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Norway spruce seedlings were exposed to two ozone levels (ambient and 1.5–1.6 ¥ ambi-
ent) at moderate (optimum N), low (70% of optimum N), and high soil-nitrogen avail-
ability (150% of optimum N), in an open-air exposure field for two growing seasons. 
Radial ring width and wood structure in the stem were investigated from the seedlings. 
The seedlings grown under elevated O3 showed an increase in radial width of growth ring 
built during the first exposure season. Elevated O3 increased latewood width, its proportion 
within the growth rings being most pronounced in low N treated trees, whereas higher N 
mitigated latewood production. High soil N increased earlywood width and resulted in an 
increased lumen area and lower cell-wall/cell-lumen ratio of tracheids within earlywood 
and latewood. Ozone had no effect on earlywood width or the lumen area or cell wall/ cell 
lumen ratio in juvenile wood. High latewood percentage in O3-exposed seedlings implies 
earlier transition from earlywood to latewood or longer period of latewood formation.

Introduction

Target values of tropospheric ozone (O3) for 
protection vegetation and forest were frequently 
exceeded in many European regions during the 
last decades (Langner et al. 2012a), and surface 
O3 concentrations in the northern hemisphere 
are projected to increase until 2100 due to future 
climate warming (Royal Society 2008, Langner 
et al. 2012b, Klingberg et al. 2014). The Euro-
pean boreal region is affected by long-range 
transport of O3 and its precursors from the main 
source regions in continental Europe (Langner et 
al. 2012a). Changes in atmospheric circulation 

due to climate change can therefore affect future 
levels and O3 deposition (Langner et al. 2012a) 
into boreal forest.

Several studies have documented the harm-
ful effects of ozone (O3) on photosynthesis and 
the growth of boreal-forest tree species (Karls-
son et al. 2002, Karlsson et al. 2007, Wittig et 
al. 2009, Huttunen and Manninen 2013). Fast-
growing deciduous trees have been found to 
respond earlier to O3 exposure than slow-grow-
ing coniferous species (Fuhrer et al. 1997). This 
has been related to differences in water uptake 
and stomatal conductance that mainly affect and 
regulate the O3 uptake of leaves (Skärby et al. 
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1998). Also the plant’s capability to detoxify 
oxygen radicals determines the appearance of O3 
injury (Kronfuß et al. 1998). Visible symptoms 
in conifer needles (Kivimäenpää et al. 2014) as 
well as a decline in growth and photosynthesis 
occurred after more than one year exposure to 
O3 (Lucas and Diggle 1997, Langebartels et 
al. 1998, Wallin et al. 2002). The findings sug-
gest that the harmful effects of O3 mainly result 
from the cumulative exposure over a long time 
(Lucas and Diggle 1997, Langebartels et al. 
1998, Wallin et al. 2002).

The importance of the interaction of O3 with 
other simultaneously-occurring environmental 
stressors including the intensity of each stress 
factor has been increasingly emphasised in the 
exposure studies (Skärby et al. 1998, Manes 
et al. 2001, De Vries et al. 2014). Trees grown 
under optimal conditions have been found to 
be more sensitive to O3 than those grown under 
stress (Lippert et al. 1996, Fuhrer et al. 1997). 
Drought stress and the deficiency of nitrate, 
phosphate, and sulphate, may cause lower sto-
matal conductance (Clarkson et al. 2000) and 
lead to reduced O3 uptake by plant. However, 
increased susceptibility to O3 of tree seedlings 
grown under N deficiency has also been reported 
(Pääkkönen and Holopainen 1995, Utriainen and 
Holopainen 2001a).

It is well-established that changes in the tree 
growth rate affect the formation and anatomical 
characteristics of wood (Zobel and van Buijtenen 
1989). Young trees are especially responsive to 
environmental and growth factors that influence 
juvenile wood properties (Zobel and van Bui-
jtenen 1989). Ozone is likely to affect the stem 
growth indirectly through reduction in resources, 
particularly carbohydrate availability for growth 
(Weber and Grulke 1995). In hardwood species, 
O3 has been observed to have a negative effect 
on the wood formation. Ozone exposure over 
one growing season reduced the size of phloem 
ray cells in the stem of low-fertilized Betula 
pendula, and also inhibited the growth of xylem 
tracheids and ray cells, regardless of fertilization 
(Matyssek et al. 2002). Three-year exposure 
to an elevated O3 concentration reduced the 
distance from pith to bark and the lumen diam-
eter of vessels and fibers, as well as increased 
wall thickness and wall percentage in the cur-

rent year’s annual ring in the stem of Populus 
tremuloides clones (Kaakinen et al. 2004). Also 
in clonal B. pendula, O3 increased cell wall per-
centage and decreased vessel percentage (Kos-
tiainen et al. 2006). Eleven-year follow-up data 
of the hardwood trees (Kostiainen et al. 2014) 
revealed aspen to be more sensitive to elevated 
O3 than birch, exhibiting decreased radial growth 
and cell diameters, increased vessel density and 
proportion in particular within early juvenile 
wood.

Few studies focused on the wood forma-
tion and wood cell properties of juvenile wood 
in Norway spruce seedlings (Kurczyńska et al. 
1998) or mature wood in adult spruce grown 
under O3 stress (Karlsson et al. 2006, Wipfler 
et al. 2009). In the Norway spruce seedlings 
grown on nitrogen-enriched soil, the exposures 
to elevated O3 concentrations resulted in an 
increase in tracheid diameter and wall thickness, 
and reduction in tracheid number in the late-
wood (Kurczyńska et al. 1998). Studies on adult 
Norway spruce revealed O3-induced decline in 
the stem diameter growth (Karlsson et al. 2006, 
Wipfler et al. 2009) but not necessarily in the 
volume growth of spruce which was even found 
to slightly increase due to the increase in height 
growth (Pretzsch et al. 2010).

