ozone, the major component of photo-
chemical oxidants, may reach phytotoxic levels
for many agricultural crops, and the deleterious
effects of high concentrations of ozone on crop
yield are well assessed (Heagle, 1989).
Furthermore tropospheric ozone concentrations in
a large part of Europe are high enough to cause
visible injury to sensitive plants, such as tobacco
cv Bel W3, white clover (Trifolium repens) and
red clover (Trifolium pratense) cultivars, bean
and soybean plants and other species (Pleijel et al,
1994; Sanders and Benton, 1995).

Several methods and different experimental
approaches to assess the effects of ambient ozone
on plants are used (Schenone and Lorenzini,
1992); among these, atmospheric pollutant exclu-
sion by air filtration and antioxidant treatments on
plants. Air filtration tests are usually conducted in
open-top chambers (OTCs) or in greenhouses
with air-forced ventilation. The antioxidant ethyl-
ene-diurea (EDU) is probably the main protective
substance used in experiments on the effects of
ambient ozone on vegetables and it is considered
to be a useful tool for studying the basis of ozone
tolerance in plants (Heagle, 1989; Ainsworth et
al, 1996). EDU treatments can delay and attenu-
ate the harmful effects of ozone, such as prema-
ture senescence and/or visible injury on leaves.

Ozone concentrations in Italy are often very
high in the summer and since 1986 the Italian
electricity utility (ENEL spa) has been develop-
ing a research programme in the Po valley using
filtration experiments with open-top chambers
(OTCs) and EDU treatments to verify the effects
of air pollution, ozone in particular, on agricultur-
al crops (Schenone et al, 1992). The programme
has been carried out as part of the International

Cooperative Programme on the effects of air pol-
lutants on crops (ICP-Crops) promoted by the
UN-ECE Convention on Long-Range Trans-
boundary Air Pollution. The aim of these experi-
ments was to assess the effects of ambient ozone

on plants by short-term (visible injury) and long-
term responses (yield loss).

The results of the 1994 experiments carried out
at the Milan experimental site using clover plants
are presented here.

MATERIALS AND METHODS

The experiments were performed at a field site in
Redecesio di Segrate (Milan) from 17 May to

20 September 1994. At the experimental site both
open-top chambers (OTCs) and an unenclosed field
plot were available. An automatic air pollution moni-
toring system was used inside and outside the OTCs.

Open-top chambers

Eight open-top chambers were used, four of which
were equipped with charcoal/purafill filters to remove
air pollutants (filtered air), and four with empty filters
(unfiltered air). The OTCs were similar to those
described by Heagle et al (1973) but modified to
reduce their size (2 m in diameter and 1.60 m high,
5 m3 vol) in order to optimise the volume to growing
surface rate ratio (fig 1). Air speed through all the fil-
ters was measured weekly with a portable anemometer
and air flow was kept constant for all chambers. The
ventilation rate was about 750 m3h-1, with 2.5 air
changes min-1. The treatment consisted in exposing
the plants to ambient unfiltered air (NF); the control
was provided by plants grown in chambers ventilated
with filtered air (F).

Air pollutants monitoring

The monitoring of air quality was performed with
automatic analysers for sulphur dioxide (Monitor
Labs, fluorescence detector, detection limit 1 ppb, pre-
cision 2 ppb); nitrogen oxides (Monitor Labs, chemio-
luminescence system, detection limit 1 ppb, precision
2 ppb) and ozone (Monitor Labs, UV absorption,
detection limit 1 ppb, precision 2 ppb). Ambient air
samplers (AA) were placed at about 2.5 m above the
soil surface. Inside the chambers, both filtered (F) and



unfiltered (NF) air samples were taken at about 1 m
above the ground. Every line (AA, F, NF) had a sam-
pling time of 10 min, performed twice every hour for
23 h each day. Each analyser was automatically cali-
brated at 12 pm daily. The raw data were stored on a
data logger and processed on a PC and a mainframe
computer (VAX 8530).

Ozone exposure levels have been summarised into
24-h and 7-h means (1000-1700 hours GMT), mean
daily maximum, maximum hourly mean and cumula-
tive dose over a threshold of 40 ppb. The ozone dose
(AOT40) was calculated as the sum of the difference
between the hourly concentration and 40 ppb for each
hour during which the concentration exceeds 40 ppb,
according to UN-ECE (1994a) experimental protocol.
The AOT40 is accumulated for daylight hours only
when global solar radiation exceeds 50 Wm-2. Probes
for air temperature and humidity were installed above
the plant canopy both in the external plot and inside
the chambers (F and NF).

