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Numerous experiments have demonstrated reductions in the yields of cereal crops due to tropospheric
O3, with losses of up to 25%. However, the only British econometric study on O3 impacts on winter wheat
yields, found that a 10% increase in AOT40 would decrease yields by only 0.23%. An attempt is made here
to reconcile these observations by developing AOT40 maps for Great Britain and matching levels with
a large number of standardised trial plot wheat yields from many sites over a 13-year period. Panel
estimates (repeated measures on the same plots with time) show a 0.54% decrease in yields and it is
hypothesised that plant breeders may have inadvertently selected for O3 tolerance in wheat. Some
support for this is provided by fumigations of cultivars of differing introduction dates. A case is made for
the use of econometric as well as experimental studies in prediction of air pollution induced crop loss.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Scientific experiments in many countries have shown that cereal
crop yields can be reduced substantially at levels of ozone below
those which damage human health occurs (PORG, 1997). The
majority of these studies have employed open – top chambers, in
which plants are ventilated with clean charcoal-filtered air or else
with ambient air, with or without different concentrations of O3

added to generate dose–response relationships. Under the auspices
of the United Nations Economic Commission for Europe’s (UNECE)
Convention on Long Range Transboundary Air Pollution, a critical
level of O3 has been established for sensitive agricultural crop
species. Currently this is 3000 ppb h, equivalent to the sum of
concentrations exceeding a threshold of 40 ppb over daylight hours
during a 3 month growing season (LRTAP Convention Mapping
Manual, 2004), known as the AOT40. This value is based on open-
top chamber experiments with spring wheat in central and
northern Europe (Fuhrer et al., 1997) and this corresponds to the
smallest significant yield loss (4–5%) detected with 99% certainty
for a critical level of approximately 3000 ppb h (PORG, 1997).
atsou).
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However, there are many uncertainties in this experimentally
based approach, such as modification of microclimate by the
chambers and the massive variation in climatic and edaphic
conditions across Europe, which can have a major impact on crop
sensitivity at any given location. Recently a flux based critical level
to take into account regional influences on crop sensitivity to ozone
has been established (LRTAP Convention Mapping Manual, 2004).

Relatively few attempts have been made to estimate economic
losses across Europe arising from O3-induced yield reduction. The
most recent of these is by Holland et al. (2006), who used the AOT40
approach to make a best estimate of V6.7 � 109 for 23 crops in
47 countries. However, the authors noted a number of major areas of
uncertainty attached to this estimate, the most important of which,
in ascending order, are: dose–response functions, changes in O3

concentrations with crop height and cropyield estimation in the field.
Feng et al. (2008) quantified the impact of elevated O3 on wheat

using a meta-analysis of data published between 1980 and 2007
although they included concentrations up to 200 ppb. Their
analysis indicated that elevated O3 concentrations decreased grain
yield by up to 29% and above ground biomass by 18%. Amongst
growing stages, the impact of ozone was most significant during
the grain filling (Feng et al., 2008).

An alternative approach is to examine yields in the field in
relation to prevailing O3 and climate regimes. This offers an
attractive route to assessing O3 losses using real farm data and
ospheric ozone pollution on trial plot winter wheat yields in Great...,
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Fig. 1. Spatial distribution of O3 monitoring stations (rural background) and trial plot
sites.
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avoiding the need to extrapolate dose–response relationships
derived from experimental studies, which have their own
disadvantages.

There has been only one farm level study on the impact of O3 in
Great Britain (Shankar and Neeliah, 2005). This used balanced panel
data (repeated measures on the same individuals with time) from
116 farms growing winter wheat annually, from 1993 to 1998 using
ozone as an input in the estimation of a production function. The
elasticity of yield with respect to ozone was only �0.023 (i.e. 0.23%
reduction in yield per 10% increase in AOT40) implying an extremely
small loss in yield due to O3. In contrast, a similar study by Young
(1993) for wheat in Alberta found an elasticity of �2, which is two
orders of magnitude larger.

