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Ozone affects Scots pine phenology and growth
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Abstract

An open-top chamber (OTC) fumigation experiment with 10- to 15-year-old
Scots pines (Pinus sylvestris L.) was started in autumn 1997 at the University of
Oulu (65°N, 25°E). There were six non-filtered air (NF) and six open-field (AA)
control pines. The six NF 4+ O3 pines were exposed from summer 1998 onwards
to target ozone (O3) concentrations of ambient air +40 ppb in May, ambient air
+30 ppb in June, ambient air +-20 ppb in July, ambient air +10 ppb in August
and ambient air in September. The accumulated O3 exposure over a threshold
of 40 ppb (AOT40) in the NF + O3 OTCs was 12.9 ppmh in the summer of
1998, but only 1.1 and 1.8 ppmh in the summers of 1999 and 2000, respectively,
because fumigation started late. The respiration of previous-year needles was
increased by exposure to Oz; and they also showed a decreasing trend in net
photosynthesis and an increasing trend in the internal CO, concentration with
increasing Oz exposure in the summer of 1998. The results on needle carbon
(C) contents suggested Os-related changes in C alocation, and the chlorophyll
a+ b/carotenoid ratio in the current-year needles of the NF 4 O3 pineswas also
lower than that in the current-year needles of the NF controlsin November 1999,
The dlightly elevated O3 concentrations caused clear physiological responsesin
Scots pine needles, which may, over alonger period, result growth reductions,
as was suggested by the non-significant changes in the current-year shoot (18%
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increase in main shoots vs. 19% decrease in branches) and needle (15% and 10%
decrease in main shoots and branches, respectively) growth of the NF+ Og trees
recorded in late July 2000. It seems that peak O3 episodes during early summer
are harmful to subarctic Scots pines.

1. Introduction

The critical level concept based on the accumulated ozone (O3) exposure over
athreshold of 40 ppb (AOT40) has been developed in Europe to protect vege-
tation from O3z damage. In the Level | approach, acritical Oz level of 10 ppmh
has been proposed for European forests, on the basis of a few dose-response
studies (Kérenlampi and Skérby, 1996). The major uncertainties in defining
the critical level values for Oz relate to the choice of response parameters and
species (Fuhrer et al., 1997). There is also need for alonger term perspective.
Trees are long-lived organisms, and it may take years for impacts to become
apparent (Fuhrer and Achermann, 1999).

Among conifers, Scots pine (Pinus sylvestris L.) and Norway spruce (Picea
abies [L.] Karst.) are the most important species in Scandinavia, both eco-
logically and economically. The Oz sensitivity of Scots pine has been stud-
ied much less than that of Norway spruce. Recent O3 studies on Scots pine
seedlingsinclude open-top chamber (OTC) experiments by Broadmeadow and
Jackson (2000), Landolt et al. (2000) and Utriainen et a. (2000), for exam-
ple. In the Liphook Forest Fumigation Experiment, seedlings were exposed
under field conditions (McLeod and Skeffington, 1995), as was aso done by
Utriainen and Holopainen (1999). Kelloméaki and Wang (1997, 1998) studied
the Oz response of 30-year-old Scots pines using OTCs, whereas Skérby et a.
(1987) exposed current-year shoots of 20-year-old Scots pines in situ. In the
present study, 10-to-15-year-old Scots pines were exposed during the growing
seasons 1998, 1999, and 2000 to elevated O3 levelsin OTCs in northern Fin-
land. Their responses were measured by gas exchange, growth, morphology,
injury, pigment, and nutrient parameters during the summer and autumn to de-
tect both direct and delayed O3 effects. The hypothesis was that ambient or
dightly elevated O3 concentrations affect local subarctic Scots pines. One of
the special aims of the project was to assess therole of high Oz concentrations
in late spring and early summer as a factor modifying the response of Scots
pineto Os.

2. Materials and methods
2.1. Theexperiment

The Scots pine (Pinus sylvestris L.) used in this study were 10 to 15 years old
when they were moved from Kempele, near the city of Oulu, to the University



Ozone affects Scots pine phenology and growth 233

of Oulu’'s experimental field (65°N, 25°E) in September 1997. The trees were
balled transplants of seed origin. Twelve of the trees were planted directly in
the OTCs (one tree/OTC) and the rest in an open field. Six of the trees, that
had overwintered in the open field, were planted in open-field control plotsin
May and June 1998. Four of the six trees that had been planted in the control
OTCsin September 1997 were a so replaced by new trees in May—June 1998,
as they seemed to have suffered some winter damage. In summary, there were
six pinesin the OTCs supplied with non-filtered ambient air + supplemental
ozone (NF + Og), six pines in the non-filtered control OTCs (NF), and six
pines in the open-field control plots (AA). The soil around the pine roots was
amixture of humusand sand (3: 1) from adryish heath forest. The trees were
watered from a nearby lake, but not fertilized.