For a more detailed description of the OTCs and the
air pollutant monitoring system see Schenone et al
(1989).

Cultural condition

White clover plants (Trifolium repens cv Menna) were
grown in 10 &times; 10-cm self-watering pots in a mixture of
soil and peat (1:1) fertilised with 2.5 g of 8-24-24
(N-P-K) per pot. The plants were sown in a green-
house with nine seeds per pot. When the first spade
leaf emerged, plants were thinned leaving three evenly
spaced, healthy and evenly growing plants in each pot,
according to UN-ECE protocol (UN-ECE, 1994a).
Eighty pots were then transferred to the experimental
site, and the date of emergence of the first trifoliate
leaf was recorded as ’DAY 0’. The subsequent days
were indicated as ’days after emergence of the first tri-
foliate leaf’ (DAET).

Five pots were maintained in each OTC for the
whole experiment. Forty pots were kept in an unen-
closed field plot and treated with EDU or water, as
reported in the following.

All pots were manually irrigated at least twice a
week in addition to rainfall. Once a week an insecti-
cide (Phosalone 24%) was sprayed onto the plants as a
preventive measure.

Plant treatments

Every 2 weeks starting from the emergence of the first
trifoliate leaf (DAY 0), 20 pots in the unenclosed field
plot were sprayed with N-[2-(oxo-1-imidazolidinyl)
ethyl]-N’-phenylurea (ethylene diurea, abbreviated
EDU), as a soil drench, using 100 mL of a 150 ppm
solution (+EDU pots). Four applications were per-
formed for each field experiment, administering a total
of 60 mg of EDU per pot. Another set of 20 pots were

sprayed with tap water (-EDU pots). The +EDU and
-EDU treatment pots were randomly arranged in four
rows of ten pots; spacing between rows was 1 m and
the distance between pots was 0.25 m.

No EDU was supplied to pots inside the OTCs,
where the treatments were unfiltered ambient air (NF)
and filtered ambient air (F), as described earlier.

To make the text drafting easy, +EDU and F plants
are labelled ’protected’ plants (from ozone) and -EDU
and NF plants are labelled ’unprotected’ plants.

Harvest procedure and statistical analyses

For the whole experimental season, all pots were
checked twice a week to record the date on which visi-
ble symptoms of ozone damage appeared. These
symptoms will be described in the results section.

On 28 DAET the first harvest was performed by
cutting any fully expanded trifoliate leaves from the
main shoot and side shoots above the growing point.
Plants were then left for a further 28 days to allow
regrowth. On 56 DAET the final harvest was carried
out. The growth period (GP) from DAY 0 to the first
harvest and from the first harvest to the final harvest
are labelled GPI and GPII, respectively.

At both harvests the number of healthy (green),
senescent (yellow) and ozone-injured leaves for each
pot was counted. Then cut biomass for each pot was
dried and the dry weight was determined.

The total number of leaves, the percentage of leaves
in each category (healthy, senescent, ozone-injured)
and the dry weight were used to calculate treatment
means. The homogeneity of variance was tested with
different tests (Bartlett, Cochran and Hartley’s test).
Differences between treatments using all parameters
were analysed for each harvest using one-way



ANOVA. If necessary data expressed as percentages
were previously transformed into the arcsine of the
square root of the original values.

Three experiments were performed with the experi-
mental schedule shown in table I.

RESULTS

Air quality

Climate data assessed in ambient air over differ-
ent growth periods are reported in table II. Inside
the chambers the temperature was about 1 °C

higher than in the field plots, with no difference
between the NF and F OTCs. The relative humid-

ity was similar inside and outside the open-top
chambers.

Ambient air pollutants monitored during the
trial from June to September were SO2, NO, NO2
and O3 (table III). The SO2, NO and NO2 24-h

mean concentrations over the whole experimental
season were, respectively, 4, 14 and 19 ppb.

The average concentrations (24-h mean, 7-h
mean, mean daily maximum and maximum
hourly mean) of ozone during the growth periods
of field experiments are shown in table IV.

In ambient air, data monitored were almost
100% of total data while, because of a few inter-

ruptions in air monitoring, inside the OTCs 25%
of data were missing. These missing data have

been deduced on the basis of air filtration effi-

ciency measured on available data.