The research described here is part of a study 
addressing the impacts of slightly-elevated O3 
and nutrient imbalance on height growth and 
needle characteristics including chloroplast pig-
ments, stomatal conductance, and ultrastucture 
of the mesophyll cells, in four-year-old Norway 
spruce seedlings (Utriainen and Holopainen 
2001b). Treatments were applied in an open-field 
ozone fumigation facility during two growing 
season in 1997 and 1998. The aim of the present 
study was to determine the effect of O3 and N 
availability on the radial stem width, wood for-
mation, and the structure of tracheid cells in the 
stem of the experimental seedlings. Both O3 and 
nutrient supply are capable of affecting photo-
synthates such as starch and sucrose of needles 
(Utriainen and Holopainen 2001b, Riikonen et 
al. 2012, Kivimäenpää et al. 2014) and carbon 
allocations in trees (Huttunen and Manninen 
2013). Thus, we hypothesized that O3 and soil 
nitrogen can alter the cambial activity and wood 
formation in the stem of spruce seedlings, which 
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is reflected in ring width, earlywood and late-
wood ratio, and the structure of tracheid cells 
within growth rings build during two years of 
exposure.

Material and methods

Experimental design

Ozone exposure and N fertilization experiment 
was conducted in an open-air exposure field 
at the Research Garden of the University of 
Kuopio (62°54´N, 27°40´E) during the summers 
of 1997 (30 May to 9 Sep.) and 1998 (18 May to 
28 Sep.). Altogether 180 four-year-old Norway 
spruce (Picea abies) seedlings (T9-92-06) 
originating from central-eastern Finland, were 
planted in plastic pots (7.5 l) containing mixture 
(3:1 v/v) of quartz sand and fertilized Sphagnum 
peat (Vapo peat PP6, 1 kg m–3: N-P-K (12-9-18) 
with micronutrients in late May 1997 (Utriainen 
and Holopainen 2001b).

The seedlings were randomly divided among 
two control (ambient air) and two ozone (ele-
vated O3) plots (diameter approx. 10 m). Each 
plot consisted of 45 seedlings (3 nutrition treat-
ment ¥ 15 seedlings per treatment). Ozone was 
produced from pure oxygen with an O3 generator 
(Fischer OZ 500, Fischer, Bonn, Germany), and 
released to the exposure area through perforated 
plastic tubes in the upwind direction. The ozone 
concentration was monitored with a model 1008-
RS O3 analyzer (Dasibi Environmental Corp., 
Glendale, California). Mean 24-hour O3 con-
centrations within the O3 plots were approxi-
mately 1.6 ¥ the ambient concentration during 
the growing season in 1997 and 1.5 ¥ ambient 

in 1998. Ozone concentrations, and an exposure 
index of AOT40 [Accumulated O3 exposure over 
the threshold of 40 ppb or nl l–1 (80 µg m–3)] for 
daylight hours (> 50 W m–2), and 24 h day–1 are 
given in Table 1 and described more detailed by 
Manninen et al. (2002).

Fertilizing was started one week after plant-
ing. The seedlings were treated three times a 
week with three N concentrations (15 seedlings 
per treatment): low N (25 mg N l–1) (LN), 
moderate N (50 mg N l–1) (MN), and high N 
(100 mg N l–1) (HN). Additional irrigation was 
given if needed. The treatment solutions were 
prepared in nutrient solution designed for the 
culture of conifers (Ingestad 1962, Palomäki and 
Holopainen 1994). The detailed nutrient com-
position of treatments is described elsewhere 
(Utriainen and Holopainen 2001b). In addition 
to the nutrient solution, seedlings were exposed 
to ambient rain. For overwintering in the expo-
sure field the pots were sheltered with spruce 
branches and snow.

Needle nitrogen concentrations

Needles of all fully-grown current- (1998) and 
previous-year (1997) flushes were taken from 
five experimental seedlings in each N treat-
ment per ambient and O3 plots in early October 
1998 (Utriainen and Holopainen 2001b). Sam-
ples were dried at 70 °C for 48 h, weighed, 
grounded and wet digested. Needle N concen-
tration was analysed using a standard Kjeldahl 
method (Allen 1989). Samples (100 g) were 
digested using concentrated H2SO4 and selenium 
Kjeltabs (3.5 g K2SO4 + 35 mg Se) catalyst mix-
ture. Ammonia was liberated by distillation of a 

Table 1. Summary of the mean AOT40 values measured over daylight hours (> 50 W m–2) and the full 24 h day–1, 
and the mean 24-h O3 concentrations (ppb) in ambient and elevated O3 plots during the growing seasons (May–
Sep.) in 1997 and 1998.

 1997 1998
  
Treatment Ambient Elevated O3 Ambient Elevated O3

AOT40 (ppm h)
 Daylight 0.5 6.9 0.1 2.8
 24 h 0.8 11.7 0.3 10.2
24 h O3 concentration (ppb) 22.2 35.6 22.4 33.4
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digest with 32% NaOH (30 ml) and absorption 
in 2% H3BO3 (20 ml). The ammonium borate 
formed was titrated back to H3BO3 with standard 
0.01 M HCl.

Wood analysis

Two stem samples were collected from seven 
experimental seedlings in each N treatment per 
ambient and O3 plots. Approximately 1-cm-thick 
segments were cut from the fifth annual growth 
of the main stem. The stem segments were imme-
diately frozen and stored at –20 °C until prepar-
ing for microscopical studies. All samples were 
prepared and analysed during 1998 and 1999. 
Samples contained the previous four growth 
rings and the fifth developing annual layer with 
the cambial zone and adjacent phloem. To esti-
mate the radial growth variations of seedlings, 
stem’s radius from pith to the stem surface, and 
the radial width of growth rings were analysed. 
The changes in the wood structure were deter-
mined by measuring tracheid length, lumen area 
and cell wall/cell lumen ratio within earlywood 
and latewood, and the earlywood and latewood 
percentages and widths in growth ring.

For the analysis of the stem’s radial width 
and wood-cell properties in the 1997 and 1998 
growth rings, the entire stem disk was softened 
in boiling water for an hour. The wet sample was 
frozen and 16-µm-thick transverse sections were 
cut with a cryo-microtome. The sections were 
mounted on slides and stained with a mixture 
of safranin and alcian blue (1:2). For tracheid 
length measurements, the 1997 and 1998 growth 
rings were separated with a scalpel under a 
stereomicroscope and macerated in a solution 
of acetic acid and hydrogen peroxide (1:1) for 
one day. Earlywood is characterized by short 
tracheids with large inner diameter and thin wall, 
while latewood is composed of long narrow 
diameter tracheids with thick cell walls. The 
wood sections and tracheid lengths were inves-
tigated with a Zeiss-Axiolab light microscope 
(Carl Zeiss, Jena, Germany) and a PC com-
puter equipped with the image analysis software 
(Scion Image for Windows). Digital pictures 
were taken with a CCD colour video camera 
(COHU RGB, 2252-1040). For the analysis of 

cell wall/cell lumen ratio and average cell lumen 
area, three randomly selected pictures (139 ¥ 
103 µm) were taken from both earlywood and 
latewood bands on the stem sections.

