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Abstract The impact of ozone fumigation on chlorotion. The further changes of the fluorescence parameters
phyll a fluorescence parameters and chlorophyll contesttdied at higher PFD might be explained by an increase
of birch trees grown at high and low fertilization weref energy-dependent quenching, connected with the
studied for 6-, 8-, and 12-week old leaves. Fluorescermreergization of the thylakoid membrane and zeaxanthin
parameters were measured with a portable fluoromedgnthesis. A major effect of ozone treatment was a low-
with its fibre optics tightly inserted in a gas exchange cering of PS Il quantum yield. This reflects a reduction of
vette at light intensities from 0 to 220 umol photong mPS Il electron transport and corresponds to the reduction
s1. Ozone caused significant changes of primary photd-CO,-fixation observed in ozonated leaves.

synthetic reactions: a decrease of the quantum yield of

photosystem Il and an increase of non-photochemikay words Ozone fumigation - Chlorophyll

guenching. In all leaves a biphasic light response of ndltorescence - Fertilization - Light intensity - Senesc:2nce
photochemical quenching was observed. Ozone fumiga-

tion shifted the onset of the second phase from a PFD_of

about 60 pumol n? s1 to about 30 umol n? s1. While Introduction

the fertilizer concentration had no influence on this char-

acter, high fertilization supply of plants partially reduce@zone is known to potentially limit biomass production
Os-induced damage. The light responses of Ft; &md in trees (Miller 1973; Peterson et al. 1987; Reich 1987;
NPQ observed in birch leaves grown ig-ftee air indi- Pye 1988). Whole-plant production is determined by the
cate the existence of at least two different processes goown foliage available (Kérner 1991) and therefore may
erning energy conversion of the photosynthetic apparabesreduced by ©induced leaf loss. However, preceding
at PS Il in the range of PFD 0-200 umol photondgrt. leaf destruction, the carbon uptake capacity of the single
The first phase was attributed to a rather slowly relaxiteaves, which is the ultimate prerequisite for growth, is
type of non-photochemical quenching, which, at leastaso decreased by ozone (Sasek and Richardson 1989;
low PFD, is thought to be related to a state 1-2 tranShweizer and Arndt 1990). The declining ££3simila-

tion can be traced back to the biochemical level: quantity
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clarifying the role of nutrition in the Osensitivity of Thus, leaves grown under different nutrient supplies most proba-
trees (Matyssek et al. 1995). The birch cloBet(la Ply absorbed similar amounts of ozone.

. Chlorophyll fluorescence of the leaves was determined with a
pendulaRoth) chosen had responded to ozone by decl \M-2000 (Walz, Germany). The measurements of fluorescence

ing CG, assimilation and whole plant production as welbported here were part of a larger study on leaf gas exchange
as markedly altered leaf differentiation and whole plafdaurer et al.1997) and were conducted on attached complete

carbon allocation (Matyssek et al. 1991, 1992; Giinthart§ves sealed into a thermo-electrically climate-controlled cuvette

. . istem (Walz, Germany; Matyssek et al. 1991). The fibre optics of
Goerg et al. 1993; Maurer et al. 1997; Maurer and e PAM-2000 providing measuring and actinic light as well as

tyssek 1997). Fluorescence was investigated by the ‘pWlg@rating light pulses, were tightly introduced into the gas ex-
amplitude modulated approach’ (Schreiber et al.198bange cuvette and oriented to the abaxial leaf side (from 1 cm
Bolhar-Nordenkampf et al.1989 ). How do the chlorglistance and 60° angle). This leaf side was chosen to diminish the
phyll a fluorescence parameters of birch leaves respo‘?ﬂfs'ble photoinhibitory effect of saturating light intensities dur-

to O, stress and nutrient supply under different light CO|ng gas exchange measurements which had been monitored before

- . ffom the same leaf with the light source position above the adaxial
ditions in the PFD range 0-200 umol photongsmi? leaf side. The total PFD on the abaxial leaf side did not exceed

240 umol photons M s-1 during a measuring day.

