
(E)MERGING DIRECTIONS ON AIR POLLUTION AND CLIMATE CHANGE RESEARCH IN MEDITERRANEAN BASIN ECOSYSTEMS

Validation of ozone response functions for annual Mediterranean
pasture species using close-to-field-conditions experiments

Ignacio González-Fernández1 & Javier Sanz1 &Héctor Calvete-Sogo1 & Susana Elvira1 &

Rocío Alonso1 & Victoria Bermejo-Bermejo1

Received: 15 December 2016 /Accepted: 24 April 2017 /Published online: 28 April 2017
# Springer-Verlag Berlin Heidelberg 2017

Abstract Ozone (O3) critical levels have been established
under the Long-Range Transboundary Air Pollution
Convention to assess the risk of O3 effects in European veg-
etation. A recent review study has led to the development of
O3 critical levels for annual Mediterranean pasture species
using plants growing in well-watered pots at a coastal site
and under low levels of competition. However, uncertainties
remain in the extrapolation of the O3 sensitivity of these spe-
cies under natural conditions. The response of two O3-sensi-
tive annual Mediterranean pasture Trifolium species at the
coastal site was compared with the response of the same spe-
cies growing at a continental site, in natural soil and subject to
water-stress and inter-specific competition, representing more
closely their natural habitat. The slopes of exposure- and dose-
response relationships derived for the two sites showed differ-
ences in the response to O3 between sites attributed to differ-
ences in environmental growing conditions, growing medium
and the level of inter-specific competition, but the effect of the
individual factors could not be assessed separately. Dose-
based O3 indices partially explained differences due to envi-
ronmental growing conditions between sites. The slopes
showed that plants weremore sensitive toO3 at the continental
site, but homogeneity of slopes tests revealed that results from
both experimental sites may be combined. Although more
experimental data considering complex inter-specific compe-
tition situations and the effect of important interactive factors
such as nitrogen would be needed, these results confirm the

validity of applying the current flux-based O3 critical level
under close to natural growing conditions. The AOT40-
based O3 critical level derived at the coastal site was also
considered a suitable risk indicator in close to natural growing
conditions in the absence of soil moisture limitations on plant
growth.
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Introduction

Tropospheric ozone (O3) is a highly oxidizing secondary at-
mospheric pollutant affecting humans, ecosystems and mate-
rials. Ozone effects on vegetation observed in experimental
studies include yield reductions of crops, lower growth of tree
species, reductions in the reproductive capacity of plants or
changes in the species composition of pastures (Black et al.
2000; Büker et al. 2015; Davison and Barnes 1998; Mills et al.
2007; Payne et al. 2011) affecting the services provided by
agro-ecosystems to human societies. Ozone effects have also
been identified experimentally in common Mediterranean
vegetation species, including crops, forest and pasture species
(e.g. Alonso et al. 2014; Calatayud et al. 2011; González-
Fernández et al. 2014; Monga et al. 2015; Sanz et al. 2016).

Ozone critical levels have been established under the
UNECE Long-Range Transboundary Air Pollution
Convention (CLRTAP) to assess the risk of ozone ef-
fects in European vegetation and to support ozone pre-
cursor emission reduction protocols (Mills et al. 2011).
They may be defined as the Bcumulative exposure or
dose above which direct adverse effects on sensitive
vegetation may occur according to present knowledge^
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(CLRTAP 2017). Currently, two sets of O3 critical
levels have been defined based on different O3 metrics.
The concentration-based ozone index AOT40, defined as
the accumulated O3 concentration over 40 nl l−1 during
daylight hours, is the simplest and considers only the
O3 concentration. The most complex flux-based ozone
index PODY, the phytotoxic ozone dose absorbed
through the stomata over a threshold of Y nmol
O3 m−2 s−1 (CLRTAP 2017) is used for more refined
risk assessments because they take into account the
modulating effect of environmental conditions and plant
physiology on ozone effects through the consideration
of the stomatal conductance (gsto) as well as the O3

concentration (Mills et al. 2011). Within the CLRTAP
risk assessments, gsto is estimated using species-specific
multiplicative model parameterizations (CLRTAP 2017).
The critical level is calculated from the slope of empir-
ically derived exposure- (AOT40) or dose- (PODY) re-
sponse relationships for a defined percentage of effect
on the target species (CLRTAP 2017).