This paper attempts some reconciliation between the above
mentioned anomalies, by applying the econometric approach to
trial plot yields. The advantage of this approach is that a high
degree of standardisation has been employed in the management
of trial plots, thereby reducing the complexity inherent in farm
scale data. The expectation is that the yield loss on the trial plots
will be greater than on farms, as these sites grow all cultivars,
whereas it is likely that farmers inadvertently select for O3 toler-
ance in locations with the highest levels of the pollutant. This
hypothesis is tested by an experimental fumigation of 6 major
wheat cultivars, which have been grown extensively in the Great
Britain during different periods between 1923 and the present day,
in order to determine if more recently introduced cultivars are
indeed more O3 tolerant.

2. Materials and methods

2.1. O3 data

Monitored O3 data were obtained from the UK National Air Quality Information
Archive (www.airquality.co.uk). Only rural monitoring stations were used in the
analysis, as urban locations normally have lower O3 concentrations than farming
areas, such that the former are more representative of exposure of wheat in more
rural locations (Sillman, 1999). These monitoring stations give continuous hourly
concentrations of O3, but do not provide comprehensive coverage, with only 13 rural
sites included in the network in 1992. Therefore it was necessary to use GIS tech-
niques to extrapolate O3 for the entire surface of Great Britain.

The AOT40 was calculated for each monitoring station for each year from 1992 to
2004, inclusive, from 1st May to 31st July (LRTAP Convention Mapping Manual,
2004). Over these months, winter wheat is most susceptible to O3 as it coincides
with the grain filling period and the weather conditions (high temperatures and
insolation) are such that they lead to higher concentrations (Ollerenshaw and Lyons,
1999).

The aim was to produce AOT40 maps for the daylight period, defined between
08:00 and 20:00 during the summer months. However, during the daylight period,
ozone pollution concentrations are subject to large fluctuations and therefore direct
interpolation for the daylight hours might lead to overestimation or underestima-
tion of the predicted values. Therefore the interpolation was performed for the
afternoon hours (12:00–16:00) when O3 values observed in a specific rural location
are representative of a wider geographical area (Loibl et al., 1994; Coyle et al., 2002).
Values were then adjusted for altitude to produce representative maps for the
daylight hours (08:00–20:00), following the approach used by Coyle et al. (2002).
The positive correlation between O3 concentrations and altitude has been well
demonstrated in several studies (Loibl et al., 1994; Coyle et al., 2002; Hunova et al.,
2003).

The most common interpolation methods are Inverse Distance Weighting (IDW)
and Kriging. The former is a simple interpolation approach which assumes that the
influence of neighbouring points on interpolated values is a declining function of
distance between stations and can be estimated by averaging the values near the
measured data points. Kriging is also a distance weighting method, but its weights
depend also on the overall spatial arrangement of the measured points and their
values.

Both interpolation techniques were performed, however the maps which were
produced with the IDW technique did have some drawbacks. The surfaces were
rough and with ‘‘bulls eyes’’ effect around sample points. This happened because the
IDW method assumes that the interpolated values are exclusively a function of the
distance between sample points and that all the interpolated values vary between
maximum and minimum values of the sample points (Bonham-Carter, 1994). IDW is
considered more appropriate to use in cases of dense sample networks of uniformly
spaced, spatially autocorrelated observations where the main interest would be the
Please cite this article in press as: Kaliakatsou, E., et al., The impact of trop
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spatial variation near the sample rather than the smoothness of the map (Diem and
Comrie, 2002). Taking all of the above into account, Kriging was considered to be
a more appropriate method since it produced smoother surfaces which coincided
with the general ozone trends in Great Britain.

2.2. Trial plot data

British trial plot data span 13 years (1992–2004), for 66 cultivars of winter wheat
grown in 149 trial plot sites. Fig. 1 shows the distribution of trial plot sites and of
ozone recording stations. Trial plots provide the data on which the UK Home Grown
Cereals Authority (HGCA) bases its lists of recommended cultivars for farmers
(www.hgca.com/varieties/rl%2Dplus/); these have three dimensions: location,
cultivar and time. Since the data have more than one dimension, panel data models
are required.