A detailed description of the experimental system is given by Hirvijarvi et
al. (1993). Ozone was produced from pure oxygen by an O3z generator (Fischer
Mod. 502). In the summer of 1998, the O3 concentrations were measured with
aMonitor Labs O3 analyzer (model 8810). In the summer of 1999, an API 400
O3 analyzer (No. 066) was used because there were problemswith the old ana-
lyzer. In the summer of 2000, we hired aDasibi Environmental Corporation Os
anayzer (model 1008-RS). Furthermore, the walls of the OTCs were replaced
by new polycarbonate ones in June 1999. Subsequently, the average values of
photosynthetically active radiation (PAR) in the OTCs were only 15% lower
compared with conditionsin the open field. In the summer of 1998, they were
28% lower on average.

The NF 4+ O3 pines were exposed to ambient air +40 ppb O3 in May 1998,
after which the Oz exposure was decreased by 10 ppb each month to mimic the
natural variation in Oz concentrations during the growing season in northern
areas. As a result, the pines were exposed to only ambient air in September
1998. In the summers of 1999 and 2000, fumigation did not start until 23 June
and 7 June, respectively, and the NF 4+ Oz pines were exposed to the same tar-
get O3 concentrations as in the summer of 1998, i.e., ambient air +30 ppb in
June, ambient air +20 ppb in July, ambient air +10 ppb in August and am-
bient air in September. Fumigation was carried out between 08.00 and 16.00
hours for 5 days a week. This episodic approach was chosen to mimic nat-
ural O3 occurrence under northern conditions. A cumulative Oz exposure in-
dex AOT40 was calculated as a sum of the hourly O3 concentrations above
the cut off of 40 ppb. The average AOT40 amounted to 12.9 ppmh (calcu-
lated for 24 hours/day) in the NF + Oz OTCs from May—September 1998,
whereas between late June and the end of September 1999, it only reached
1.1 ppmh and, between early June and the end of July 2000, 1.8 ppmh (Ta
ble1).
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Tablel. AQT40s (ppbh) for the treatments in May—September 1998, June-September 1999, and
June and July 2000 on a 24-hour basis. The 1-hour minimum and maximum Og concentrations are
given in parentheses

Treatment
Year Month NF NF + O3 AA
1998 May? 56 (1-50) 7890 (1-154) 95 (1-47)
June 0(0-41) 3706 (0-113) 2(0-42)
July 4(0-50) 1266 (0-97) 1(0-42)
August 2(0-42) 68 (1-112) 0(0-30)
September? 7 (0-44) 7 (0-44) 7 (0-44)
1999 June? 0(0-41) 526 (0-72) 2(0-42)
July 0(0-39) 553 (0-110) 0(0-39)
August 0(0-41) 40 (0-52) 0(0-40)
September? 0(1-39) 0(1-39) 0(1-39)
2000 June? 0(0-34) 1244 (0-83) 0(0-31)
July 0(0-30) 584 (0-71) 0(0-35)
Total 1998 69 12937 105
1999 0 1119 2
2000 0 1828 0

@Fumigation was started on 4 May 1998, 23 June 1999, and 7 June 2000.
bOzone concentrations measured in the open field.

2.2. Growth recording

Budburst, current-year needle growth, and current-year shoot growth were
recorded from the end of May or the beginning of June onwards, each sum-
mer. Observations were made twice weekly on the main shoot and one of the
branches on the 1997 whorl. Five randomly chosen needles were measured for
length each time.

2.3. Gas exchange measurements

Measurements of net photosynthesis (Py), respiration (R), stomatal conduc-
tance for water vapor (gH,0), and internal CO, concentration (cj) were carried
out five times between 16 July and 20 September 1998. Gas exchange was not
measured in 1999 and 2000. Three trees were chosen from each treatment, and
from each tree, a branch was chosen from the 1996 whorl. The gas exchange
of current- (¢) and previous-year (c 4+ 1) shoots was measured using a portable
photosynthesissystem (ADC gasanalyzer model LCA 2 and ADC PLC(N) cu-
vette). Photosynthetically active radiation (PAR) was measured with a Li-Cor
meter equipped with a SPQA 2260 sensor. Five needles from each age class
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on each branch were measured for length to cal culate total needle surface area
(At = 4.2235 x length — 15.6835) (Flower-Ellis and Olsson, 1993).