Different O3 critical levels have been developed
studying the response of a limited number of species
representing broader vegetation categories: crops, trees
and (semi-)natural vegetation (CLRTAP 2017). The
(semi-)natural vegetation may be defined as vegetation
not planted by humans, excluding forests, but influenced
deliberately or inadvertently by human actions (Di
Gregorio and Jansen 2000). This category represents a
large amount of plant communities varying in life form,
species composition and land uses across Europe.
Considering the limited amount of information available
on the O3 sensitivity of (semi-)natural vegetation species
compared with the biological diversity of this group, the
O3 critical levels for (semi-)natural vegetation commu-
nities have been considered as the most uncertain
(CLRTAP Convention on Long-Range Transboundary
Air Pollution 2017).

Critical levels for (semi-)natural vegetation have been
defined representing different vegetation communities in
Europe using the AOT40 and the POD1 indices (CLRTAP
2017). These critical levels are affected by uncertainties
arising from the interaction between O3 exposure and
growing conditions such as climate, mineral status or
plant competition, as reviewed by Davison and Barnes
(1998) and Bassin et al. (2007), since experimental stud-
ies may not adequately represent the growing conditions
in natural habitats. Thus, it is considered important that
plant species sensitivity to O3 is evaluated in their natural
environment. Furthermore, current O3 critical levels for
(semi-)natural vegetation are limited by the use of indi-
vidual species responses in their derivation. Community
level responses to O3 arise not only from effects on indi-
vidual species but also from species interactions (Bassin

et al. 2007). Finally, current O3 critical levels do not take
into consideration the influence of other pollutants or
management practices on species responses to O3. For
these reasons, the critical levels for (semi-)natural vegeta-
tion based on individual species responses to O3 under
experimental growing conditions should be considered
an indication of a potential effect in the community and
should not be used for quantifying damages.

At European scale, the Mediterranean vegetation is ex-
posed to the highes t l evels of O3 (EEA 2014) .
Photochemical O3 formation is favoured by high temperatures
and solar radiation and stagnant atmospheric conditions typi-
cal of the Mediterranean Basin (Cristofanelli and Bonasoni
2009). Future projections predict increases in O3 concentra-
tions in the area driven by more frequent summer droughts
and higher temperatures (Meleux et al. 2007). In spite of this,
the Mediterranean vegetation has been, until recently, under-
represented in the databases used for the definition of O3 crit-
ical levels at European level.

A recent review study on the O3 sensitivity of annual
Mediterranean pasture species (Sanz et al. 2016) has led to
the development of concentration- (AOT40 = 3.1 ppm h−1)
and flux-based (POD1 = 12.2 mmol m−2) O3 critical levels for
a 10% effect on aboveground biomass. The experimental da-
tabase is formed by open-top chamber (OTC) experiments
where well-watered plants growing in pots with artificial sub-
strate, under low levels of competition and/or with varying
nitrogen (N) availability treatments, were exposed to above
and below ambient ozone levels. These growing conditions
contrast with those experienced by plants in their natural hab-
itat, which constitutes an uncertainty of these critical levels.

In this study, the response of two O3 sensitive annual
Mediterranean pasture Trifolium species in terms of total
aboveground biomass used for O3 critical level develop-
ment (Sanz et al. 2016) was compared with the re-
sponse of the same species growing in natural soil, un-
der limiting soil water availability and inter-specific
competition growing conditions, which better represents
their natural habitat growing conditions. The later study
was presented by Calvete-Sogo et al. (2014, 2016,
2017). The hypothesis was that O3 effects on sensitive
clovers will be increased under close to natural condi-
tions as a result of plant-to-plant competition interac-
tions for limited resources with O3-tolerant species. In
the context of the development of O3 critical levels for
risk assessment on Mediterranean annual pastures within
the CLRTAP, the comparison of the responses to O3

between both experimental settings was used to test as-
sumptions made by Sanz et al. (2016) in the derivation
of current exposure- and dose-response relationships: the
combination of the responses to O3 of different species
and the gsto model parameterization used to estimate O3

fluxes. The final goal was to confirm whether current
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critical levels can be considered representative indicators
of the risk of damage under close-to-field growing
conditions.

Materials and methods

Exposure- and dose-response relationships were derived sep-
arately from twoOTC experimental sites using the response of
two O3-sensitive species, Trifolium striatum and T. cherleri.
The slope of the relationships obtained at each site was com-
pared to assess whether the species responses to O3 were
modified by the experimental growing conditions and thus
determine if current O3 critical levels for Mediterranean annu-
al pastures can be considered good indicators of the risk of O3

damage under close-to-field growing conditions.