Panel or longitudinal data are common in economics, where the data contain
observations on the same individuals over several periods. Such datasets can be
balanced, when the same individuals are observed over the entire sample period, or
unbalanced when not all the same individuals are observed over the time period. In
the current case, cultivars and site locations can change over time, as new cultivars
substitute the older ones and new trial plot sites are introduced. For the present
analysis, since not all individuals are universally present, the data represent an
unbalanced panel of 9385 observations.

Wheat was selected because it is considered one of the more O3 – susceptible
crops; winter wheat was the specific focus of our study because it allows direct
comparisons with the Shankar and Neeliah (2005) results, because it is the most
important cereal crop in British agriculture and because trial plots for this cultivar
are widely distributed, as Fig. 1 shows. The trial plot data provide an opportunity to
make accurate measurements of the impacts of O3, as there are a very large number
of observations and the experimental crops are grown under relatively controlled
agronomic conditions. The specifications for the trial plots vary according to cultivar.
The general specifications applicable to all cultivars include a minimum drilled
width of 1.1 m and an inter-plot gap of a maximum 0.55 m to give a total width of not
ospheric ozone pollution on trial plot winter wheat yields in Great...,
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Table 1
Leading wheat cultivars from 1923 onwards.
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less than 1.65 m and the land should ideally be irrigated. Fertilisers and pesticides
are applied as appropriate for commercial crops to give a hypothetical maximum
yield; data are excluded where >5% damage occurs due to extreme weather
conditions and other adverse factors (e.g. insect pests) (HGCA Recommended List,
Cereal Trials Protocol, 2007–2008).

2.3. Models and estimation

Matching AOT40 levels with trial plot yields for each site and year provides the
basic information for econometric estimation. However, there was a great deal of
choice as to which other variables should be included and the method of estimation.
The basic choice was between, a massive exercise on collecting data for all the
variables (not all known) that affect trial plot yields, or using two-way error
components, with fixed or random effects, to remove all such impacts. The models
used remove the effects of any factors that are time invariant, such as the different
soil types at different sites. This is problematic only if such effects are of interest and
in this case they are not.

In particular, the effects of weather on yields are well demonstrated by Landau
et al. (2000), who used over a dozen variables to capture climatic effects. This level of
detail cannot be replicated across either space or time. The problem is that only
simple variables like annual rainfall are available on this scale, and then not well
matched to the sites. Other weather variables, such as hours of sunlight, cause
problems in view of their role in O3 generation. Thus, including sunlight would make
O3 endogenous and introduce a new set of problems, as a multiple equation model
would be needed so we opted for removing the effects of all such variables by
econometric means.

The modelutilised here is an unbalanced panel, with the data assumed to be log
linear, which allows coefficients to be interpreted as elasticities. This implies that the
relationships are initially exponential and a transformation to natural logarithms
imposes linear relationships that are easier to estimate. As pointed out, panel
datasets have multiple observations on the same individuals. Each element has two
subscripts, i, which indicates the group identifier and j which is the within-group
index and usually denotes time (Baum, 2006). However, the within-group identifier
could be some unit other than time, such as the type of cultivar.

The panel regression then can be stated as follows:

yij ¼ aþ bXij þ 3ij i ¼ 1;.;N; j ¼ 1;.J

where y is the yield vector, i denotes the site and j denotes the cultivar. X is a matrix
of explanatory variables and 3ij a composite error component. The composite error
term can account for the individual heterogeneity (assumed to be time invariant)
and the random disturbance or for the individual heterogeneity, the unobservable
within-group specific effects and the random disturbance. The first case is referred
to as the one-way error components model and the second case as the two-way
error components model.

The disturbances in the two-way error components model are:

3ij ¼ mi þ lj þ vij

where mi denotes the unobservable site effects, lj the unobservable cultivar effects
and nij the remaining stochastic disturbance. If mi and lj are assumed to be fixed
parameters to be estimated and nij is assumed to be independent and identically
distributed (IID) with mean 0 and variance sn

2, this is the two-way fixed effects error
components model (Baltagi, 2005). If mi and lj are assumed to be random, inde-
pendent of each other and of nij, then it is the two-way random effects error
components model.1 The fixed effects model removes all time-invariant site-specific
differences, such as soil type and altitude, as required in this application.