The stem radius and the width of growth 
rings formed during 1997 and 1998 growing sea-
sons were measured and the percentage of late-
wood was calculated as a ratio of latewood area 
to the total growth ring area. Each ring area (RA) 
was obtained from a circular ring area equation

 RA = π(R2 – r2) (1)

where R is the radius from pith to outer edge of 
the growth ring and r is the radius from pith to 
the inner growth-ring boundary. The widths of 
growth rings and the entire stem were measured 
along the radius from pith to each ring’s edge 
and the stem surface, respectively. The values 
used in the analysis were based on three repli-
cate measurements carried out with an ocular 
measuring scale made at an approximately equal 
angle of 120° from each stem cross-section.

The width of phloem from the cambial zone 
to the outer surface of the phloem layer, the width 
of the cambial zone between phloem and xylem, 
and the number of fusiform cells within the cam-
bial zone were measured from five experimental 
seedlings from each N treatment per ambient and 
O3 plots. Five tissue samples from fifth annual 
growth of the main stem containing phloem, 
cambial zone and outer xylem, were cut with a 
scalpel from the stem segment and pre-fixed in 
2.5% glutaraldehyde in 0.1 M phosphate buffer 
(pH 7.0) and postfixed in 1% buffered OsO4 
solution. Samples were dehydrated in ethanol, 
embedded in Ladd’s LX-112 resin. The semithin 
cross-sections (thickness 1.0 µm) were cut with 
an Ultracut E (Reichert-Jung AG, Wien, Austria) 
and stained with toluidine blue. The mean width 
of phloem (n = 15) was based on three replicate 
measurements carried out with an ocular meas-
uring scale on five tissue sample using. The 
mean width of cambial zone was measured and 
the number of fusiform cambial cells counted 
along ten radial cell rows from three pictures 
(203 ¥ 143 µm) in each tissue sample using 
image analysis (Scion Image for Windows). In 
total, 150 radial files per seedling were ana-
lyzed. Radially flattened and thin-walled cambial 
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cells were easily distinguished from thick-walled 
latewood tracheids and differentiated secondary 
phloem.

Statistical analyses

Each individual seedling representing different 
fertilization levels had totally randomized loca-
tion inside the control and O3 plots. The factorial 
design of the experiment consisted of two levels 
of O3 (ambient and elevated) and three levels of 
nitrogen (LN, MN and HN) in each plot. The 
data were analysed with a GLM procedure of 
SPSS (IBM SPSS Statistics). The results from 
two plots under the same ozone treatment were 
combined.

The relationship between the needle nitrogen 
concentration and the characteristics of the stem 
structure determined from the same seedlings 
was analysed using Pearson’s correlation except 
for the percentage of latewood which was ana-
lyzed using Spearman’s correlation. Correlations 
of radial width of growth rings and the lumen 
area and cell wall and cell lumen ratio in ear-
lywood and latewood, and the needle nitrogen 
concentration, were based on five seedlings per 
three nitrogen treatments of ambient and ozone 
plots (n = 60 or n = 59 due to one missing value). 
The relationships between the needle nitrogen 
content and the cambial zone and phloem widths 
were based on only 38 experimental seedlings, 
because the nitrogen content of needles was not 
analyzed for all those seedlings that were ran-
domly selected for the cambial zone analysis (n 
= 60). Furthermore, due to the same reason the 
number of seedlings varied within the nitrogen 
treatments of plots (n = 5 to 8 seedlings per N 
treatment).

Results

Radial growth

Ozone and N fertilization treatments, and the 
year of ring formation had significant main 
effects on the radial stem growth of seedlings 
after two-year ozone exposure (Fig. 1a, Tables 
2, 3, 4 and 5). The mean ± SD radius from pith 

to the outer boundary of 1996 ring in all studied 
seedlings (n = 84) was 2.04 ± 0.40 mm (range 
1.27–3.25 mm). The width of the 1997 ring in all 
the N treatments was greater in the O3-exposed 
seedlings as compared with that in the ambient 
group, and the mean width of both 1997 and 
1998 rings increased in response to the HN treat-
ment (Fig. 1a). There was also a significant inter-
action between N treatment and the year of ring 
formation (Table 5). As compared with the width 
of the 1997 ring, the mean 1998 ring width was 
smaller by about 40% in the LN treatment, and 
two times greater in the HN treatment (Fig. 1a). 
The 1998 ring width correlated positively with 
the N concentration of the current and previ-
ous year’s needles as well (Table 6). The N 
concentration in the 1998 needles, ranging from 
15 to 20 mg g–1, was related to the increased 
radial width of the stem in both the control and 
O3-exposed trees (Fig. 2).

Cambium and phloem

The cambial zone in the stem of Norway spruce 
seedlings had radially flattened cells with thin 
primary-cell walls which could be clearly distin-
guished from the secondary-phloem and second-
ary-xylem cells (Figs. 3a–c). The HN treatment 
significantly increased the number of fusiform 
cells and the width of the phloem and cambial 
zones (Fig. 3c and Tables 2 and 3). The cambial 
width and number of cambial cells had also cor-
related positively with the needle N concentra-
tions (Table 6). Elevated O3 did not cause any 
statistically significant changes in the width of 
cambial zone and phloem, or the number of cells 
in the cambium (Tables 2 and 3).

Latewood percentage

Elevated O3 concentration significantly increased 
the latewood width and its percentage in the 
1997 and 1998 growth rings in all the N treat-
ments (Fig. 1c and d, Table 4). While, the high 
N supply significantly increased the earlywood 
width (Fig. 1b and Table 4). There was also sig-
nificant negative correlation between latewood 
width and the needle N concentration (Table 6).
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Fig. 1. Box-and-whisk-
ers plots showing 
(a) the ring, (b) early-
wood and (c) latewood 
widths; and (d) late-
wood percentage of 
ring area of 1997 and 
1998 growth rings in 
Norway spruce seed-
lings after two-year 
ozone exposure (empty 
box, ambient air; grey 
box, elevated O3) and 
N fertilization (n = 14). 
The line inside the box 
is median, its bottom 
and top are 25% and 
75% percenti les, 
respectively; and the 
whiskers are minimum 
and maximum values. 
Asterisks and circles 
indicate extremes and 
outliers, respectively.
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Table 2. ANOVA results for the effect of O3 and nitrogen availability (N) on the radius of stem (mm), the cumulative 
width of rings (mm), the  width of phloem and cambium zone, and the number of fusiform cells of Norway spruce 
seedlings. F values set in boldface indicate statistically significant effects.