As reported in table IV for field experiments,
mean calculated O3 levels from day 0 to the final
harvest were higher in experiment 1 than in

experiment 2, although the differences between
mean concentrations were less than 10 ppb.
Referring to the growth periods, O3 parameters
for the GPI of experiment 2 were quite similar to
both growth periods of experiment 1. During
these growth periods the clover plants were
exposed to the highest value of ozone, corre-



sponding to the highest values of temperature and
solar radiation occurring in summer months. In
fact 53 h over 100 ppb were recorded from June
to August. At the end of August and in September
mean ozone concentrations were lower. In

table IV the AOT40 calculated for the same

growth periods have been reported. The AOT40
from day 0 to the final harvest were 15463
ppb h for experiment 1 and 12098 ppb h for
experiment 2. Concerning experiment 3, although
it was performed at the same time as experiment
2, the ozone parameters are modified by the OTC
effects. For instance the 24 hd-1 mean was 35 ppb
in ambient air, 31 ppb in unfiltered air and 14 in
filtered air.

Macroscopic symptoms of ozone injury

Visible symptoms on trifoliate leaves of clover
plants exposed to ambient ozone were numerous
small discoloured spots or stippling and yellow
necrotic spots (’flecking’). Generally symptoms
were distributed over the upper leaf surface of all
three leaflets of one trifoliate leaf. Similar leaf

symptoms have been described in clover plants

exposed to ozone (Hill et al, 1970; Becker et al,
1989; Sanders and Benton, 1995). Both in plants
kept inside the chambers with filtered air (F) and
in those grown in field plots with EDU adminis-
tration these symptoms were usually not present.

Ozone was the only air pollutant reaching phy-
totoxic levels during the experiment (table III)
and can be considered as the cause for the above

symptoms.

For experiment 1 the ozone symptoms on trifo-
liate leaves started to be clearly visible on -EDU
plants on 16 DAET (23 June), when the AOT40
was 3647 ppb h. The same leaf injuries were pre-
sent also on re-growing leaves after the harvest,
but the date of appearance has not been precisely
recorded.

For experiments 2 and 3, ozone injury symp-
toms appeared on unprotected plants on 12 DAET
(1 August), when the AOT40 in ambient air was
3561 ppb h.

After the first harvest of experiments 2 and 3,
symptoms were visible again on 42 DAET
(31 August), when the AOT40 calculated from
the first harvest to the appearance of injury was
1214 ppb h.



Effects on yield parameters

In table V the total number of leaves and the dry
weight per pot at each harvest are reported. For
all treatments, at the final harvest the plants had a
higher number of leaves and a higher dry weight
than at the first harvest.

In general -EDU and NF plants had fewer
leaves than EDU and F plants at both harvests. In
particular at the first harvest, the differences
between treatments were significant for experi-
ments 2 and 3; the number of leaves decreased by
about 15% in the -EDU and NF plants. At the
final harvest the loss of leaves for unprotected
plants in comparison to protected ones was 10, 12
and 16.7%, respectively, for experiments 1, 2 and
3. The difference was only significant for the
experiment performed in the open-top chambers
(experiment 3).

With regard to leaf dry weight at first harvest,
the biomass was not significantly affected and the
difference between treatments was less than 10%.
At final harvest of experiment 3 the dry weight of
NF plants was significantly decreased by 19.8%
compared to F plants. For experiments 1 and 2 the

differences were not significant although in -EDU
plants the dry weight was less than in EDU plants.

Leaf counting and classification

Figures 2, 3 and 4 show the results of leaf count-
ing performed at each harvest in experiments 1, 2

and 3, respectively. Data are expressed as mean
percentages on the total leaves of healthy, senes-
cent and O3 injured leaves per pots. Healthy
leaves were always the most numerous in clover
plants. The reduction in their percentage in the
unprotected plants is always statistically signifi-
cant. On the contrary the percentage of senescent
leaves was higher in the unprotected plants,
although the difference between the treatments
was significant only for experiment 1 and for the

first harvest of experiment 3.

As described above, O3 injury on clover plants
was found in all experiments. The highest per-
centages of ozone-injured leaves per pot were in
plants grown in ambient air without EDU and in
those exposed to unfiltered air in OTCs. Very lit-
tle injury was observed in +EDU and F plants,
where symptoms appeared on fewer leaves. For
experiment 1, the percentage of injured leaves
was recorded only at the final harvest. At the first
harvest we recorded only the number of pots
showing visible injury: 12 for -EDU plants and 4
for +EDU plants.