The regressions were run as pooled ordinary least squares, then one-way error
components, then two-way, with tests to show that this progression was justified.2

The one-way error components model used site as the group identifier, which
amounts to using an individual specific intercept dummy for each of the N indi-
viduals to remove the unobserved site-specific differences that are not included in
the regression. Dummy variables are used to indicate whether within a particular
subgroup of the data a particular condition is satisfied (Baum, 2006). Dummy
variables take the values of 1 and 0 only, with 1 indicating that the particular
condition is satisfied and 0 otherwise.

The two-way error components model added cultivars as the within-group
identifier. Time was excluded as this third dimension and it was added as a fixed
effect simply by including twelve dummies, for all but one year (to avoid co-linearity).
Thus, the matrix Xij is comprised of the ozone measure, annual dummies and
a dummy if the previous crop was a cereal. The trial plots apply fertiliser and
1 The random effects model is not further explained, since although it was
estimated as an alternative, following the standard convention, it was rejected by
the appropriate test.

2 The statistical package which was used for this analysis is NLOGIT (Econometric
Software Inc.) that has the ability to deal directly with unbalanced panels and two-
way error components.
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pesticides to maximise yield, so data on inputs are not needed. The trial is also
abandoned in cases where weather (such as hail) or other stresses cause significant
damage.

2.4. Screening fumigation experiment for O3 sensitivity of winter wheat cultivars
introduced during 1923–1996

The hypothesis that inadvertent selection for O3 tolerance may have taken place
during the course of plant breeding was examined by means of a fumigation
experiment in 2003, on 6 winter wheat cultivars introduced from 1923 onwards,
with the most recent cultivar dating from 1996. Econometric methods were
precluded since the first reliable continuous ground-level UK ozone monitoring
began in rural southern England in 1971 (Atkins et al., 1972).

Table 1 shows the leading wheat cultivars employed and the dates of their
introduction and wide-scale use in Britain. Seeds were supplied by the National
Institute of Agricultural Botany, UK. The seeds were sown in John Innes No. 2
compost in 1 L pots and the seedlings thinned to one plant per pot. After 2 weeks,
three replicates of each cultivar were placed into one of eight Perspex growth
chambers (each 0.637 m3) in a glasshouse; four chambers were ventilated with
charcoal filtered air and the remainder received the same air with the addition of
70 ppb O3 (generated from cylinder oxygen) for 8 h d�1 for 24 days. The experiment
was conducted in August 2003. The two and a half air changes per minute through
the chambers maintained temperatures between 15 and 24 �C throughout the
experimental period. At the end of this time plants had reached growth stage 8, and
injury was assessed as the numbers of leaves per plant with any degree of necrotic
tissue and/or yellow leaves. The latter indicates senescence, which is generally
viewed as a good indicator of agricultural yield loss (Ashmore, 2002).

Logistical constraints precluded growing the plants to maturity, so an assess-
ment of impacts on grain yield was not carried out.

Data were arcsin transformed and then analysed using linear mixed effects
models. This approach takes into account not only the pseudo-replication within the
chamber but also the effects of random variables such as chamber position for which
the influence on the experiment is unpredictable.

3. Results

The interpolated AOT40 values for Britain are shown in Fig. 2, for
1992, 1995, 1998 and 2004 in order to illustrate years with mark-
edly different O3 concentrations and distributions. This shows that
1992 and 1995 were years with substantially greater levels of
pollution than 1998 and 2004, while in all cases there was a general
trend of declining concentrations from the south-east northwards.
The examples shown in Fig. 2 demonstrate that, in Britain, temporal
and spatial variability is large within the overall dataset, thereby
facilitating correlative statistical analysis.