Source of variation df Mean squares F p

Radius (mm)
 O3 1 0.08 5.16 0.064
 N 2 2.77 176.41 < 0.001
 O3 ¥ N 2 0.01 0.73 0.522
 Error 6 0.02
Cumulative width of rings (mm)
 O3 1 0.15 10.14 0.019
 N 2 2.80 186.02 < 0.001
 O3 ¥ N 2 0.17 0.01 0.850
 Error 6 0.02
Phloem (µm)
 O3 1 0.00 0.07 0.800
 N 2 0.06 7.64 0.022
 O3 ¥ N 2 0.01 1.26 0.349
 Error 6 0.01
Cambial zone (µm)
 O3 1 1.75 0.06 0.851
 N 2 455.43 15.50 0.004
 O3 ¥ N 2 59.67 2.03 0.212
 Error 6 0
Number of fusiform cells
 O3 1 0.16 0.186 0.679
 N 2 13.42 16.26 0.004
 O3 ¥ N 2 1.82 2.20 0.192
 Error 6 0

Table 3. The mean (± SD) radius of stem, the cumulative width of rings, the width of phloem and cambial zone, 
and the number of cambial fusiform cells in Norway spruce seedlings after two years exposure to slightly elevated 
ozone under low (LN), moderate (MN) and high (HN) nitrogen.

Treatment Radius (mm) Cumulative width Phloem (µm) Cambial zone (µm) Number of
 (n = 14) of rings (mm) (n = 10) (n = 10) fusiform cells
  (n = 14)   (n = 10)

LN
 Ambient 2.83 ± 0.35 0.81 ± 0.19 850.6 ± 142.6 22.5 ± 4.80 5.2 ± 1.2
 O3 2.88 ± 0.38 0.98 ± 0.11 980.2 ± 145.5 29.7 ± 13.0 6.4 ± 2.2
MN
 Ambient 3.32 ± 0.37 1.14 ± 0.26 1059.3 ± 231.20 27.2 ± 5.2 6.1 ± 1.1
 O3 3.57 ± 0.41 1.42 ± 0.32 998.1 ± 204.2 25.8 ± 8.7 5.6 ± 1.5
HN
 Ambient 4.40 ± 0.49 2.38 ± 0.54 1179.0 ± 141.80 48.9 ± 10.7 9.7 ± 1.6
 O3 4.60 ± 0.51 2.61 ± 0.59 1152.1 ± 163.60 40.7 ± 12.5 8.3 ± 2.4

In all N treatments, latewood comprised 
approximately 20%–30% of 1997 ring area 
in the spruce seedlings grown under ambient 
O3 (Fig 1d). The latewood percentage in 1998 
ring decreased to 10% in the HN treatment but 
remained similar in lower N treatments. The 

mean latewood percentages in 1997 and 1998 
rings were approximately 40%–50% in spruce 
grown under elevated O3 in LN treatments, and 
20%–30% in the HN treatments, respectively 
(Fig. 1d).
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Table 4. ANOVA results for the effect of O3 and nitrogen availability (N) on the ring widths (mm), and the propor-
tion of latewood (%) in 1997 and 1998 growth rings of Norway spruce seedlings. F values set in boldface indicate 
statistically significant effects.

Source of variation df Mean squares F p

Ring width (mm)
 1997
  O3 1 0.08 18.71 0.005
  N 2 0.06 13.56 0.006
  O3 ¥ N 2 0 0.22 0.810
  Error 6 0
 1998
  O3 1 0.01 0.57 0.478
  N 2 2.05 98.12 < 0.001
  O3 ¥ N 2 0 0.13 0.880
  Error 6 0.02
Earlywood width (mm)
 1997
  O3 1 0 0.82 0.401
  N 2 0.06 16.03 0.004
  O3 ¥ N 2 0 0.71 0.528
  Error 6 0.004
 1998
  O3 1 0.02 0.76 0.417
  N 2 1.92 69.84 < 0.001
  O3 ¥ N 2 0 0.10 0.906
  Error 6 0.028
Latewood width (mm)
 1997
  O3 1 0.05 164.99 < 0.001
  N 2 0 0.84 0.479
  O3 ¥ N 2 0 3.53 0.097
  Error 6 0
 1998
  O3 1 0.07 19.62 0.004
  N 2 0.01 2.71 0.145
  O3 ¥ N 2 0 1.12 0.387
  Error 6 0
Latewood percentage of ring area
 1997
  O3 1 0.05 32.61 0.001
  N 2 0.01 6.70 0.030
  O3 ¥ N 2 0 1.89 0.231
  Error 6 0
 1998
  O3 1 0.10 31.62 0.001
  N 2 0.07 21.88 0.002
  O3 ¥ N 2 0 0.66 0.549
  Error 6 0

Lumen area, cell wall/cell lumen ratio 
and tracheid length

The lumen area and the cell wall/lumen ratio 
within the earlywood and latewood were not sig-
nificantly affected by O3 (Fig. 4a–d and Table 7). 

There was an interaction between the year of ring 
formation and the N treatment in relation to the 
tracheid lumen area and the cell wall/lumen ratio 
of earlywood (Table 8). High N supply increased 
the lumen area of both earlywood and latewood 
tracheids in particular in 1998 ring (Fig. 4a–b 
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Table 5. ANOVA results for the effects of year, O3 and nitrogen availability (N) on the ring width, earlywood and 
latewood widths, and the latewood percentage of Norway spruce seedlings. F values set in boldface indicate statis-
tically significant effects.

Source of df Ring width (mm) Earlywood width Latewood width Latewood
variation   (mm) (mm) percentage
     
  F p F p F p F p

Year 1 21.84 0.001 19.91 0.001 0.70 0.420 0.13 0.727
Year ¥ O3 2 1.17 0.301 1.28 0.280 0.24 0.633 1.44 0.254
Year ¥ N 1 56.68 < 0.001 41.20 < 0.001 2.24 0.149 5.18 0.024
Year ¥ O3 ¥ N 2 0.19 0.829 0.32 0.735 0.71 0.512 0.21 0.811

Table 6. The correlations of two-year radial growth and wood characteristics in the 1998 growth ring, and the 
nitrogen (N) concentrations of the current (1998) and previous year (1997) needles (mg g–1 d.w.) of Norway spruce 
seedlings. All correlation coefficients are significant.