The measured leaf area was about 1 cm in diameter and close
to (but excluding) the central leaf vein. During the measurements,
leaf temperature was 19 °@w=10 mmol mot! (i.e. the leaf/air
difference in the mole fraction of water vapor), and the, CO
From 13 April through 4 October, 1993, cuttings of one biraoncentration of the cuvette air was controlled to stay within
clone Betula pendulaRoth) were grown in 10| pots filled with 34045 pl t1. PFD of measuring light provided by the PAM-2000
sand and a basal layer of inert synthetic clay beads (1 plant/pet)t was<1 pumol photons ths1. Actinic light from the light-
When transferred to the Birmensdorf field fumigation chambegsitting diode inside the PAM-2000 was increased by 10 steps
on 3 May, the plants were separated into twot®atments (80 between 0 and 220 umol photons2ns! (maximum supply
plants/treatment, 8 plants/chamber): charcoal-filtered air with &iem PAM-2000) and measured with a miniaturised quantum sen-
ther<3 (control) or 90/40 nl OI-1 (day/night, i.e. 0700-2100 sor of the unit (sensor diameter 1.5 mm, resolution 1pmol photons
hours/2100-0700 hours, until 4 October). In the latter regime, @2 s-1, calibrated with a LI-190, LICOR). The fluorescence char-
was generated from pure oxygen (Fischer, model 502) and in batteristics under steady-state light conditions were determined
treatments continuously monitored with a ‘Monitor Labs 8810’ it min after changing the light level. Ft (the steady state level of
strument. Each regime was split into high and low soil nutriefitorescence) and Pnithe amplitude of fluorescence induced by a
supply (Table 1) by watering plants with either a 0.05% or 0.0058fgle pulse of saturating light intensity under ambient light condi-
solution of a fertilizer (Hauert, Nahrsalz Typ A/Anzucht) whicliions) were measured after FO and Fm parameters had been ob-
contained macro and micro nutrients. tained during dark adaptation of the leaf (30 min) at the beginning

The birch clone and fumigation chambers were the same asafethe experiment. The saturation pulses (duration 0.8 s) released
scribed in Matyssek et al. (1991, 1992; see also Landolt et H)O0 umol photons m s-1. Measurements were made after plants
1989). On clear sunny days, a shading roof limited the photosyiad been brought the evening before to the measuring site close to
thetic photon flux density (PFD) to a maximum of about 600 umitle exposure chambers (plants were shielded from direct sunlight
m-2 s'1 to prevent over-heating in the kind of open-top chambeaad rain during experiments). The PS Il quantum yiale/EnT)
used. Otherwise (overcast and cloudy conditions, dawn, dusk) vakies were calculated from the equatit®/Fnf=(Fn'—Ft):Fnf
roof was not employed. For the study 6-, 8- and 12-week df@denty et al. 1989). Non-photochemical quenching coefficients
leaves were used. Their appearance was estimated according tGNR€) were calculated from NPQ=Fm/Fh.
following classification (according to Glnthardt-Goerg et al. Each set of experiments was repeated 6-7 times per treatment
1993): 0 — no injury; 1 — light-green dots spread over leaf;, 2with different plants. Standard biostatistical calculations were
light-green or bronze-green discoloration and 3 — bronze-graesed. In the figures data from a single set of experiments repre-
discoloration with small necrotic areas. The external applied desmting the characteristic light response curves are shown.
of ozone was likely to correlate with this classification of macro- The chlorophyll concentration of the leaf area exposed to the
scopic leaf injury, and the daily rate of ozone uptake was foundfitore optics was determined according to Lichtenthaler and Well-
be similar in low and high fertilized trees (Maurer et al. 1997urn (1983) after each experimental day.

Materials and methods

Table 1 The effect of Q exposure and nutrient supply on 8-week-old leaves. Treatment differences were calculated with ANOVA (*:
P<0.05; **: P<0.005; ***: P<0.001;ns=not significant;N=7). No O;xN interactions were founi.

O, concentration Treatments Statistics
day/night (nl +1):
<5/<5 <5/<5 90/40 90/40 (9] N
nutrient supply
(0.05%=HF; 0.005%=LF): HF LF HF LF
Class of visual @injury in leaves: 0 0 2-3 2-3
(see text)
Chlorophyll concentration, total: 9.2+1.1 6.0+0.9 7.4+0.8 4.2+1.4 rkk Fkk
(mg g DW)
Chla/Chlb 2.60.1 2.8+0.1 2.5+0.2 2.5+0.1 *¥* o ns
CO, assimilation rate, 4, 34.2+6.0 32.3+7.2 14.0£5.1 7.4£2.4 whk
(see text) (mgd h-1):
Fo (mV) 191+43 25450 23753 28933 * o
Fm (mV) 10584265 1283274 1056+214 1090+231 ns ns
Fv/Fm 0.818+0.008 0.802+0.010 0.775+0.026 0.726+0.056 Rk ek
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Fig. 1 Dependence of the fluo- Betula pendula Sept. 13-16, 1993
rescence parameters At)(and T 1 11— 1.2
FnY (B) on actinic PFD in mid-
September (leaves 8 weeks A B 1
old). (C— control plants in @ 0.4-
free air;0; — ozone-exposed ' +1.0
plants;HF — high nutrient sup-
ply; LF — low nutrient supply. ] —
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Results
Betula pendula
The leaves used for the experiments were 8 weeks Sept. 13-16, 1993
and are characterized in Table 1; eated leaves ap- T T T T T
peared light-green to bronze-green, reflecting a dam: 127 A )