The percentage of damaged leaves for unpro-
tected plants was very similar in experiment 1 at

final harvest and in experiments 2 and 3 at first
harvest with a mean of about 14%. At final har-

vest of experiments 2 and 3 the percentages of
injured leaves in -EDU and NF plants decreased
and were 8.2 and 5.1%, respectively. Comparing
field experiment 2 and the OTC experiment the
injury categories in +EDU and F plants were sim-
ilar. In fact for the first harvest the percentages of

injured leaves were, respectively, 2.2 and 2.8%,





and for the final harvest the percentages were
close to zero for both treatments.

DISCUSSION

Air quality data monitoring show that the concen-
trations of SO2, NO and NO2 in the ambient air
were below or close to (in the case of NOx) the
damage threshold known for sensitive plant
species. In particular SO2 concentration recorded
was very low, just over the detection limit.
Nitrogen oxide concentrations (NO + NO2 added
in ppb and expressed as NO2 according to UN-
ECE, 1996) were close to the critical level dis-
cussed by Caporn (1993) over the growth season
(60 &mu;g m-3). Literature dealing with NOx levels
close to critical levels indicates growth stimula-
tion as its only adverse effect (Sabaratnum and
Gupta, 1988; Sandhu and Gupta, 1989; Taylor
and Bell, 1988). It is therefore hypothesised for
the present experiment that possible ozone-
induced biomass reduction could not find any
synergism with NOx. On the other hand, the
ozone data suggest that summertime concentra-
tions of this pollutant, in the area of the Po plain
near Milan, can be sufficient to produce visible
leaf injury to white clover plants of a sensitive
cultivar. Values of the ozone cumulative dose

reported here show that our experimental site is
characterised by high levels of ozone and may be
considered an area at risk from ozone pollution.

Visible injury to clover plants has been report-
ed in many European countries, as reviewed by
UN-ECE report (UN-ECE, 1994b; UN-ECE,
1995) and other papers (Becker et al, 1989;
Luthy-Krause et al, 1989, Fuhrer et al, 1993).

Therefore, ozone is considered to be the pre-
dominant air pollutant in this study. This pollutant
reaches the highest values during the vegetative
season of a great number of crops. At our experi-
mental site, a great number of O3 episodes over
100 ppb were recorded during the summer
months. Under Italian national law (DPR 24.5.88
No 203) the O3 mean hourly concentration of
100 ppb must not be exceeded for more than 1 h

per month. Recently, the critical levels of ozone
have been proposed to avoid yield reduction and
injury development (UN-ECE, 1996). The provi-
sional short-term critical level of ozone for injury
development is defined as an AOT40 of
700 ppb h accumulated over 3 consecutive days.
In our experiment, we estimate that this threshold
was exceeded over 3-5 days before plants
showed ozone visible injury (Fumagalli et al, in

prep). This definition of short-term critical level
is still under negotiation and requires further stud-
ies.

The results of this experiment suggest that not
only the injury development but also the severity
of ozone injury could be related to the cumulative
dose of ozone to which plants have been exposed.
For unprotected plants, when the percentage of
injured leaves reached about 15% (experiment 1

at final harvest; experiments 2 and 3 at first har-
vest), the relative values of AOT40 were quite
similar. At the end of experiments 2 and 3 the
ozone dose, as well as the injury severity,
decreased. Recently Fuhrer et al (1993) have
found a qualitative relationship between cumula-
tive O3 parameter (AOT40) and the degree of leaf
injury observed in white clover clones.

It has been reported in the literature that sensi-
tive clones of Trifolium spp plants exposed to
ozone in controlled conditions show a reduction
in dry weight ranging from 19 to 40% (Horsman
et al, 1981; Heagle et al, 1989; Mortensen, 1992).
Dry matter reduction in experiments with ambient
ozone concentration, has also been reported by
several authors (Rebbeck et al, 1988; Heagle et
al, 1992; Fuhrer et al, 1994). However, the 1994
data from the coordinated European network
(UN-ECE, 1995), show that ozone exposure
regimes do not seem to result in a clear reduction
in biomass in EDU experiments.

This is also supported by our two EDU experi-
ments. In fact the results show a low and not sig-
nificant reduction in dry weight in unprotected
plants. In particular, the loss was about 10% in
correspondence with high levels of ozone.