Fig. 3 shows the mean yield for all cultivars, sites and years.
There is both a rising trend and considerable annual variation, with
the highest yields in 1999 and 2000. Table 2 reports summary
statistics for the full sample and for the 4 major cultivars on which
there were over 200 observations. It can be seen that the mean
AOT40 just exceeds the critical level for agricultural crops at the
trial sites while the maximum is almost three times higher than
this. Fig. 4 shows the yields of four of the most popular cultivars
over time: Consort appears to give the highest yield (tonnes/ha),
followed in order by Riband, Hereward and Soissons.

Table 3 shows the progressive improvement in test statistics,
which justifies the choice of the two-way fixed effects error
components model, with site and cultivar as the stratification
variables. It should be noted that the site dummies, which dispose
of the unobserved site-specific effects, can alone explain 0.47% of
the variance in yields. The X variables alone account for only 0.16%
Variety Era

Square Head Master 1923–1953
Cappelle Desprez 1954–1972
Maris Huntsman 1973–1982
Avalon 1983–1989
Riband 1990–1995
Consort From 1996

ospheric ozone pollution on trial plot winter wheat yields in Great...,



Fig. 2. Ozone maps for four years with differing ozone distributions.
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of the variance and adding the second error component to the site
dummies and the X variables increases the explanatory power by
only 0.05%.

The coefficients for the preferred model are reported in Table 4,
where the object of the exercise is unbiased measurement of the
elasticity of yields with respect to ozone. The value of 0.054 indi-
cates that for a 10% increase in the AOT40, yield reduces by 0.54%.
This value is modest, but it is 2.3 times the size of the farm level
coefficient estimated by Shankar and Neeliah (2005). This elasticity
is fairly typical of our results, which varied from 0.047 for a one-
way fixed effects error components model, to a high of 0.075 for
a two-way random effects model with site and year as the strati-
fication variables. The random effects model was, however, rejected
in favour of fixed effects, by the Hausman test.

The average effect of following after a cereal crop, is a yield
reduction of 8.9% (that is an 8.9% shift in the intercept), reflecting
Please cite this article in press as: Kaliakatsou, E., et al., The impact of tropospheric ozone pollution on trial plot winter wheat yields in Great...,
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Table 2
Summary statistics on AOT40 and yields by cultivar, measured in t/ha for the period
1992–2004.

Mean Minimum Maximum

AOT40 (ppb h) 3169 661 8592
Yield for all (t/ha) 10.02 4.23 15.65
Consort (t/ha) 10.08 5.22 14.16
Hereward (t/ha) 9.04 4.81 13.14
Riband (t/ha) 9.64 5.00 14.04
Soissons (t/ha) 8.70 5.16 12.31
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the deleterious effect of sequential cropping with the same species.
A very similar result is obtained if sugar beet was the previous crop,
as that is also soil-depleting. In contrast, if beans, which increase
soil nitrogen levels due to N2 fixation in their root modules, were
the preceding crop, the average yield was increased by approxi-
mately 8%. By comparison, a marginal (1%) increase in ozone
reduces yield by only 0.054%, which is the slope of the function in
natural logarithms.

The basic result is as expected, in that the trial plots all tend to
grow all the cultivars, so there is no attempt to select for ozone
tolerance in an area with high ozone levels. Thus, the impact of
ozone at the trial plot level is over twice as great as farm level
estimates. The more difficult problem is to discover how much
damage ozone would have done if plant breeders had not possibly
inadvertently selected for ozone tolerance over a long period. If this
can be established, it would help to explain why the early econo-
metric studies gave much larger elasticities (Garcia et al., 1986;
Young, 1993).

Fig. 5 summarizes the results of the fumigation experiment,
showing the percentage of yellowed and damaged leaves for each
cultivar from both filtered air and O3 treatments. The most striking
result is that the last three cultivars show significantly much lower
levels of leaf senescence, with or without ozone (injury in the
controls represented natural senescence). Indeed, whatever its
other attributes, Avalon (introduced in 1983) seems to be particu-
larly robust. While O3 data in the 1970s are sparse, there were some
very high levels, especially in the drought years of 1975 and 1976
(Lea, 1998), which may have played a part in Maris Huntsman
replacing Cappelle Desprez as the most widely used cultivar.
However, although the differential effect of ozone on leaf senes-
cence is less significant for Maris Huntsman than for Cappelle
Desprez, the former seems to be prone to a high level of plant
damage from other causes. Still, there is no doubt that Avalon had
the lowest levels of leaf senescence all around compared to
previous varieties. Overall, the three most recently introduced
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cultivars show some indication of increased O3 tolerance compared
with those developed prior to the 1970s.
4. Discussion