Stem n 1998 needle N content 1997 needle N content

Radial growth (mm) 60 0.730 0.745
Ring width (mm) 60 0.775 0.786
Percentage of latewood 60 –0.354 –0.454
Cambial zone width (µm) 38 0.705 0.624
Number of fusiform initials 38 0.713 0.608
Earlywood
 Lumen area (µm2) 59 0.407 0.509
 Cell wall/cell lumen 59 –0.258 –0.329
Latewood
 Lumen area (µm2) 59 0.488 0.462
 Cell wall/cell lumen 59 –0.378 –0.366

y = 0.0917e0.1423x

R2 = 0.7237

y = 0.0784e0.1776x

R2 = 0.6944

Needle N concentration (mg g–1 d.w.)
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Fig. 2. The relation-
ship between the 1998 
ring width (mm) and the 
N concentration of cur-
rent year’s needles in 
Norway spruce seedlings 
after two-year open -field 
exposure to ambient (dots 
and grey line, n = 29) and 
elevated ozone (circles 
and black line, n = 31).

and Table 7). Also O3 tended to further increase 
the lumen area of juvenile wood cells in the MN 
and HN treated seedlings (Fig. 4a–b). The lumen 

area (µm2) of tracheid cells was positively corre-
lated with the needle N concentration (Table 6). 
In the 1998 ring, the HN treatment reduced the 
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cell wall/lumen ratio in both earlywood and late-
wood (Fig. 4c–d, Tables 7 and 8). The cell wall/
lumen ratio correlated weakly and negatively 
with the needle N content (Table 6).

The mean tracheid length of the 1998 growth 
ring was not affected by O3 or the N treatment 
(data not shown). The length of cells ranged 
from 510 µm to 570 µm in earlywood, and from 
650 µm to 730 µm in latewood.

Discussion

We studied the effects of ambient and 1.5 to 
1.6 ¥ ambient O3 concentrations on radial ring 
width and wood structure of stems of Norway 
spruce seedlings grown under different N regime 
during two years (1997 and 1998). The radial 
stem growth, ring width, and particularly the 
latewood percentage in stem evidently increased 
in response to elevated O3 in all N treatments. 
Nitrogen availability regulated the earlywood 
formation and reduced cell wall/cell lumen ratio 
in both earlywood and latewood. These results 
confirmed the hypothesis that elevated O3 and N 
alter juvenile wood production and wood struc-
ture in stems of spruce seedlings.

Radial growth

The radial stem growth in young Norway spruce 
seedlings was affected primarily by soil N avail-
ability. Previous results from the same seedlings 

(Utriainen and Holopainen 2001a) showed that 
nitrogen fertilization increased the current-year 
shoot length, total plant height, stem base diam-
eter, biomass accumulation, and foliar nitrogen 
concentration. Similar positive growth response 
to N availability has been reported for Norway 
spruce (Thomas et al. 2005) and Scots pine 
(Pinus sylvestris) seedlings (Utriainen and Holo-
painen 2001a). Nitrogen amendment gives rise 
to fast-growing trees because of the increased 
vitality of their foliage (Zobel and van Buijtenen 
1989). In our study, the radial stem growth was 
promoted at the needle N concentration range of 
15 to 20 mg g–1 (see Fig. 2) which is regarded as 
optimal concentration for growth in most conif-
erous species (De Vries and Latour 1995). The 
significant interaction between year and N treat-
ments revealed that N deficiency further reduced 
and high N supply increased the radial width of 
the seedlings over time.

High N availability increased xylem and 
phloem width in the stem of spruce seedlings 
suggesting stimulation of cambial zone. This 
is consistent with the results of Matyssek et al. 
(2002) who found similar growth stimulation in 
the stem tissue of well-fertilized Betula pendula. 
In our study, also the number of radial fusiform 
cells and consequently the cambial zone width 
were greater in the HN than in the LN seedlings. 
According to Rossi et al. (2012), higher accu-
mulations of derivative cells in cambium need 
more time to undergo differentiation, delaying 
termination of cell enlargement and wall thick-
ening and extending the length of xylogenesis. 

Fig. 3. Semithin cross-section through cambial zone and derivatives. Samples are from the fifth annual growth of 
main stem in Norway spruce seedlings after two-year (a) LN, (b) MN and (c) HN treatments. Cambial zone (CZ), 
phloem (PH), xylem (X).
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Fig. 4. Box-and-whisk-
ers plots showing (a 
and b) the lumen area 
and (c and d) the cell 
wall/cell lumen ratio of 
earlywood and late-
wood tracheids within 
1997 and 1998 growth 
rings in Norway spruce 
seedlings after two-year 
ozone exposure (empty 
box, ambient air; grey 
box, elevated O3) under 
different soil N avail-
ability (n = 14). The 
lines in the box indi-
cate the 25% percen-
tile, median, and 75% 
percentile of the data 
values. The line inside 
the box is median, its 
bottom and top are 25% 
and 75% percentiles, 
respectively; and the 
whiskers are minimum 
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Asterisks and circles 
indicate extremes and 
outliers, respectively.
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Table 7. ANOVA results for the effects of O3 and nitrogen availability (N) on the lumen area (µm2) and cell wall/cell 
lumen ratio in earlywood (EW) and latewood (LW) of the 1997 and 1998 growth rings. The F values in boldface are 
statistically significant.