In the OTC experiment adverse yield responses
are more clear: in the final harvest of experiment
3 differences between filtered and unfiltered air
data were in fact quite consistent (20%). It must
be considered that Italy is an area where the sum-
mer ozone concentrations are frequently higher
than the Northern European ones and for this rea-
son, an impact of O3 on clover plant biomass
could have been expected.

In Italy, in recent years, a reduction in dry
weight after ozone exposure under field condi-
tions has been found in beans (Silva et al, 1990;
Schenone et al, 1992), in cereals (Schenone and
Lorenzini, 1992; Paolacci et al, 1995) and in
other crops (Schenone, 1993; Postiglione and
Fagnano, 1995).

In the experiment performed with OTCs, a
long-term effect of ozone on clover plants seems
evident. Bearing in mind that ozone levels during



the regrowth period were low, the reduction in
biomass, related to a reduction in total leaf num-
ber, could be due to a prolonged and cumulative
action of air pollutant on the plants over the entire
period, both before and after the first harvest of
the plants. In ozone-sensitive clones, increased
response levels to O3 from one growth period to
another have also been found (Fuhrer et al, 1994;
Heagle et al, 1994), suggesting a carry over effect
from previous exposure. Moreover, the higher
yield reduction of experiment 3 occurred when a
lower, but significant foliar injury occurred. This
would suggest that, unlike the suggested cumula-
tive ozone effect on yield, the development of
visible injury may be related to a few episodes of
high ozone concentration.

Whether or not visible injury is associated with
a reduction in plant growth or in biomass needs
further investigation. It has been suggested that
the extension of foliar injury frequently observed
in Northern-Central Europe is rarely sufficient to
cause a significant reduction in dry weight
(Sanders et al, 1993; Fuhrer, 1994a). At the same
time it is known that yield reductions due to
ambient levels of ozone also occur in the absence
of visible symptoms (Sanders and Benton, 1995).

A threshold for long-term critical level has also
been proposed for yield reduction (Fuhrer,
1994a), defined as ozone cumulate dose over 40
ppb needed for at least a 10% yield reduction;
currently this value is 5300 ppb/h calculated over
a 3-month period of plant growth. In our experi-
ments AOT40 has been fully exceeded, although
calculated only over a 2-month period.

The effect of ozone has been evaluated using
two different means of protection against this pol-
lutant: EDU application or air filtration in OTCs.
EDU treatment significantly reduced the percent-
age of injured leaves in all experiments, and this
level of protection is similar to that obtained by
air filtration. EDU appears to have been less
effective in limiting the harmful effects of the air
pollutant on the plant biomass. The results of
experiments 2 and 3, carried out over the same
period, are in fact contradictory: plant assimila-
tion of EDU, administered by soil drench, may
have been affected by rainfall, sometimes occur-
ring soon after EDU treatment. The effectiveness
of EDU in preventing plant injury has been
reported for a number of species, such as bean
(Whitaker et al, 1990; Miller et al, 1994;
Schenone et al, 1995), red clover (Lee et al, 1981)
and radish (Kostka-Rick and Manning, 1993;
Allegrini et al, 1994). However, the efficiency of
EDU in limiting ozone-induced yield losses needs

to be investigated in more detail, since relatively
little is known about the physiological and bio-
chemical modes of action involved. For red
clover leaf disks, for example, EDU retards
senescence, probably with the induction of specif-
ic free radical scavenging enzymes thus indicat-
ing that this chemical protectant may have
cytokinin-like activity (Lee et al, 1981).
Improved knowledge of the mechanisms involved
in the induction of tolerance to ozone in plants by
EDU is important for a more precise understand-
ing of their natural resistance to this pollutant
(Whitaker et al, 1990). A review of the UN-ECE
experimental results, and the possible mecha-
nisms of the protective action of EDU, is reported
by Sanders et al (1993).

With regard to the use of OTCs, it has been

reported that open-top chambers may modify the
inner microclimate and may have either positive
or negative effects on plant growth depending on
weather conditions and plant maturity (Heagle et
al, 1988; Schenone et al, 1992; Fuhrer, 1994b).
Furthermore, open-top chambers could affect
plant growth response to ozone exposure when
compared with field-grown plants. In our experi-
mental design the ’chamber effect’ has not been
considered because field grown plants were
assigned to the EDU experiment. However, the
comparison between plants grown inside OTCs,
where O3 is the only differing factor, provides
important data on plant responses. Despite the
restriction of both methods employed, the results
obtained by this experiment are complementary
and allow a more complete understanding of plant
responses to O3.
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