In contrast to most previous exercises which utilise extrapola-
tions from experimentally derived dose–response relationships we
have made an attempt to relate yields to O3 exposure using yield
data from a wide range of cultivars of one major crop growing
under field conditions. This has the advantage over the approach of
Shankar and Neeliah (2005), who also used farm data, in that yields
were obtained from plots where environmental variables were
controlled to some extent and agronomic treatments in the form of
fertiliser and pesticide application were standardised so as to
maximise productivity. This removes the need to model the farm
production process with a full range of inputs, such as labour,
chemicals and machinery. The GIS study indicates that much of
Britain, especially southern England, is regularly subjected to O3

doses in the growing season which exceed, in some years
substantially, the critical level for agricultural crops. It can thus be
predicted with a high degree of confidence that O3-induced yield
reductions will occur in winter wheat, a crop which is classed as
sensitive to this pollutant (Pleijel et al., 2007). The most recent
major study on wheat and ozone is by Feng et al. (2008), who
quantified the impact of the pollutant using a meta-analysis of data
published between 1980 and 2007. This showed that elevated O3

concentrations, with a range of 31–200 ppb, decreased wheat grain
yield by 29%, with a 95% CI of 24–34%. Mills et al. (2007) used
a literature review to establish the O3 dose–response functions for
a wide range of agricultural and horticultural crops. Wheat was
ranked among the most sensitive with 5% yield loss at AOT40 of
3000 ppb h. However, the actual magnitude of yield loss has not
been clearly identified in terms of field productivity, but the data in
Table 2 suggest losses ranging from c.0.5–15% for a recent 12-year
period in the UK.

The AOT40 maps seem to correspond well to the actual AOT40
levels, capturing the general trend of declining concentrations from
the south-east northwards and similar to the maps developed by
the Centre for Ecology and Hydrology (CEH) expert team (Coyle
et al., 2002; Reynolds et al., 2003). They also indicate that the
central part of the country has lower ozone concentrations.
However a certain amount of discrepancy is expected. A few
stations were initially removed from the sample in order to
compare their predicted values with their measured values. The
outcome of the validation indicated that predicted values seem to
1998 1999 2000 2001 2002 2003 2004

Year

Riband Soissons

d for four varieties.
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Table 3
Ordinary least squares (OLS), one and two-way fixed effects and error components.

Model Log-likelihood SSE R2

Constant term only 3312 271 0
Pooled OLS (X variables only – years

and last crop)
4138 227 0.16

One-way fixed effects (site only) 6259 144 0.47
One-way fixed effects and X variables 7160 119 0.56
Two-way FE (site and year) with

X variables – main variables
7407 113 0.58

Two-way fixed effects (site and varieties)
and X variables – years and previous crop

7753 105 0.61
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correspond quite well to the measured values with deviations
varying on average between 5 and 10%.

Further support for use of modelling of O3 concentration is
provided by Klingberg et al. (2008) who compared measured and
modelled data at a single site in southwest Sweden and found good
agreement for daytime measurements, but with potential for errors
introduced by very local climatic conditions. It was not possible to
take the latter into account in the present work.

Shankar and Neeliah (2005) illustrate their result by showing
that the yield loss of a farm in the South East with high O3 is 1.6%
relative to the O3 levels on Humberside. Our elasticity of �0.054
would imply a loss of 3.7%, which is not trivial, but much lower than
the loss suggested by experimental methods. The higher value for
yield loss from our study compared with that based on farm yields
may well be explained by selection for O3 tolerance by plant
breeders and utilisation by farmers of the more tolerant cultivars
for which our fumigation study provides limited support. However,
variation in agronomic practices between farm and trial plots, for
example in terms of irrigation and thus ozone flux rates, may also
contribute to differences in yield loss estimates.