2.4. Pigment and glutathione reductase analyses

Current-year and ¢ + 1 needles for chlorophyll (chl) a and b and carotenoid
(car) analyses were collected on 15 November 1999. The needles were taken
from a 1997 whorl and stored in a freezer (—72°C) until analysis. The pig-
ments were extracted with DM SO according to Hiscox and Israelstam (1979)
and the absorbances were measured at 470, 646, and 663 nm with a Beck-
man DU® -64 spectrophotometer. The pigment concentrationswere cal cul ated
according to Wellburn (1994).

Glutathione reductase (GR) activity was determined from ¢ and/or ¢ + 1
needles collected on 11 August and 8 September 1998 by a modification of the
method of Polle et al. (1990). A Beckman DU® -64 spectrophotometer was
used to measure the decrease in absorbance at 340 nm, and the activity was
calculated using an extinction coefficient of 6.22 mM~1cm~1 for NADPH.

2.5. Microscopic studies

One millimeter sections were removed from healthy looking needles (three
needles/tree) from the 1997 whorl on 1 September 1998 for morphologi-
cal observations. The pieces were fixed, dehydrated, and embedded accord-
ing to Soikkeli (1980) and Reinikainen and Huttunen (1989). The samples
were stained with toluidine blue and examined under a Nikon Optiphot-2 light
microscope connected to a digital image analyzer (Microscale TM/TC, Dig-
ithurst Ltd.) by a video camera (Hitachi CCD KP-C571). The following vari-
ables were measured: needle width (vertical thickness) and thickness (hori-
zontal thickness), total cross-sectional area, epidermal and hypodermal area,
and mesophyll area. The damage in mesophyll cells was classified accord-
ing to Soikkeli (1981). The samples (two or three needles/tree) for transmis-
sion electron microscopic (TEM) studies were stained with lead citrate and
uranyl acetate. Because one of the earliest O3 symptoms observed in plants
is the deformation and shrinking of chloroplasts, the chloroplast ultrastruc-
ture, i.e., chloroplast size, number of plastoglobuli and swelling of thylakoids,
was recorded. Thylakoid swelling was assessed according to the following
classes: 0 = not swollen, 1 = dightly swollen, 2 = somewhat swollen, and
3 = markedly swollen.

2.6. Elemental analyses

The samples for elemental analyses were collected by taking ¢ and ¢ + 1
needles from several branches on the 1996 and 1997 whorls on 18 Novem-
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ber 1999. Total foliar concentration of sulfur (S), phosphorus (P), magnesium
(Mg), potassium (K), and calcium (Ca) was analyzed using a SRS 303 As
X-ray fluorescence spectrometer with an Rh anode; nitrogen (N) and carbon
(C) concentrations were analyzed using CE Instrument’s EA 1110 CHNS-O
Elemental Analyzer supplied with Eager 200 for Windows™ (Manninen and
Huttunen, 2000).

2.7. Statistical analyses

Differences between treatments were assessed using ANOVA, Fischer’s PLSD
(Protected Least Significant Difference) as a post hoc test, Kruskal-Wallis test
and Mann-Whitney test (STATVIEW 4.1, Abacus Concepts Inc.). The data
were tested for normality. No data transformation was carried out. The tree
(i.e., OTC chamber and AA plot) means were calculated for each parameter
before testing; they numbered n = 6 for each treatment, except in the case of
the gas exchange measurements, wheren = 3.

3. Reaults
3.1. Photosynthesis, respiration, and stomatal responses

The gas exchange measurements did not show any marked Os effects on
current-year (c¢) needles due to the large variation between individual trees
within the treatments, although the NF+- O3 pines had lower average net photo-
synthesis (Pn) and higher average respiration (R) than the NF ones, especialy
in mid-August 1998 (Fig. 1).

Previous-year (¢ + 1) needles showed an increasing trend in the P, of the
NF pines and a decreasing trend in that of the NF + O3 pines (Fig. 2). The
NF+ O3 pineshad higher R thanthe NF pines. Thedifferencein R between the
NF + Oz and NF trees was statistically significant (Z = —1.964, p = 0.0495)
in mid-August 1998. Theinternal CO, concentration (c;) of the NF+ Os pines
seemed to increase with decreasing P, whereas no trends were seen in stom-
atal conductance (gH,0). The AA pinesalways had the highest gH,0, however.