Experimental sites

Five independent OTC experiments were performed at a
coastal rural site in the northeast of Spain (Ebro Delta,
Tarragona, 40°41′ N, 0°47′ E, 7 m a.s.l.) from 2000 to 2003.
A detailed description of the facility and the whole
experimental database is provided by Alonso et al. (2001)
and Sanz et al. (2016). T. striatum was present in all experi-
ments, while T. cherleri was present in four of them. A de-
scription of the growing conditions is presented in Table 1.
This site presents a coastal Mediterranean climate with mild
winter and summer temperatures and high relative air humid-
ity. Plants were grown from seed in pots with artificial sub-
strate with slow release NPK fertilizer that was maintained
well-watered with drip irrigation. Ozone treatments, charcoal
filtered air (CFA), non-filtered air (NFA) and non-filtered air
with 40 nl l−1 of added O3 (NFA++) were applied during
45 days on average in triplicate OTC. Plants were grown
in pots with artificial substrate either as single individuals,
in monocultures or in mixtures with the O3-tolerant grass
Briza maxima at a Trifolium/Briza ratio of 3:1 or 1:3 in-
dividuals. In two of the experiments, N fertilization was
applied as a sub-treatment at fortnightly doses of 2.5, 7.5
and 15 kg ha−1.

A second set of OTC experiments was performed at a con-
tinental rural area in central Spain (Santa Olalla, Toledo,
40°3.31′ N, 4°25.61′ W, 450 m a.s.l.). Two independent ex-
periments were performed in 2011 and 2012. A detailed de-
scription of the facility and the whole experimental database is
provided by Calvete-Sogo et al. (2014, 2017). Growing con-
ditions at this site are presented in Table 1. This site presents a
thermo-Mediterranean climate with colder winters, warmer
summers and drier conditions compared with the coastal site.
Plants were grown from seed at a density of 1000 plants m−2

in a natural Calcic Luvisol that was irrigated manually only as
needed by the plants to complete their growing cycle. Ozone T
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treatments, charcoal filtered air (CFA), non-filtered air (NFA)
and non-filtered air with 20 and 40 nl l−1 of added O3 (NFA+,
NFA++) were applied during 38 days on average in triplicate
OTC. Six species with different O3 sensitivity were planted
representing the natural abundances of dominant plant fami-
lies: Trifolium striatum, T. cherleri, Ornithopus compressus,
Briza maxima, Cynosurus echinatus, Silene gallica (only
2011) and Petrorhagia nanteuilii (only 2012). Nitrogen fertil-
ization was applied as a sub-treatment, with final doses equiv-
alent to 0, 20 and 40 kg ha−1.

Derivation of exposure- and dose-response relationships

Exposure- and dose-response relationships were derived sep-
arately for the two OTC experimental sites using the total
aboveground dry weight biomass of T. striatum and
T. cherleri following the methodology used within the
CLRTAP for setting O3 critical levels (CLRTAP 2017): All
data were expressed relative to an AOT40 = 0 ppb h−1 or
PODY = 0 mmol m−2 within each experiment; competition
and N sub-treatments were averaged within O3 treatment
levels for each experiment. The OTC was considered the ex-
perimental unit in all the analyses. The total number of bio-
mass measurements included in the response functions was 27
for the coastal site, 15 and 12 for T. striatum and T. cherleri,
respectively, and 16 for the continental site.

Exposure-response relationships were derived with linear
regression using the AOT40 index, calculated as the

cumulative hourly averaged O3 concentration in the OTC
above 40 nl l−1 during daylight hours over the fumigation
period.

Dose-response relationships were derived with linear regres-
sion using the POD1 index as in Sanz et al. (2016). POD1 was
modelled over the fumigation period for each experiment fol-
lowing the methodology of the CLRTAP Modelling and
Mapping Manual (CLRTAP 2017). The multiplicative model
(Jarvis 1976; Emberson et al. 2000) was used for estimating the
gsto of T. striatum and T. cherleri as a prior step for calculating
the POD1. In this model, gsto (mmol m−2 s−1) is estimated
hourly using a species-specific maximum value of gsto (gmax,
mmol m−2 s−1) that is modified by multiplicative factors
representing limiting conditions for gsto due to solar radiation
(flight), plant phenology (fphen), air temperature (fT) and humidity
(fVPD) and soil moisture (fPAW) (Eq. 1).

gsto ¼ gmax � f light � f phen � max gmin; f T � f VPD � f PAWf g ð1Þ

Three different parameterizations of the multiplicative
model were considered (Table 2). The first parameterization
was derived from field gsto measurements in T. subterraneum
(González-Fernández et al. 2010) and used by Sanz et al.
(2016) for O3 dose-response relationships derivation assum-
ing that it can be considered representative of O3-sensitive
Mediterranean annual legume species. The fPAWof this param-
eterization has been modified in this study to account for dif-
ferences in soil moisture units recorded at the continental site
(% of field capacity). The fphen of this parameterization was set