The present study contrasts with two previous studies which
have addressed the issue of selection for tolerance Barnes et al.
(1990) fumigated 10 cultivars of spring wheat, both Triticum aesti-
vum and Triticum durum, bred and introduced in Greece between
1932 and 1980, with 90 ppb O3 for 21 days. They found that mean
relative growth rate was depressed by the pollutant with a positive
relationship between date of introduction and O3 sensitivity i.e. the
more modern cultivars were more O3 sensitive. They suggested that
breeding programmes may have selected for sensitivity, in direct
contrast to the present study and intuitively against expectations,
although O3 tolerance may be linked to other characteristics
Table 4
Coefficients for the two-way fixed effects model.

X variables Elasticity Standard error t-statistic p-value

Ozone �0.05381 0.00891083 �6.039 0***
Cereal previous �0.0893 0.00533674 �16.733 0***
1992 dummy �0.06024 0.01083608 �5.559 0***
1993 dummy �0.04589 0.0090237 �5.085 0***
1994 dummy �0.09257 0.00844621 �10.96 0***
1995 dummy �0.10649 0.00775644 �13.73 0***
1996 dummy �0.05392 0.00765308 �7.045 0***
1997 dummy �0.18471 0.00718217 �25.718 0***
1998 dummy �0.12235 0.00898007 �13.624 0***
2000 dummy �0.01189 0.00710998 �1.672 0.0945*
2001 dummy �0.14561 0.0065306 �22.297 0***
2002 dummy �0.10452 0.00873306 �11.968 0***
2003 dummy �0.08426 0.00692837 �12.162 0***
2004 dummy �0.12563 0.00881815 �14.247 0***
Constant 2.828322 0.07296626 38.762 0***

Estimated coefficients, t-statistic, standard errors and p-values, for ozone and
dummies for previous crop being cereal and dummies for years.
***p < 0.001, **p < 0.05, *p < 0.1., indicate the level of significance 5%.
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selected for in the breeding process. However, it should be noted
that in both Barnes et al. (1990) and the present study the fumi-
gation lasted only 3–4 weeks and thus did not demonstrate the
impact on grain yields.

The other study, carried out by Pleijel et al. (2006), compared
the response of a modern and a 100-year old cultivar of spring
T. aestivum to 40 ppb above ambient O3 or filtered air, grown to
maturity. Again the modern cultivar showed higher sensitivity to
O3 based on a number of parameters, including growth and yield;
this was at least partly attributable to higher stomatal conductance
in the modern cultivars, a characteristic with potential benefit in
terms of increased yield, but with consequences for pollutant
uptake.

At present it is difficult to generalise from available evidence
concerning selection of O3 tolerance in the plant breeding process.
However, it should be noted that in this case winter cultivars were
employed while the cultivars studied by Barnes et al. (1990) and
Pleijel et al. (2006) were all spring sown. In our work Avalon
appears to represent a breakthrough in terms of tolerance to both
O3 and other constraints on growth. Although we cannot report the
actual yield gain resulting from this cultivar, due to termination of
the experiment after 4 weeks, O3 effects on leaf injury and senes-
cence were reduced by approximately 50% compared with previous
cultivars in the time series.

5. Conclusions

While this single study suggests lower yield losses than
predicted by extrapolation from experimental dose–response
experiments, further work is clearly needed in order to determine
the real yield losses occurring in the field due to tropospheric O3.
We have used one crop species, albeit with a large number of
cultivars, from one dataset in a single country. However, we feel
that our approach is well worth extending to other crops in both
Britain and elsewhere, where suitable yield and pollution datasets
are available. This would enable many more comparisons to be
made between the experimental and econometric approaches, in
order to move towards more realistic estimates of O3 impacts on
yield, with considerable potential for air pollution control policy
formulation. Ultimately, clarification of this important environ-
mental issue will depend upon the adoption of an interdisciplinary
approach and we hope that our research contributes to this debate.
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