3.2. Growth

In late July 2000, the current-year main shoots of the NF 4+ Oz pines were, on
average 18% longer than those of the NF pines (Z = —1.281, p = 0.2002),
whereas the average current-year growth of branches in the NF + Oz pines
was 19% less than that in the NF pines (Z = —1.922, p = 0.0547) (Fig. 3).
The ¢ needles of the NF + Oz pines were also shorter than those of the NF
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Figurel. Net photosynthesis (Pn, pmol m—2s1), respiration (R, umol m—2s~1), and stomatal
conductance for water vapor (gn,0, mmol m—2s-1) per total needle area and internal CO, con-

centration (cj, pmol mol 1y of current-year (c) needles in August and September 1998. Values are
means +SD, n = 3.
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Figure2. Net photosynthesis (P, pmol m—2s1), respiration (R, umol m—2s™1), and stomatal
conductance for water vapor (gn,0, mmol m—2s-1) per total needle area and internal CO, con-
centration (cj, umol mol —1) of previous-year (c + 1) needlesin July, August, and September 1998.
Asterisks indicate statistically significant differences (Mann-Whitney U, p < 0.05) between the
NF pines and the pines with the other treatments. Values are means +SD, n = 3.
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Figure 3. Current-year main shoot and branch growth in the summers of 1998-2000. Values are
means +SD, n = 6.
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Figure4. Current-year needle length of main shoots and branches in the summers of 1998-2000.
Values are means +SD, n = 6.

pines, but these differences (15% in main shoots and 10% in branches) were
not statistically significant either (Fig. 4).

3.3. Microscopic studies

The microscopic studies showed no statistically significant differencesin the
measured parameters (Table 2). However, epidermal and hypodermal area in
the ¢ needles of the NF + O3 pines was smaller than that in the ¢ needles of
the NF pines in the summer of 1998. There was no visible Oz damage in the
needles, but moreinjured mesophyll cellswere observedin the ¢ needlesof the
NF + O3 pines than in those of the NF pines (data not shown). Under TEM,
the NF 4+ O3 pines had the highest percentage of both healthy (class 0) and
markedly swollen (class 3) thylakoids.

3.4. Pigment concentrations and glutathione reductase activity

Theresultssuggested an Oz-induced decreasein the (chlorophyll a+ b) /carote-
noid ratio ((chl a+ b)/car) of the ¢ needles of the NF+ O3 pines (p = 0.0547)
in November 1999 as a result of a decrease in the chl a 4+ b concentration
and an increase in the car concentration (Fig. 5). The differencein GR activ-
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Table2. Morphology of current-year needles in September 19982

Treatment
Variable NF NF + O3 AA
Width (mm) 1.45 £+ 0.20 145 + 0.19 1.43 £+ 0.08
Thickness (mm) 0.62 + 0.05 0.63 £+ 0.06 0.61 + 0.05
Cross-sectionad 0.78 + 0.18 0.76 + 0.17 0.75 + 0.12
area (mm?)
Epiderm + hypoderm 0.096 + 0.016 0.089 + 0.012 0.090 + 0.013
area (mm?)
Mesophyl| area (mm?) 0.48 + 0.11 0.47 + 0.11 0.47 + 0.08
aTreatment means +SD, n = 6.
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Figure 5. Chlorophyll a + b and carotenoid concentrations and ratios of chla/b and
(chla+ b)/car in current (¢) and previous-year (¢ + 1) needles in November 1999. Hatched
bars = ¢ needles, black bars = ¢ + 1 needles. The asterisk indicates a statistically significant dif-
ference (p < 0.05) between the NF + O3 and NF pines. Values are means +SD, n = 6.

ity between treatments was not statistically significant, although in the ¢ and
¢ + 1 needles of the NF + Oz pines showed dightly lower average GR activity
compared with the ¢ and ¢ 4 1 needles of the NF pines (Table 3).

3.5. Carbon and nutrient concentrations

There was an O3 effect on the needle C content, as shown by the higher C
content inthe ¢ + 1 needles of the NF 4 O3 pinesthan in those of either the NF
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Table 3.  Glutathione reductase activity (nkat g*l FW) of current (c¢) and previous-year (c + 1)
needles in August and September 19982

Treatment
Month Needle age class NF NF + O3 AA
August c+1 56+1.8 6.0+28 54408
September c 12.6 £ 3.0 11.0+51 85+32
c+1 11.2+45 10.1+22 105+33

aTreatment means +SD, n = 6.

pinesor the AA controls Table 4. All the elemental concentrations (except the
Ca concentration) depended on needle age: ¢ needles had higher N, S, P, Mg,
and K concentrationsthan ¢ + 1 needles, which in turn had a higher C content
than the ¢ needles. The interaction between treatment and needle age in the
case of the needle S concentrations could be explained by the differencesin
thefoliar S concentrations of the ¢ vs. ¢ + 1 needles between the OTC and AA
pines.