Table 2 Multiplicative model parameterizations used to estimate gsto at the continental and coastal sites for T. striatum and T. cherleri

Function Parameter T. subterraneum T. striatum T. cherleri

gmax 1.18 mol H2O m−2 s−1 1.13 mol H2O m−2 s−1 1.35 mol H2O m−2 s−1

fmin 0.02 0.055 0.04

flight α −0.013 −0.002 −0.007
fphen SGS 56 DOY 56 DOY 56 DOY

EGS 216 DOY 216 DOY 216 DOY

a 20 days 20 days 20 days

b 60 days 60 days 60 days

c 70 days 80 days 70 days

d 120 days 120 days 120 days

fT Tmax 33 °C 38 °C 36 °C

Topt 22 °C 21 °C 22 °C

Tmin 8 °C 15 °C 13 °C

fVPD VPDmax 2.2 KPa 1.9 KPa 1.1 KPa

VPDmin 4.3 KPa 4.4 KPa 4.8 KPa

fPAW PAWmax
a 102% 102% 92%

PAWmin
a −26% 52% −7%

Reference Modified from González-Fernández et al. 2010 Calvete-Sogo et al. 2017 Calvete-Sogo et al. 2017

a Plant available water (PAW) expressed as % of field capacity
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to equal the fphen of T. cherleri at the continental site. The
second and third parameterizations were derived from gsto
measurements in T. striatum and T. cherleri collected during
the experiments at the continental site (Calvete-Sogo et al.
2017). The parameterizations were applied at the two sites,
either the one for T. subterraneum or the species-specific ones
for T. striatum and T. cherleri, in order to assess the effect of
the gsto parameterization choice on the assessment of the spe-
cies sensitivity to O3 using the POD1. The fPAW and fphen were
set to one in all parameterizations used at the coastal site.

The slopes of the exposure- and dose-response relation-
ships obtained for the two species individually or in combina-
tion were compared with t tests between sites and between
species to assess whether species responses to O3 were mod-
ified by experimental growing conditions and whether the
responses of the two species can be combined in a single
response function. In addition, dose-response relationships
derived using different gsto parameterizations were compared
to analyse the effect of the gsto parameterization choice on the
assessment of the species sensitivity to O3. Statistical analyses
were performed using SPSS 14.0 (SPSS Inc.).

Results and discussion

Slopes, statistical model results and homogeneity of slopes t
test across sites of the exposure- and dose-response relation-
ships derived for the different species and experimental set-
tings are shown in Tables 3 and 4, respectively.

The slopes of the AOT40 functions derived at the conti-
nental site showed consistently less negative values, between
41 and 86%, than at the coastal site for the two species tested
individually or in combination, though the difference in the
slope was only significant for T. cherleri and marginally sig-
nificant (p < 0.1) for the two species combined (Table 3) as a
result of the differences observed in T. cheleri. This result
would be associated with a greater negative response to O3

at the coastal site. Indeed, the AOT40 relationships derived at
the continental site were not statistically significant, while the
relationships obtained at the coastal site were all statistically
significant.

The different meteorological conditions and experimental
settings at both sites may explain the change in the response to
O3 of the species studied as evaluated with the AOT40 index.
Environmental growing conditions favouring plant growth
and gsto such as optimum air temperature and solar radiation,
low VPD and sufficient soil water availability can increase
plant responses to O3 due to higher amounts of ozone entering
through the stomata (Bassin et al. 2007; Davison and Barnes
1998). However, this effect may be species-specific
(Bungener et al. 1999), and other physiological factors that
varywith environmental conditions such as antioxidant capac-
ity can also modulate plant responses to O3 (Sanz et al. 2014;
Heath et al. 2009). The influence of other factors such as plant
competition or growing medium that have also been described
to modify herbaceous plants responses to O3 as a result of
changes in growth patterns under limiting resources or O3

doses are further discussed below. Although the different fac-
tors have not been assessed separately, the experiments per-
formed at the coastal site represented the potential O3 effects
under more favourable environmental conditions for gsto and
lower inter- and intra-specific competition than the experi-
ments at the continental site (Table 1). In agreement with
this, the linear regressions across species with AOT40
derived at the coastal site showed a better agreement with
experimental data and a stronger response to O3 than at
the continental site. Indeed, the AOT40-based relationship
was not statistically significant across species for the con-
tinental site, a result that was also observed when study-
ing canopy level responses to increasing AOT40 values
(Calvete-Sogo et al. 2017).