class of 2—-3 according to Giinthardt-Goerg et al. (199
Total chlorophyll concentration was highest in high-fe
tilized control plants and declined undeg &xposure
(Table 1). The Chla/Chl b ratio was increased in the g
low-fertilized control plants and only slightly reduced b
O,, regardless of the nutrient supply. However, 0zo
markedly lowered the CQassimilation rate of the given
injury classes, while high fertilization increased the,C(
uptake rate relative to low nutrient supply significantl
only in the Q-treated plants (Table 1). In Table 1 fluo
rescence values of dark adapted leaves are also she
Leaves grown under high nutrient supply ig-f@ee air
conditions demonstrated the lowest FO level whereas
low nutrient supply- and Gtreatments caused an in-
crease of FO (Table 1). The highest FO developed un
combined effect of two factors — low fertilization an
ozonation. Fm values under different treatments did r
show any considerable differences, but optimal quant
yield of PS Il (Fv/Fm) declined under ozonation.
Fluorescence light response curves of 8-week-old ct
trol (O5-free air) leaves showed a maximum of Ft at abc
60 umol photons ni& s1, regardless of the nutrient sup
ply (Fig. 1A). This maximum shifted to a PFD of 25-4
pumol photons n? s'1 under Q exposure (Fig. 1A). FMm
declined with increasing irradiance but displayed a sho — ~—t s .
der between 15 and 60 pmol photong sl (Fig. 1B), 0 100 200
indicating a transition between two different states of t Actinic PED Im2 s
photosynthetic apparatus. The length and the location .. cinic (umolm=s™)
this bend in the light curve depended on the treatmeny, , Dependence of non photochemical quenching, NRQ, (
The fertilizer concentration had no influence on theggy effective PS Il quantum yieldF/Fnt, (B) on actinic PFD.
characteristics, whereas ozone shortened the shouldezanie leaves and symbols as in Fi;j. 1
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periments. The decrease of Ft below FO is apparently
connected with FO-quenching appearing in leaves under
conditions of strong non-photochemical quenching (Bil-
ger and Schreiber 1986). It should be noted that this drop
was characteristic only for ozone-treated plants and was
not observed in control treatments. The existence of such
a quenching under normal physiological conditions is a
result of pronounced chloroplast energization in this
treatment.

Given the overall consistency in the light response of
Ft and Fm Fig. 2 shows the fluorescence parameters
NPQ andAF/Fnt. The derived parameters obviously re-
flected the changes of primary photosynthetic reactions
in birch leaves indicated by the shape of Ft and It
curves in the range 10-50 umol photons? mrl. The
AF/FmM parameter, which reflects the quantum vyield of
PS Il electron transport (Genty et al.1989), was lowered
by ozone (Fig. 2B) which was even more pronounced at
low nutrient supply (Fig. 2B). NPQ increased with rising
PFD in the control leaves in two phases, corresponding
to the biphasic decline of Fr{Fig. 1). The light depen-
dent increase of NPQ was affected by ozone almost ex-
clusively in the second phase of the curve while the first
phase was similar to the control leaves.

As an example of leaf ageing undeg &posure (i.e.
increasing Q dose because of the longer exposure), Fig.
3 demonstrates the fluorescence parameters of 6- and 12-
week-old leaves under high nutrient supply in late Sep-
tember. Principally, similar effects between the two leaf
age classes could be observed as when comparing ozone
treated and control plants (Figs. 1, 2). In older leaves,
which had received higher doses of ozone, the FO value
was also higher (Fig. 3A). This effect was combined
with the shift of the Ft-maximum and the shoulder in the
Fm' graph to lower PFD. NPQ increased with leaf age,
while the bend of the plot described above shifted to-
wards low irradianceAF/Fnf declined with leaf age.