Source of variation df Mean squares F p

Lumen area (m2)
 EW 1997
  O3 1 162.14 3.25 0.121
  N 2 213.73 4.29 0.070
  O3 ¥ N 2 94.02 1.89 0.232
  Error 6 49.87
 EW 1998
  O3 1 36.60 0.38 0.558
  N 2 2378.5 24.98 0.001
  O3 ¥ N 2 62.95 0.66 0.550
  Error 6 95.21
 LW 1997
  O3 1 3.45 0.77 0.413
  N 2 12.55 2.81 0.138
  O3 ¥ N 2 7.75 1.74 0.254
  Error 6 4.465
 LW 1998
  O3 1 3.99 0.36 0.573
  N 2 176.57 15.77 0.004
  O3 ¥ N 2 3.99 0.36 0.714
  Error 6 11.20
Cell wall/cell lumen ratio
 EW 1997
  O3 1 0.01 0.22 0.656
  N 2 0.13 2.13 0.200
  O3 ¥ N 2 0.14 2.27 0.185
  Error 6 0.06
 EW 1998
  O3 1 0.05 0.18 0.687
  N 2 2.01 7.96 0.021
  O3 ¥ N 2 0.08 0.32 0.737
  Error 6 0.25
 LW 1997
  O3 1 8.88 2.19 0.190
  N 2 6.48 1.60 0.278
  O3 ¥ N 2 8.41 2.07 0.207
  Error 6 4.06
 LW 1998
  O3 1 1.51 0.75 0.420
  N 2 19.48 9.68 0.013
  O3 ¥ N 2 0.80 0.40 0.687
  Error 6 2.01

Kurczyńska et al. (1998) found that cambial 
dormancy of Norway spruce seedlings occurred 
earlier in plants treated with low soil nitrogen 
than those grown under high soil N content. This 
suggests that HN prolonged xylogenesis in the 
spruce stems showing still undifferentiated cells 
within the cambium zone (Rossi et al. 2012), 
while in the LN seedlings cell-wall formation 

and maturation were mostly completed at the 
end of the growing season.

In addition to N enrichment, the elevated O3 
concentration increased the radial stem growth, 
in particular the width of ring formed during 
the first year of O3 exposure. This is consist-
ent with the findings of Utriainen and Holo-
painen (2001b), who reported a positive effect 
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of elevated O3 on the stem base diameter and 
stem log-size (i.e. log[(stem diameter)2 ¥ total 
height]) in the same seedlings as used by us. 
Wellburn and Wellburn (1994) observed similar 
radial growth stimulation in Pinus halepensis 
exposed to 120 nl l–1 O3. They found taller 
plants with greater stem diameters after two O3 
exposure seasons. There are also findings that 
slightly elevated ambient O3 concentrations can 
result in a decrease (Thomas et al. 2005) in shoot 
elongation and biomass accumulation as well as 
have no effect on those parameters (Karlsson et 
al. 1997, Ritter et al. 2015) in Norway spruce 
seedlings. The variation in growth response to 
ozone among tree species and between individu-
als within each species can be partly explained 
by the different sensitivity of individuals with 
different genetic origin (Karlsson et al. 1997). 
Karlsson et al. (1997) found ozone to reduce 
the rate of biomass increase in faster-growing 
Norway spruce clone and stimulate growth in the 
seedlings of slower-growing clone.

Latewood formation

In the present study, wider annual ring in the 
O3-exposed seedlings mainly resulted from the 
increased latewood production, expressed as 
increased latewood width and latewood percent-
age within the two latest growth rings. These 
findings suggest differences in the latewood for-
mation process between O3-exposed and con-
trol plants. The transition from earlywood to 
latewood formation occurs in late summer or 
autumn when cambial cell division activity and 

expansion declines (Uggla et al. 2001). The 
initiation of latewood formation is supposed to 
be triggered by shortening of the photoperiod 
and/or reduced temperature, and is associated 
with cessation of apical and needle growth at 
a time when current year needles have become 
net exporters of photosynthetic assimilate and 
hormones (Zobel and van Buijtenen 1989, Uggla 
et al. 2001). In boreal conifers, the carbohydrate 
production of new needles is high enough to 
meet the demand of other plant organs when 
the needles have reached half of their final 
length (Iivonen et al. 2001). Rossi et al. (2009) 
found that latewood initiation of mature Norway 
spruce occurred once shoots and needle length-
ening was completed at the end of July or the 
beginning of August and the cell wall thickening 
of latewood cells was evident in mid-August. As 
the process of secondary wall formation in late-
wood cells can occur only after growth of shoots 
is completed (Rossi et al. 2009), high latewood 
percentage in studied O3 and LN treated seed-
lings suggest early transition from earlywood 
to latewood followed by a longer period of late-
wood production.

Earlywood is formed early in the growing 
season (from May to July) during the active 
growth of trees (Uggla et al. 2001). In general, 
this is also the period with high ambient O3 con-
centrations in the European boreal region (Lau-
rila et al. 2004). Regardless of the potentially 
high level of oxidative stress during the period of 
earlywood formation, elevated O3 in the present 
study had no main effect on earlywood growth 
within the growth rings. Jäggi et al. (2002) dem-
onstrated with mature Norway spruce trees, that 

Table 8. ANOVA results for the effect of year, O3 and nitrogen availability (N) on the lumen area and cell wall/cell 
lumen ratio in the earlywood and latewood of Norway spruce seedlings. The F values in boldface are statistically 
significant.

Source of df Lumen area Cell wall/Cell lumen ratio
variation   
  Earlywood Latewood Earlywood Latewood
     
  F p F p F p F p

Year 1 41.13 < 0.001 32.23 < 0.001 2.53 0.113 5.53 0.019
Year ¥ O3 2 0.40 0.529 0.01 0.922 0.03 0.870 1.01 0.315
Year ¥ N 1 15.18 < 0.001 9.65 < 0.001 7.69 0.001 1.40 0.248
Year ¥ O3 ¥ N 2 0.07 0.930 0.04 0.960 0.20 0.820 0.71 0.493
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stable carbon isotopes (δ13C) in earlywood of 
current growth year had a stronger positive cor-
relation with δ13C in starch and bulk tissue from 
previous year’s needles than with those of the 
current year. This suggests that the earlywood 
production in the spruce seedlings was primar-
ily regulated by N and carbohydrate status of 
the previous year’s and older needles, and less 
responsive to potential disturbances in the photo-
synthetic assimilation of current year’s needles.