The results obtained at the continental site were influenced
by the contrasting environmental growing conditions between
the 2 years of the experiment. The second year (2012) was

Table 3 Slopes (95% confidence intervals), linear regression results and homogeneity of slopes t test across sites of exposure-response relationships
(AOT40) obtained at the coastal and the continental site for T. striatum and T. cherleri, for both sites combined (all sites) and for both species combined
(all species)

Species Coastal Continental All sites Slopes t-test

T. striatum −0.002 (−0.004, −0.001) −0.001 (−0.004, 0.002) −0.002 (−0.003, −0.001) p = 0.495

R2 = 0.40 R2 = 0.02 R2 = 0.32

p = 0.012 p = 0.306 p = 0.005

T. cherleri −0.003 (−0.005, −0.001) 0 (−0.002, 0.001) −0.002 (−0.003, 0.000) p = 0.047

R2 = 0.53 R2 = 0.06 R2 = 0.28

p = 0.007 p = 0.571 p = 0.016

All species −0.003 (−0.004, −0.001) −0.001 (−0.003, 0.001) −0.002 (−0.003, −0.001) p = 0.070

R2 = 0.46 R2 = 0.09 R2 = 0.29

p < 0.001 p = 0.267 p < 0.001
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dryer than the first year, with less plant growth and less O3

effects compared with the first one (Calvete-Sogo et al. 2017).
When 2012 data were excluded from the analysis, the
resulting exposure-response function across species had a
slope of −0.002 (−0.005, 0.001) and R2 = 0.30 but was still
not statistically significant (p = 0.156). The slope and its 95%
confidence interval excluding the year 2012 showed, howev-
er, a high degree of overlapping with the slope obtained at the
coastal site showing that O3 effects were more pronounced in
2011 and similar to the coastal site response. The comparison
of slopes between the two sites showed an increase of the p
value from p = 0.070 to p = 0.664 when the 2012 data were
excluded, reflecting an increase of the probability of the equal
slopes hypothesis. These results would be in agreement with a
stronger O3 effect under more favourable conditions for plant
growth, represented by the coastal site experiments and the
year 2011 at the continental site.

The modulating effect of environmental growing condi-
tions on O3 effects can be partially accounted for using flux-
based O3 indices like the POD1 (Mills et al. 2011): stressful
environmental conditions would reduce gsto and the absorbed
flux of O3 and their associated effects. In agreement with this,
POD1 relationships explained a greater proportion of the var-
iability of experimental data than AOT40-based functions at
all sites (Table 4). Different results were obtained when POD1
was estimated using the species-specific T. striatum or

T. cherleri parameterizations and the T. subterraneum
parameterization.

The species-specific dose-response relationships for indi-
vidual species showed strongly significant results at the coast-
al site but marginally significant relationships (p < 0.1) at the
continental one. These contrast with the lack of significance of
the AOT40-based relationships, p > 0.3, at the continental site.
Contrarily to what was found using the AOT40, the slope of
the dose-response relationships showed more negative values
at the continental site. Changes in the slopes were found be-
tween the two sites ranging from 33% to 2.54-fold decrease at
the continental site compared with the coastal one. However,
the 95% confidence intervals of the slopes overlapped impor-
tantly between the two sites which resulted in non-statistically
significant homogeneity of slopes tests. The combined dose-
response relationships for both species showed no statis-
tically significant differences comparing the slope of both
sites either. Nevertheless, the comparison of sites was
limited by the lack of statistical significance of the linear
regression at the continental site, caused by differences in
the slope of the response of the two species individually
(Table 4), as discussed below.

The response functions for individual species derived using
the T. subterraneum gsto parameterization also showed strong-
ly significant results at the coastal site and marginally signif-
icant at the continental one. The slopes ranged between 21 and

Table 4 Slopes (95% confidence intervals), linear regression and homogeneity of slopes t test p values across sites of dose-response relationships
(POD1) obtained at the coastal and the continental site for T. striatum and T. cherleri using different gsto parameterizations for POD1 calculation

gsto parameterization Species Coastal Continental All sites Slopes t-test

T. striatum T. striatum −1.880
(−2.584, −1.175)

−4.774
(−10.766, 1.219)