Discussion

The results show that prolonged treatment underad-
centrations, which correspond to concentrations on the

experimental site during sunny summer days, cause Sig-
nificant changes of chlorophyll fluorescence parameters
in birch leaves. These changes include a decrease in the

Fig. 3 Light response curves of Ft and Fualues A), effective ; ; _
PS Il quantum yieldAF/Fnt, (B), and non photochemical quench-quantum yield of photosystem Il, and an increase of non

ing, NPQ, () in leaves of high fertilized plants exposed for ®hotochemical quenching. The light dependence of NPQ
(6w) or 12 (12w) weeks to ozone fumigation. Measurements wefévealed two different phasesg @eatment had no ap-
in late Septembr=7 parent effect on the first phase whereas the second one
was already induced at lower PFD values. In the illumi-

the Fni response curve and shifted it to the range of 5-2éted state an adaptation of the photosynthetic apparatus
umol photons n? s1 (Fig. 1B). Comparison of Fig. 1A to Os-induced stress was connected to the rise of radia-
and B shows that the first phase of ‘Faecline corre- tionless energy dissipation. All these effects became
sponds to the increase of Ft to the maximum, while thre obvious with an increase of ozone dose in leaves
second phase coincides with the decrease of Ft. during their exposure to the fumigation.

In low fertilized ozonated plants at PFD>100 pumol The light responses of Ft, Frand NPQ observed in
photons m? s-1 Ft fell below the FO level, which did notbirch leaves grown in ©free air indicate the existence
allow calculation of photochemical quenching in our exf at least two different processes governing energy con-