In the present study, the daylight AOT40-
based critical level of 5 ppm h for forest trees 
(UNECE 2004, van Goethem et al. 2013) was 
exceeded in the O3 treatment during the first 
growing season but remained under 3 ppm h 
during the second growing season. The two-
year exposure to elevated O3 revealed no 
effects on the shoot elongation, height growth 
or biomass production in Norway spruce seed-
ling as reported earlier by Utriainen and Hol-
opainen (2001b). This suggests that the total 
height growth or biomass of the seedlings did 
not explain the O3-induced increase in the late-
wood percentage of main stem. Nevertheless, 
the fully grown current year needles in the 
O3-exposed seedlings grown under moderate 
or high N had a higher stomatal conductance 
(mean values ranged from 0.66 to 1.00 cm s–1) 
in the late summer (measured 30 July and 31 
Aug.) than those grown under ambient O3 (mean 
values ranged from 0.36 to 0.48 cm s–1), sug-
gesting enhanced gas exchange (Utriainen and 
Holopainen 2001b) and possible photosynthesis 
stimulation in the new needles (Wallin et al. 
1990). Also LN seedlings showed increased sto-
matal conductance (mean values ranged from 
0.77 to 0.99 cm s–1) in both the ambient and O3 
exposed seedlings (Utriainen and Holopainen 
2001b). In all these treatments, the latewood per-
centage and width evidently increased (see Fig. 
1d), which suggest that an increase in latewood 
formation was related to the stomatal control of 
gas exchange under O3 and nutrient stress. Ritter 
et al. (2015) found that two times ambient O3 
stimulated allocation of photosynthates to stem 
CO2 efflux in Norway spruce seedlings at the end 
of the growing season, and spruce primarily con-
sumed newly-produced photoassimilates to stem 
respiration. The increase in carbon allocation 
to the stem was reflected by lower half-times 

and small sites of the carbon store (Ritter et al. 
2015). According to Grulke (2003) at least pole-
sized or larger trees can mitigate O3-induced 
reductions in carbon acquisition in the summer 
with carbon assimilation of favourable days in 
the late growing season.

In the studied seedlings, tracheid length of 
earlywood and latewood showed no response 
to N supply or elevated O3. Whereas high N 
supply increased the lumen area and reduced 
the cell wall/lumen ratio of earlywood and late-
wood tracheids after the second exposure season. 
Kurczyńska et al. (1998) found that during one 
exposure season O3 increased the diameter of 
latewood tracheids in Norway spruce seedlings 
grown in nitrogen-enriched soils. In our study, 
elevated O3 had no significant main effects on 
the lumen area or cell wall/lumen ratio within 
latewood or earlywood but it tended to increase 
the lumen area of latewood tracheids in the MN 
and HN seedlings which is in accordance with 
the findings of Kurczyńska et al. (1998). High 
N content in the needles likely improved the 
production of latewood cells by increasing the 
cambial activity (Zobel and van Buijtenen 1989). 
Due to higher xylem production the maturation 
of xylem cell could be delayed (Rossi et al. 
2012) and elevated O3 further interfered with the 
process of secondary wall formation resulting in 
tracheid cells with thinner cell walls and larger 
lumen area.

Environmental factors (e.g. moisture, nutri-
ents, and climate) that change growth pattern of 
a tree can affect its wood properties especially 
wood density, mechanistic strength, and shrink-
age (Zobel and van Buijtenen 1989, Rossi et al. 
2012). The O3-induced increase in latewood per-
centage was more evident in the LN treated trees, 
whereas the high N supply clearly suppressed 
the O3 response (Fig. 1d). This suggests that the 
effects of O3 and LN on the latewood formation 
were additive. Overall, the LN treatment resulted 
in smaller seedlings and slightly reduced N con-
tent in 1997 needles (Utriainen and Holopainen 
2001b) resulting in slow growth of the seedlings. 
Wood density of spruce is related to the duration 
of latewood formation rather than to the length 
of the growing season (Zobel and van Buijtenen 
1989, Uggla et al. 2001).This suggests that the 
depletion of reserves in previous-year needles 
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has occurred faster in the LN seedlings than in 
the HN plants, consequently leading to a longer 
period of latewood formation. The latewood 
width within growth rings showed little response 
to the additional N but the latewood percent-
age decreased due to the increased earlywood 
production. This is in agreement with the earlier 
observations that high soil N availability usually 
increases the relative amount of earlywood and 
has a minor effect on the amount of latewood in 
Norway spruce (Zobel and van Buijtenen 1989, 
Kostiainen et al. 2004).

Conclusions

This study demonstrated that environmental vari-
ables can alter the radial growth and xylem 
structure in the stem of Norway spruce seed-
lings. Elevated O3 concentration independently of 
the nitrogen fertilization increased the latewood 
percentage in the seedlings grown under boreal 
climate conditions. The increase in the propor-
tion of latewood was more obvious when the 
seedlings were exposed to combined O3 and low 
N treatments while higher soil N supply tended 
to suppress the effects of O3 on the latewood 
percentage. Based on the results, we concluded 
that exposure to slightly elevated ambient O3 
disturbs xylem differentiation in juvenile wood 
which may affect the wood density in the Norway 
spruce seedlings.

Acknowledgements: This study has been supported by the 
Academy of Finland (Resource Council for the Environ-
ment and Natural Resources, project no. 43159). We thank 
Dr. Terhi Vuorinen and Ms. Virpi Miettinen for technical 
assistance.

References

Allen S.E. 1989. Chemical analysis of ecological materials. 
Blackwell Scientific Publications, Oxford.

Clarkson D.T., Carvajal M., Henzler T., Waterhouse R.N., 
Smyth A.J., Cooke D.T. & Steudle E. 2000. Root 
hydraulic conductance: diurnal aquaporin expression 
and the effects of nutrient stress. J. Exp. Bot. 51: 61–70.

De Vries W., Dobbertin M.H., Solberg S., van Dobben H.F. 
& Schaub M. 2014. Impacts of acid deposition, ozone 
exposure and weather conditions on forest ecosystems in 
Europe: an overview. Plant Soil 380: 1–45.

De Vries W. & Latour J.B. 1995. Methods to derive critical 

loads for nitrogen for terrestrial ecosystems. In: Hornung 
M., Sutton M.A. & Wilson R.B. (eds.), Mapping and 
modelling of critical loads for nitrogen — a workshop 
report, Institute of Terrestrial Ecology, Edinburgh, pp. 
20–33.

Fuhrer J., Skärby L. & Ashmore M.R. 1997. Critical levels 
for ozone effects on vegetation in Europe. Environ. 
Pollut. 97: 91–106.

Grulke N.E. 2003. Physiological basis of ozone injury 
assessment in Sierra Nevadan conifers. In: Bytnerowicz 
A., Arbaugh M. & Alonso R. (eds.), Assessment of ozone 
distribution and its effects on Sierra Nevada ecosystems. 
Developments in Environmental Science, vol. 2, Elsevier 
Publishers, The Hague, pp. 55–81.