−1.651
(−2.417, −0.884)

p = 0.160

R2 = 0.72 R2 = 0.39 R2 = 0.49

p < 0.001 p = 0.099 p < 0.001

T. cherleri T. cherleri −1.003 (−1.539, −0.467) −1.339 (−2.694, 0.017) −1.054 (−1.455, −0.653) p = 0.634

R2 = 0.63 R2 = 0.49 R2 = 0.63

p = 0.002 p = 0.052 p < 0.001

T. striatum or T. cherleri All species −1.079 (−1.513, −0.644) −0.461 (−1.904, 0.981) −0.984 (−1.389, −0.580) p = 0.341

R2 = 0.51 R2 = 0.03 R2 = 0.37

p < 0.001 p = 0.504 p < 0.001

T. subterraneum T. striatum −1.081 (−1.587, −0.576) −1.709 (−3.526, 0.143) −1.039 (−1.523, −0.556) p = 0.412

R2 = 0.62 R2 = 0.46 R2 = 0.49

p = 0.001 p = 0.065 p < 0.001

T. subterraneum T. cherleri −0.964 (−1.495, −0.432) −1.166 (−2.491, 0.158) −1.012 (−1.419, −0.604) p = 0.766

R2 = 0.62 R2 = 0.44 R2 = 0.60

p = 0.002 p = 0.075 p < 0.001

T. subterraneum All species −1.026 (−1.359, −0.692) −1.438 (−2.608, −0.268) −1.034 (−1.350, −0.718) p = 0.438

R2 = 0.62 R2 = 0.33 R2 = 0.52

p < 0.001 p = 0.020 p < 0.001

The relationships were also derived for both sites combined (all sites) and for both species combined (all species)
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58% lower values at the continental site but without statisti-
cally significant results in the homogeneity of slopes tests. The
combined relationship for both species at the continental site
had 40% lower slope than at the coastal site, with all the
regressions being significant at p < 0.05, but the homogeneity
of slopes test still showed a non-significant result.

The results comparing O3 responses between sites using
the POD1 show that O3 effects were stronger at the continental
site than at the coastal one once environmental growing con-
ditions have been considered, at least partially, through the use
of flux-based indices. However, other factors maybe also
influencing the differences observed between both sites, in-
cluding changes in competition and growing medium. Several
studies have reported changes in plant responses to O3 due to
competition with other species, with the results varying de-
pending on the species present in the mixture, their relative
sensitivity to O3 and the resource availability (Bassin et al.
2007; Davison and Barnes 1998; Gimeno et al. 2004b;
González-Fernández et al. 2008; Nussbaum et al. 2000) al-
though this is not always observed (e.g. Hayes et al. 2009).
Some of these effects would be already taken into account in
the variability of the experimental results from the coastal site.
This database included two experiments where T. striatum and
T. cherleri plants grew under different levels of competition
with the O3-tolerant grass B. maxima and subject to varying
O3 concentrations (Table 1). The competition with B. maxima
reduced the O3-induced reductions on flower biomass of
T. cherleri monocultures, but this effect was only found in
one of the biomass harvests (Gimeno et al. 2004b). This effect
was marginally significant for T. subterraneum, and no inter-
action was found for T. striatum in the same experiment
(Gimeno et al. 2004b). However, other inter-specific interac-
tions like the one found between T. striatum and Ornithopus
compressus, an O3 tolerant legume, at the continental site that
induced a change in the species composition of the canopy in
2011 (Calvete-Sogo et al. 2016) were not taken into account at
the coastal site. The complexity of these interactions would
increase in studies with intact communities, but such experi-
mental data on annual Mediterranean dehesa pastures are still
lacking.

The mineral status of plants can also alter (semi-)natural
vegetation responses to O3, but published research show con-
trasting results and there is no clear understanding of the in-
teraction between these two factors (Davison and Barnes
1998; Bassin et al. 2007). For instance, N availability can
reduce, increase or not interact with ozone effects on herba-
ceous species depending on concentrations of the two factors,
species, parameters assessed or other environmental factors
(Bassin et al. 2007; Calvete-Sogo et al. 2014, 2017; Davison
and Barnes 1998; González-Fernández et al. 2008).
Experiments with individual Mediterranean annual pasture
species have shown complex O3 and N interactions on differ-
ent parameters including above- and belowground biomass

parameters and fibre content on aboveground biomass.
Trifolium species generally showed stronger O3 effects when
N inputs were increased above a control treatment of 5 kg ha−1