Actinic PFD (umol m2 s™)
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version of the photosynthetic apparatus at PS Il in toePS Il electron transport and paralleled the reduction of
range of PFD 0—200 umol photons2s-1. An inflection CO.-fixation observed (Table1). A remarkable;-O
in the light response curve of NPQ has also been cbused loss of biomass productivity at the whole-tree
served in other studies (e.g. Demmig-Adams and Wintevel was established in both low and high fertilized
1988). The first phase was attributed to a rather slovifges, as a result of the reduced,@GSsimilation rate, a
relaxing type of NPQ, which, at least at low PFD, i®duced whole-tree foliage area, and an increased de-
thought to be related to a state 1-2 transition (Chowneand of assimilates for repair or detoxification (for de-
al. 1981; Barber 1983; Quick and Stitt 1989; Krause atails see Maurer and Matyssek 199Z&F/Fnf was re-
Weis 1991; Walters and Horton 1991; Allen 1992). duced by ozone to a lesser extent under light limited con-
According to the mechanism of the state 1-2 tranditions (Fig. 2B) and after dark adaptation (Table 1),
tion, state 1 occurs at rather low irradiance with lowhich indicates rather that a limitation of electron con-
ApH* across the thylakoid membrane and most plastamption in the Calvin cycle occurred than direct dam-
quinone (PQ) being oxidised (for a review, see Allage to PS Il. However, the given decrease in Fv/Fm, es-
1992). An increase in irradiance from 0 to 50 umol phpecially in the LF treatment, also points to a certain ef-
tons m2 s-1 caused an increase in Ft, indicating the réect on PS Il itself. One could argue that the natural daily
duction of Q, the primary acceptor of PS Il (Fig. 1),Q illumination of the leaves during fumigation caused pho-
reduction is combined with an increase AjiH*, PQ toinhibition in the leaves where photosynthesis was par-
pool reduction and activation of the phosphorylation @élly inhibited. Although we can not exclude photoinhi-
PS Il light harvesting complexes (LHCII) (Allen 1992)bition, it seems rather unlikely, since incident PFD was
It is assumed that phosphorylated LHCII shifts from R&perimentally restricted to values below 600 umot m
Il to PS | which is an effective quencher of fluorescensé and Fv/Fm was determined from the side of the
at room temperature. Thus, NPQ at low irradiance migbaves averted from the light.
reflect a decrease of excitation energy flow to PS Il. An Improved mineral nutrition alleviated the damaging
alternative view was proposed by Walters and Horteffects of ozone (Fig. 2, Table 1) in chlorophyll fluores-
(1993). These authors suggest that NPQ induced at vegygice, whereas in control plants no significant influence
low PFD is due to antenna located dissipation induceddiyfertilization on Fv/Fm, NPQ oAF/Fnt could be de-
phosphorylation of the LHCII. tected. The photosynthetic capacity increased with high
Ozone treatment had no appreciable effect on the fifiesttilization and was considerably reduced by ozonation
phase of NPQ (Figs. 2, 3). This could have been causedoth fertilization treatments (Table 1). Maurer et al.
by an insensitivity of LHC Il phosphorylation to ozon€1997) found that ozone caused a stronger relative de-
induced damage. At the lowest PFDs the electron presease in the COassimilation rate than in the stomatal
sure provided by PS Il is limiting electron transport. Reonductance, irrespective of the fertilization regime. In
duced Fv/Fm values and a lowered apparent quanttha short-term, stomatal narrowing may have directly in-
yield of CQ, fixation as determined by gas exchandabited the Calvin cycle activity, but this is not evident
measurements (Maurer 1995) indicated a decreased HBrlllong-term fumigation with ozone. The effects of
activity. Hence, one would rather expect a decreasmmbne fumigation seen in chlorophyll fluorescence were
NPQ in ozone treated leaves. Close inspection of Fig. &#ongly dependent on the duration of exposure. Ozona-
revealed a tendency for lower NPQ in ozone fumigateztl, 6-week-old leaves showed fluorescence characteris-
leaves. However, the effect was too weak to be signiies very similar to those of 8-week-old control leaves.
cant, possibly because the decrease of PS Il quan{iigs. 2, 3). On the other hand, in leaves exposed only 2
yield was not sufficiently large. Farage et al. (199Weeks longer to ozone, clear signs of damage appeared
showed only marginal effects on the maximal quantufisig. 2). This damage apparently did not greatly increase
yield of photosynthesis of wheat after short term fumigduring the following 4 weeks (Fig. 3).
tion with high ozone doses. In contrast to CQgas exchange measurements where
The further changes of Ft, EnNPQ andAF/Fnf in  various ozone-induced effects have been reported from
the leaves at higher PFD might be explained by an annual (Fuhrer et al. 1989) and perennial plants (Matys-
crease of energy-dependent quenching, connected sk et al. 1995), few data on chlorophyll fluorescence
the energization of the thylakoid membrane and zeaxander elevated, low-level ozone concentrations are avail-
thin synthesis (Krause and Weis 1991). The contributiable. Ruth (1990) and Ruth and Weisel (1993) observed
of these processes to energy conversion at PS Il strorgglgecline in the Rfd-ratio after ozonation of spruce.
rises at intermediate PFDs when photosynthesis becotidesever, a lowering of this parameter may reflect either
light saturated (Quick and Stitt 1989; Demmig-Adane reduction of maximal fluorescence yield or an inhibi-
1990). Therefore, the shift of the start of the secotidn of fluorescence quenching. Therefore, discrimina-
phase of NPQ to lower PFD observed in ozone treateh of damage to PS Il from damage to other photosyn-
leaves may indicate an earlier transition between limithetic reactions is not possible. Fumigation with non-en-
tion of photosynthesis by light or by energy utilization imironmentally high concentrations (450 plEb resulted
the Calvin cycle. in a decrease of the photosynthetic electron flux as mea-
A major effect of ozone treatment was a lowering stired by chlorophyll fluorescence (Urbach et al. 1989).
PS Il quantum yield AF/FnT). This reflects a reduction Young Fagus sylvaticashowed no effects after 2 months
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of low ozone fumigation but revealed a moderately r&iinthardt-Goerg MS, Matyssek R, Scheidegger C, Keller T

duced Fv/Fm after 5 months (Lippert et al. 1996) (1993) Differentiation and structural decline in the leaves and
' ' bark of birch Betula pendulpunder low ozone concentration.

In conclusion, our results showed that ozone fumiga- trees 7:104-114
tion with realistic concentrations resulted in a time-dgsmer C (1991) Some often overlooked plant characteristics as
pendent manner in a strong inhibition of electron trans- determinants of plant growth: a reconsideration. Funct Ecol

port through PS II. This was caused by an effect after PS>:162-173

C il ; Krause GH, Weis E (1991) Chlorophyll fluorescence and photo-
Il, most probably by an inhibition of the Calvin cycle act synthesis: the basics. Annu Rev Plant Physiol Plant Mol Biol

tivity. It appears that the primary target of ozone is here 42.313_349

since intrinsic quantum yield of PS Il was affected tolandolt W, Pfenninger |, Lithi-Krause B (1989) The effects of

lesser extent. ozone and season on the pool size of cyclitols in Scots pine
(Pinus sylvestris Trees 3:85-88
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