4. Discussion

Broadmeadow and Jackson (2000) exposed seedlings of oak (Quercus petraea
L.), ash (Fraxinus excelsior L.), and Scots pine to 20-80 ppb O3 (annual 24 h
AQT40s 47.8-74.1 ppmh) in a 3-year experiment. Oak was the most respon-
sive species, with a 30% reduction in growth followed by a 15% reduction in
Scots pine. Ozone had no detectable effect on ash. Chlorophyll degradationin
response to Oz was only observed in oak and it correlated with stomatal con-
ductance (Broadmeadow et a., 1999). Landolt et al. (2000), in turn, studied the
O3 response of seedlings during one growing season (50% ambient +30 ppb;
daylight hour AOT40 19.7 ppmh, 24 h AOT40 29.3 ppmh) and calculated a
biomassloss of 25.5% for ash, 17.4% for beech (Fagus sylvatica L.), 9.9% for
Scots pine, and 5.6% for Norway spruce per AOT40 increment of 10 ppmh.
Utriainen and Holopainen (1999) and Utriainen et a. (2000) exposed 3-year-
old Scots pineto 1.3—-1.5 x ambient O3 for three growing seasonsin open-field
(annual 24 h AOT40s 15.4-38.0 ppmh) and to 1.5 x ambient O3 for two grow-
ing seasons in OTCs (growing season 24 h AOT40s 33.3 and 39.9 ppmh).
Ozone had a growth-depressing effect on the current-year main shoot length
after thethird year (19% under elevated O3 during the growing season and 41%
under elevated O3 during the springtime and growing season) (Utriainen and
Holopainen, 1999). Slight Oz-induced yellowing and/or chlorotic mottling was
observed in the ¢ + 1 needles in the OTC experiment (Utriainen et al., 2000).
In the Liphook Project, which lasted for nearly 4 years, no mgjor effects of O3



Table4. Carbon and nutrient concentrations in the ¢ and ¢ + 1 needles of Scots pine in November 19992

Treatment Needleage  C (%) N (%) Stgg™)  Pgg™h)  Mg(gg™) K(ggl) Ca(gg?h)
NF c 49.9+0.4 1.394+0.12 1303+71 1615+ 130 1866 4+ 299 6268+ 777 2729+ 336

c+1 51.4+04 1.254+0.18 11424100 1338 +47 12964+ 210 5263+ 399 2279+ 748
NF + O3 [ 50.3+04 1.464+0.17 13184103 1573+91 17914352 5745+ 690 2775+ 428

c+1 51.9+04 1.23+0.13 1076+ 106 1293 + 52 11674180 4877 £ 429 2122+ 437
AA c 50.1+ 0.5 1.28+0.11 1205+99 1587+ 49 1571+ 223 5743+ 433 2606 + 439

c+1 51.2+04 1.254+0.11 11984103 1456 4+ 113 1286 4+ 316 5208 + 637 2601+ 771
Treatment * ns ns ns ns ns ns
Needle age Hokok sHokk Hokok Hokok Hokok Hokok ns
Treatment x ns ns * ns ns ns ns

needle age

aTreatment means & SD.

Significances of ANOVA (n = 6) for the of treatment effects and needle age, or the interaction between them, on the element concentrations
are given asfollows: #xx p < 0.001, xx p < 0.01, * p < 0.05, ns= non-significant.
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were observed on Scots pine, Norway spruce, or Sitka spruce (Picea sitchensis
[Bong.] Carr.) at average AOTs of 28.8-30.7 ppmh (McLeod and Skeffington,
1995).

Scots pine may be considered moderately sensitive to O3 based on the
seedling studies cited above. The marked variation in the growth parameters
between individual young trees in late July 2000 makes it difficult to demon-
strate any systematic O3z response. Furthermore, theincreasing trendsin needle
and main shoot length from the summer of 1998 to the summer of 2000 may
only reflect the rooting and adaptation of the trees to the experimental site. If
so, then the growth results from the 1998 vs. 2000 summers may suggest that
high O3 levels have little effect on Scots pines when the trees have root dam-
age or soil water availability is limited due to climatic factors (McLaughlin
and Downing, 1995), whereas under normal conditions Scots pineis sensitive
to Os. Actually, marked differences might have been found merely by increas-
ing the number of needles studied. The results of Laakso (2001), based on ten
needles/tree rather than five needles/tree, as in this study, showed a statisti-
cally significant decrease in the length of ¢ needles attached to the branches of
our NF + O3 pinesin the summer of 2000 (p = 0.037). Given the formidable
costs of free-air and mature-tree fumigation and the number of replications
needed to detect small biological changes over short-term experimentation,
Samuelson and Kelly (2001) recommend that research on cause-effect rela
tionships in forest trees should apply the rigorous statistical and monitoring
protocol developed by Schreuder and Thomas (1991).