(Sanz et al. 2005, 2007, 2014). However, N partially
counterbalanced O3 effects after 1 month of exposure at the
highest dose of 30 kg ha−1 in T. striatum (Sanz et al. 2007)
pointing to a potential non-linear interaction between O3 and
N for this species. On the contrary, grass species Brizamaxima
and Bromus hordeaceus from the same plant communities
showed a decrease of O3 effects at increasing N doses up to
60 kg ha−1 (Sanz et al. 2011, 2013). Notably, O3 and N inter-
actions have also been observed in the total aboveground bio-
mass of Mediterranean annual species mixtures including le-
gume and grass species of different O3 sensitivities (Calvete-
Sogo et al. 2017). The dose-response relationships derived at
canopy level showed the strongest relationship and the most
negative slope for the medium (20 kg ha−1) N input level. By
contrast, the low N input level, with no N addition, yielded a
non-statistically significant relationship, showing a lack of O3

effects in that treatment level. Other species from European
perennial (semi-)natural habitats such as Carex arenaria,
Plantago major or Dactylis glomerata have also shown inter-
actions between O3 and N, but these have not been confirmed
in Ranunculus acris, Lolium perenne-T. repensmixtures or on
calcareous grassland species (Bassin et al. 2007; González-
Fernández et al. 2008; Jones et al. 2010; Thwaites 1997;
Whitfield et al. 1998; Wyness et al. 2011). In a long-term
study with an intact subalpine grassland, Bassin et al. (2015)
showed that N addition counterbalanced O3 effects on below-
ground N pools, but no interactions were found on above- or
belowground biomass growth (Volk et al. 2014). In spite of
these evidences, current O3 critical levels for (semi-)natural
vegetation do not consider O3 and N interactions as a result of
their complexity in multiple species communities and due to
the lack of suitable databases to quantify the interaction. The
experimental designs used at the coastal and the continental
sites included treatments with different levels of N availability
(Table 1), which have been averaged for estimating the
exposure- and dose-response relationships used in this study.
These response functions can represent the average O3 effect
under different plant nutrition situations that may be found
under field conditions, but future improvements of the risk
assessment methodologies should consider the modulating ef-
fect of interactive factors such as N.

Importantly for the definition of O3 critical levels, the O3

sensitivity of the species inferred with the POD1 changed
depending on the gsto parameterization used. The slopes of
the dose-response relationships for T. striatum and
T. cherleri changed whether the species-specific or the
T. subterraneum parameterizations were used for modelling
gsto and POD1 (Table 4). The slopes of the dose-response
relationships for T. cherleri showed values in the same range
at both sites independently of the parameterization chosen,
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with less negative slopes associated with the T. subterraneum
parameterization. However, the slopes for T. striatum changed
considerably depending on the parameterization, especially at
the continental site where the slope changed between −4.774
and −1.709 with the species-specific or the T. subterraneum
parameterizations, respectively. The three gsto parameteriza-
tions used in this study to estimate POD1 show similar re-
sponses of gsto to T and VPD (Table 2). However, differences
were observed between the T. striatum parameterization and
the other two for PAR and PAW. The fPAR and fPAW of
T. striatum resulted in lower modelled gsto compared with
the other species under similar conditions of light or soil mois-
ture, respectively. As a result, modelled POD1 values for
T. striatum at the continental site were 72% lower on average
across O3 treatments compared with the other two species.
The low modelled flux for T. striatum was at the origin of
the highly negative slopes and high O3 sensitivity estimated
for this species at the continental site. The parameterization for
T. striatum published by Calvete-Sogo et al. (2017) showed an
acceptable agreement with field data of this species at the
continental site. The fPAR parameterization was based on sev-
eral light curves using a range on PAR fluxes from 0 to
2000μmol m−2 s−1 which was considered enough for deriving
a parameterization. The fPAW was based on a more limited
amount of gsto measurements that may be affected by local
conditions at the experimental site. Comparing the fPAW be-
tween the three parameterizations used in this study, the fPAW
can be considered uncertain for modelling gsto of this species
under field conditions. More field-based gsto data would be
needed for establishing a final fPAW for T. striatum. These
results stress the importance of the gsto parameterization used
for estimating the O3 sensitivity of the species based on the
flux approach. Rather than more general parameterizations,
the best parameterization for each experiment or site should
be used where available for estimating O3 fluxes and deriving
dose-response relationships.

The current methodology for establishing O3 exposure-
and dose-response relationships for (semi-)natural vegetation
considers responses from different O3-sensitive species grow-
ing in the same plant community (e.g. Sanz et al. 2016) which
can increase the variability of the response data in the relation-
ships if the species respond differently to O3. The two species
in this study showed a similar response to the O3 treatments
within sites, as evaluated with the AOT40-based relationships
(Table 3). Homogeneity of slopes tests across sites showed
that differences between species were not statistically signifi-
cant (p = 0.808). When the sensitivity of both species was
compared using the POD1 calculated with the species-
specific parameterizations, T. striatum showed a more nega-
tive response to O3 at both sites (Table 4), though significant
differences between species were only statistically significant
at the coastal site (p = 0.045). This difference was
much reduced (p = 0.727) when the POD1 was calculated

using the common parameterization for T. subterraneum.
T. cherleri has been identified in previous studies as a moder-
ately sensitive species to O3 in comparison with other
Mediterranean annual dehesa species (Gimeno et al. 2004a;
Sanz et al. 2014). This conclusion is partially supported by
this study, where the slope of the exposure- and dose-response
relationships for T. cherleri across sites was equal or less neg-
ative than that of the highly O3-sensitive T. striatum.
However, the 95% confidence intervals for the slopes of both
species across sites overlap substantially (homogeneity of
slopes p = 0.808 and p = 0.145 for AOT40 and POD1 rela-
tionships, respectively), showing that differences in O3 sensi-
tivity were not statistically significant and that the data may be
combined in a single response function.

The combination of experimental results across sites result-
ed in statistically significant exposure- and dose-response re-
lationships for both species (Tables 3 and 4 and Fig. 1). The
dose-response relationships across sites were statistically sig-
nificant regardless of the parameterization chosen. The dose
function in Fig. 1 was calculated with the POD1 estimates
used to derive the current dose-response function and the O3

cri t ical level for the coastal si te data, using the
T. subterraneum parameterization, and with the POD1 esti-
mates at the continental site estimated using the T. striatum
or T. cherleri parameterizations developed for that experi-
ment. Although the decrease in R2 of the overall relationships
in comparison with the results from the coastal site reflects the
higher scatter of the experimental data when the continental
site is included, this result shows that O3 effects found at both
sites may be combined in a single response function. The
slope of the resulting function is in the same range than the
one used for O3 critical level derivation based on the response
of seven O3-sensitive annual Mediterranean pasture species,
−0.0032 (−0.0038, −0.0026) and −1.03 (−1.26, −0.08) for
AOT40 and POD1, respectively, presented by Sanz et al.
(2016). Thus, the experimental data from the continental site
supports the choice of the current O3 critical level for annual
Mediterranean pastures based on the data from the coastal site.
However, more detailed studies will be needed to ascertain the
individual effect of environmental growing conditions, plant
nutrition and plant competition on Mediterranean annual pas-
ture species responses to O3. This information will help to
improve the current methodology for setting O3 critical levels.

Conclusions

The initial hypothesis was partially supported by the results of
this study. Dose-response relationships showed that O3 effects
tended to be greater at the continental site once differences in
meteorological growing conditions between sites were con-
sidered in the analysis. However, the homogeneity of slopes
tests revealed that the data from both sites may be combined in
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a single response function. Similarly, non-significant differ-
ences were observed between species. Thus, the current
flux-based O3 critical level can be considered a representative
indicator of the risk of O3 effects in sensitive Mediterranean
annual pasture species under growing conditions close to
those found in their natural habitat. Importantly, the results
stress that adequate gsto parameterizations should be used for
estimating species sensitivity to O3 with stomatal flux-based
indices. The best parameterization should be used where
available for estimating O3 fluxes and for deriving dose-
response relationships. The AOT40-based O3 critical level
derived at the coastal site was also considered a suitable risk
indicator in close to natural growing conditions in the absence
of soil moisture limitations on plant growth.

The experimental designs in O3 sensitivity studies should
represent the growing conditions in the natural habitats so that
O3 responses used for risk assessment can be adequately ex-
trapolated to the field. The differences observed in the re-
sponse to O3 between sites in this study could be attributed
to contrasting environmental growing conditions, growing
medium and level of inter-specific competition. More detailed
studies will be needed to ascertain the individual effect of the
different factors on Mediterranean annual pasture species re-
sponses to O3. These will help to improve the future develop-
ment of O3 critical levels including interactions with other
factors, notably N availability.

α, rate of gsto saturation in response to photosynthetic ac-
tive radiation (PAR); a, days after SGS with gsto at minimum
value; b, days after SGS when gsto = gmax starts; c, days after
SGS when gsto = gmax ends; d, days after SGS when minimum
gsto is reached again; DOY, day of the year; fmin, minimum gsto
expressed as a fraction of gmax; gmax, species-specific maxi-
mum gsto expressed on a projected leaf area; PAWmax, soil

moisture (% of field capacity) non-limiting to gsto; PAWmin,
soil moisture (% of field capacity) when minimum gsto is
reached; SGS, start of the growing season; EGS, end of the
growing season; Tmax, air temperatures above which gsto is at
minimum; Tmin, air temperatures below which gsto is at mini-
mum; Topt, non-limiting air temperature for gsto; VPDmax, air
vapour pressure deficit non-limiting to gsto; VPDmin, air va-
pour pressure deficit when minimum gsto is reached
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