At any rate, the reduced growth of ¢ needles may be attributed to the de-
creased net photosynthesis and increased respiration under elevated Oz. Kel-
loméki and Wang (1997, 1998) exposed naturally grown 30-year-old Scots
pines to doubled ambient Oz in OTCs. In the third year of O3 treatment, the
doubled ambient O3 (69 ppb; average daylight hour AOT40 19.2 ppmh) sig-
nificantly reduced the photosynthetic rate, the specific growth rate of needles
undergoing early expansion, and the needle N concentration in the late stage,
but increased the apparent respiration ratesin the late stage. Anincreasein dark
respiration was also found by Skérby et al. (1987), who exposed current-year
shoots of 20-year-old pines to 60—200 ppb in branch chambers for 1 month.
The TREGRO simulations by Constable and Retzlaff (1997) showed that, re-
gardless of O3 exposure and peak O3 episode occurrence, a peak O3 episode
in August caused the greatest reduction in C gain in yellow poplar, whereas a
peak O3 episodein July caused the greatest reduction in the C gain of loblolly
pine. In other words, maximum Os response was observed when the peak O3
episode occurred at or near the completion of the annual foliage production
phenophase.

Age-dependent differencesin Oz uptake, anatomy, and detoxification aswell
as injury repair appear to be of paramount importance (Matyssek and Innes,
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1999). Older needles of Norway spruce have been found to react more nega-
tively to Os stress than young needles (Skérby et al., 1995), as was aso sug-
gested by the present results. The average net photosynthetic rate of the ¢ + 1
needlesin the NF + O3 pineswas only 10% that of the ¢ + 1 needlesin the NF
pinesin September 1998, and their average respiration rate was 2.3-fold com-
pared to the NF control. This means that the Oz effect is small in young trees
and becomes greater in old trees, mainly because of the different proportions
of the needle age classes (Skérby et al., 1995). It also meansthat aloss of 2- to
3-year-old needles in Scots pine influences the remaining crown more signifi-
cantly than aloss of 7- to 10-year-old needlesin Norway spruce (Langebartels
etal., 1997).

Glutathione reductase activity did not suggest any changesin the antioxida-
tive status of the NF 4 O3 pines in September 1998. According to Foyer et
al. (1994), glutathione, ascorbate, and superoxide dismutase defenses are of -
ten not responsive until visible injury occurs. There were no visible foliar O3
injuries in the NF + O3 pines. On the other hand, the reduced chl a + b con-
centration and the increased car concentration, i.e., the reduced (chl a+ b) /car
ratio, in ¢ needles of the NF + Oz pines in November 1999 compared with
pigment concentrations and ratio in ¢ needles of the NF pines point to Oz-
related oxidative stress. Carotenoids provide one line of defence against ox-
idative stress (Young and Britton, 1990; Polle and Rennenberg, 1994). The
lower (chla+ b)/car ratio in ¢ needles of the NF + Oz pines than in those
of the NF pines in November 1999 may be considered a memory effect that
developsin early autumn in Scots pine (Langebartels et a., 1997). It has been
suggested that a reduction in the proportion of surface structuresis an acclima
tion reaction to elevated O3 levels (Gunthardt-Goerg et al., 1993; Paakkonen
et a., 1993, 1995). It may, however, merely indicate restricted resources as a
result of increased respiration and decreased net photosynthesis.

Foliar nutrient concentrations do not explain any of the observed changes.
Thehigher C content of ¢+ 1 needles of the NF+ O3 pinescomparedwith ¢+ 1
needles of the NF pinesin November 1999 may indicate changes in carbohy-
drate allocation. It seems that O3 sensitivity is strongly affected by (genetic)
variation in stomatal conductance for water vapor (gnH,0) and C allocation to
fine root biomass (Constable and Taylor, 1997; Skérby et al., 1998; Samuel-
son and Kelly, 2001). The possible decrease in carbohydrate all ocation to roots
and the change in the root/shoot ratio can be verified after final harvesting (in
summer 2001). The average gn,o of ¢ + 1 needles of the NF + Oz pines was
higher than that of ¢ + 1 needles of the NF pinesin the summer of 1998.

Samuelson and Kelly (2001) point out that is unclear to what degree the
higher O3 uptake ratesin seedlings are offset by the production of new foliage,
as there is some variation in the shoot phenology of Pinus species between
juvenile and mature trees (Clark et a., 1995). Scots pine has a determinate
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growth pattern, and as the O3 concentrations decreased towards the end of the
growing season, the devel oping needles always experienced peak O3 episodes.
This may explain the observed effects of low AOT40s in this study. This also
means that elevated O3 concentrations, especialy occurring in early summer
in northern areas, may have harmful effects on Scots pine.

Acknowledgements

The study was financed by the Jenny and Antti Wihuri Foundation and the
University of Oulu. Mr. Jorma M&kila and Mr. Jouni M &étta are thanked for
their help with the summer 1998 fumigations. Ms. Tuulikki Pakonen, M.Sc.,
and Mr. Seppo Sivonen are acknowledged for their help with the elemental
analyses. The English was revised by Ms. Sirkka-LiisaLeinonen.

References

Broadmeadow, M.J.S,, Heath, J., Randle, T.J., 1999. Environmental limitations to O3 uptake—
some key results from young trees growing at elevated CO, concentrations. Water Air Soil
Pollut. 116, 299-310.

Broadmeadow, M.J.S., Jackson, S.B., 2000. Growth responses of Quercus petraea, Fraxinus excel-
sior and Pinus sylvestris to elevated carbon dioxide, ozone and water supply. New Phytol. 146,
437-451.

Clark, C.S., Weber, JA., Lee, E.H., Hogsett, W.E., 1995. Accentuation of gas exchange gradients
in flushes of ponderosa pine exposed to ozone. Tree Physiol. 15, 181-189.

Constable, J.V.H., Retzlaff, W.A., 1997. Simulating the response of mature yellow poplar and
loblolly pinetreesto shiftsin peak ozone periods during the growing season using the TREGRO
model. Tree Physiol. 17, 627—-635.

Constable, J.V.H., Taylor, G.E., 1997. Modeling the effects of elevated tropospheric O3 on two
varieties of Pinus ponderosa. Can. J. Forest. Res. 27, 527-537.

Flower-Ellis, J.G.K., Olsson, L., 1993. Estimation in volume, total and projected area of Scots
pine needles from the regression on length. Studia Forest. Suecica 190, 1-19.

Foyer, C., Lelandais, M., Kunert, K.J., 1994. Photooxidative stress in plants. Physiol. Plant. 92,
696-717.

Fuhrer, J., Achermann, B. (Eds.), 1999. Critical Levelsfor Ozone—Level Il. Environmental Doc-
umentation No. 115. Swiss Agency for Environment, Forest and Landscape, Bern, Switzerland.

Fuhrer, J., Skérby, L., Ashmore, M.R., 1997. Critical levels for ozone effects on vegetation in
Europe. Environ. Pollut. 97, 91-106.

Gunthardt-Goerg, M.S., Matyssek, R., Scheidegger, C., Keller, T., 1993. Differentiation and struc-
tural decline in the leaves and bark of birch (Betula pendula) under low ozone concentrations.
Trees 7, 104-114.

Hirvijérvi, E., Huttunen, S., Rankka, N., 1993. Description of the experimental system used in a
northern open-top fumigation project in Oulu. Aquilo Ser. Bot. 32, 1-7.

Hiscox, J.D., Israelstam, G.F,, 1979. A method for the extraction of chlorophyll from leaf tissue
without maceration. Can. J. Bot. 57, 1332-1334.



Ozone affects Scots pine phenology and growth 245

Kérenlampi, L., Skérby, L. (Eds.), 1996. Critical Levels for Ozone in Europe: Testing and Final-
izing the Concepts. UN-ECE Workshop Report, University of Kuopio, Department of Ecology
and Environmental Science.

Kelloméki, S., Wang, K., 1997. Effects of elevated O3 and CO, on chlorophyll fluorescence and
gas exchange in Scots pine during the third growing season. Environ. Pollut. 101, 263-274.
Kellomaki, S., Wang, K., 1998. Growth, respiration and nitrogen content in needles of Scots pine

exposed to elevated ozone and carbon dioxide in the field. Environ. Pollut. 97, 17-27.

Laakso, K., 2001. Leaf and needle characteristics of two climax tree species, holm oak (Quer-
cusilex L.) and Scots pine (Pinus sylvestris L.), in elevated-ozone environments in Italy and
Finland. Master’s thesis. Department of Biology, University of Oulu.

Landolt, W., Bihimann, U., Bleuler, P, Bucher, J.B., 2000. Ozone exposure-response rel ationships
for biomass and root/shoot ratio of beech (Fagus sylvatica), ash (Fraxinus excelsior), Norway
spruce (Picea abies) and Scots pine (Pinus sylvestris). Environ. Pollut. 109, 473-478.

Langebartels, C., Ernst, D., Heller, W., Litz, C., Payer, H.-D., Sandermann, H., 1997. Ozone
responses in trees: Results from controlled chamber exposures at the GSF phytotron. In: San-
dermann, H., Wellburn, A.R., Heath, R.L. (Eds.), Forest Decline and Ozone. In: Ecological
Studies, Vol. 127. Springer-Verlag, Berlin, pp. 163-200.

Manninen, S., Huttunen, S., 2000. Response of needle sulphur and nitrogen concentrations of
Scots pine versus Norway spruce to SO, and NO». Environ. Pollut. 107, 421-436.

Matyssek, R., Innes, J., 1999. Ozone-arisk factor for trees and forests in Europe? Water Air Sail
Pollut. 116, 199-226.

McLaughlin, S.B., Downing, D.J., 1995. Interactive effects of ambient ozone and climate mea-
sured on growth of mature forest trees. Nature 374, 252-254.

McLeod, A.R., Skeffington, R.A., 1995. The Liphook Forest Fumigation project: an overview.
Plant Cell Environ. 18, 327-335.

Padkkonen, E., Holopainen, T., Kérenlampi, L., 1995. Ageing-related anatomical and ultrastruc-
tural changes in leaves of birch (Betula pendula Roth.) clones as affected by low ozone expo-
sure. Ann. Bot. 75, 285-294.

Padkkonen, E., Paasisdo, S., Holopainen, T., Kérenlampi, L., 1993. Growth and stomatal re-
sponses of birch (Betula pendula Roth.) clones to ozone in open-air and chamber fumigations.
New Phytol. 125, 615-623.

Polle, A., Chakrabarti, K., Schirmann, W., Rennenberg, H., 1990. Composition and properties of
hydrogen peroxide decomposition systems in extracellular and total extracts from needles of
Norway spruce (Picea abies L. Karst.). Plant Physiol. 94, 312-319.

Palle, A., Rennenberg, H., 1994. Photooxidative stress in trees. In: Foyer, C., Mullineaux, PM.
(Eds.), Causes of Photooxidative Stress and Amelioration of Defense Systems in Plants. CRC
Press, Tokyo, pp. 191-218.

Reinikainen, J., Huttunen, S., 1989. The level of injury and needle ultra structure of acid rain-
irrigated pine and spruce seedlings after low temperature trestment. New Phytol. 112, 29-39.

Samuelson, L., Kelly, .M., 2001. Scaling ozone effects from seedlings to forest trees. New Phy-
tol. 149, 21-41.

Schreuder, H.T., Thomas, C.E., 1991. Establishing cause-effect relationships using forest survey
data. Forest Sci. 37, 1497-1512.

Skérby, L., Ro-Poulsen, H., Wellburn, F.A.M., Sheppard, L.J., 1998. Impacts of ozone on forests:
a European perspective. New Phytol. 139, 109-122.

Skarby, L., Troeng, E., Bostrém, C.-A., 1987. Ozone uptake and effects on transpiration, net pho-
tosynthesis, and dark respiration in Scots pine. Forest Sci. 33, 801-808.

Skérby, L., Wdlin, G., Selldén, G., Karlsson, PE., Ottosson, S., Sutinen, S., Grennfelt, P, 1995.
Tropospheric ozone—a stress for Norway spruce in Sweden. Ecol. Bull. 44, 133-146.



246 S Manninen et al.

Soikkeli, S., 1980. Ultrastructure of the mesophyll in Scots pine and Norway spruce: Seasonal
variation and molarity of the fixative buffer. Protoplasma 103, 241-252.

Soikkeli, S., 1981. Comparison of cytologica injuries in conifer needles from several polluted
industrial environments in Finland. Ann. Bot. Fenn. 18, 47-61.

Utriainen, J., Holopainen, T., 1999. Impact of increased springtime O3 exposure on Scots pine
(Pinus sylvestris) seedlings in central Finland. Environ. Pollut. 109, 479-487.

Utriainen, J., Janhunen, S., Helmisaari, H.-S., Holopainen, T., 2000. Biomass dlocation, needle
structural characteristics and nutrient composition in Scots pine seedlings exposed to elevated
COy and O3 concentrations. Trees 14, 475-484.

Wellburn, A.R., 1994. The spectral determination of chlorophylls a and b, as well as tota
carotenoids, using various solvents with spectrophotometers of different resolution. J. Plant
Physiol. 144, 307-313.

Young, A., Britton, G., 1990. Carotenoids and stress. In: Alscher, R.G., Cumming, J.R. (Eds.),
Stress Responses in Plants: Adaptation and Acclimation Mechanisms. In: Plant Biology,
Vol. 12, pp. 87-112.



	Ozoneozone affects Scots pineScots pine phenology and growthgrowth
	Introduction
	Materials and methods
	The experiment
	Growth recording
	Gas exchange measurements
	Pigment and glutathione reductase analyses
	Microscopic studies
	Elemental analyses
	Statistical analyses

	Results
	Photosynthesis, respiration, and stomatal responses
	Growth
	Microscopic studies
	Pigment concentrations and glutathione reductase activity
	Carbon and nutrient concentrations

	Discussion
	Acknowledgements
	References