Huttunen S. & Manninen S. 2013. A review of ozone 
responses in Scots pine (Pinus sylvestris). Environ. Exp. 
Bot. 90: 17–31.

Iivonen S., Rikala R. & Vapaavuori E. 2001. Seasonal root 
growth of Scots pine seedlings in relation to shoot phe-
nology, carbohydrate status, and nutrient supply. Can. J. 
For. Res. 31: 1569–1578.

Ingestad T. 1962. Macro element nutrition of pine, spruce 
and birch seedlings in nutrient solutions. Medd. Stat. 
Skogf. Inst. 51: 1–150.

Jäggi M., Saurer M., Fuhrer J. & Siegwolf R. 2002. The rela-
tionship between the stable carbon isotope composition 
of needle bulk material, starch, and tree rings in Picea 
abies. Oecologia 131: 325–332.

Kaakinen S., Kostiainen K., Ek F., Saranpää P., Kubiske 
M.E., Sober J., Karnovsky D.F. & Vapaavuori E. 2004. 
Stem wood properties in Populus tremuloides clones, 
Betula papyrifera and Acer saccharum after three years 
of treatments to elevated carbon dioxide and ozone. 
Global Change Biol. 10: 1513–1525.

Karlsson P.E., Medin E.L., Wallin G., Selden G. & Skärby L. 
1997. Effects of ozone and drought stress on the physiol-
ogy and growth of two clones of Norway spruce (Picea 
abies L.). New Phytol. 136: 265–275.

Karlsson P.E., Braun S., Broadmeadow M., Elvira S., Ember-
son L., Gimeno B.S., Le Thiec D., Novak K., Oksanen 
E., Schaub M., Uddling J. & Wilkinson M. 2007. Risk 
assessments for forest trees: The performance of the 
ozone flux versus the AOT concepts. Environ. Pollut. 
146: 608–616.

Karlsson P.E., Medin E.L., Selldén G., Wallin G., Ottosson 
S., Pleijel H. & Skärby L. 2002. Impact of ozone and 
reduced water supply on the biomass accumulation of 
Norway spruce saplings. Environ. Pollut. 119: 237–244.

Karlsson P.E., Örlander G., Langvall O., Uddling J., Hjorth 
U., Wiklander K., Areskoug B. & Gennfelt P. 2006. 
Negative impact of ozone on the stem basal area incre-
ment of mature Norway spruce in south Sweden. For 
Ecol Manag 232: 146–151.

Kivimäenpää M., Riikonen J., Sutinen S. & Holopainen 
T. 2014. Cell structural changes in the mesophyll of 
Norway spruce needles by elevated ozone and elevated 
temperature in open-field exposure during cold acclima-
tion. Tree Physiol. 34: 389–403.

Klingberg J., Engardt M., Karlsson P.E., Langner J. & Pleijel 
H. 2014. Declining ozone exposure of European vegeta-



164 Makkonen et al. • BOREAL ENV. RES. Vol. 21

tion under climate change and reduced precursor emis-
sions. Biogeosciences 11: 5269–5283.

Kostiainen K., Jalkanen H., Kaakinen S., Saranpää P. & 
Vapaavuori E. 2006. Wood properties of two silver birch 
clones exposed to elevated CO2 and O3. Global Change 
Biol. 12: 1230–1240.

Kostiainen K., Kaakinen S., Saranpää P., Sigurdsson B.D., 
Linder S. & Vapaavuori E. 2004. Effect of elevated 
[CO2] on stem wood properties of mature Norway 
spruce grown at different soil nutrient availability. 
Global Change Biol. 10: 1526–1538.

Kostiainen K., Saranpää P., Lundqvist S.-O., Kubiske M.E. 
& Vapaavuori E. 2014. Wood properties of Populus and 
Betula in long-term exposure to elevated CO2 and O3. 
Plant, Cell Environ. 37: 1452–1463.

Kronfuß G., Polle A., Tausz M., Havranek W.M. & Wieser 
G. 1998. Effects of ozone and mild drought stress on 
gas exchange, antioxidants and chloroplast pigments in 
current-year needles of young Norway spruce (Picea 
abies (L.) Karst.). Trees 12: 482–489.

Kurczyńska E.U., Bastrup-Birk A. & Mortensen L. 1998. 
Influence of ozone and soil nitrogen content on the stem 
anatomy of Norway spruce saplings grown in open-top 
chambers. Environ. Exp. Bot. 40: 113–121.

Langebartels C., Heller W., Führer G., Lippert M., Simons 
S. & Sandermann H. 1998. Memory effects in the action 
of ozone on conifers. Ecotoxicol. and Environ. Saf. 41: 
62–72.

Langner J., Engardt M. & Andersson C. 2012b. European 
summer surface ozone 1990–2100. Atmos. Chem. Phys. 
12: 10097–10105.

Langner J., Engardt M., Baklanov A., Christensen J.H., 
Gauss M., Geels C., Hedegaard G.B., Nuterman R., 
Simpson D., Soares J., Sofiev M., Wind P. & Zakey 
A. 2012a. A multi-model study of impacts of climate 
change on surface ozone in Europe. Atmos. Chem. Phys. 
12: 10423–10440.

Laurila T., Tuovinen J.-P., Tarvainen V. & Simpson D. 2004. 
Trends and scenarios of ground-level ozone concentra-
tions in Finland. Boreal Env. Res. 9: 167–184.

Lippert M., Häberle K.-H., Steiner K.,Payer H.-D. & Reh-
fuess K.E. 1996. Interactive effects of elevated CO2 and 
O3 on photosynthesis and biomass production of clonal 
5-year-old Norway spruce (Picea abies (L.) Karst.) 
under different nitrogen nutrition and irrigation treat-
ments. Trees 10: 382–392.

Lucas P. & Diggle P.J. 1997. The use of longitudinal data 
analysis to study the multi-seasonal growth responses of 
Norway and Sitka spruce to summer exposure to ozone: 
implications for the determination of critical levels. New 
Phytol. 137: 315–323.

Manes F., Donato E. & Vitale M. 2001. Physiological 
response of Pinus halepensis needles under ozone and 
water stress conditions. Physiol. Plantarum 113: 249–
257.

Manninen A.-M., Utriainen J., Holopainen T. & Kainulai-
nen P. 2002. Terpenoids in the wood of Scots pine and 
Norway spruce seedlings exposed to ozone at different 
nutrient availability. Can. J. For. Res. 32: 2140–2145.

Matyssek R., Günthardt-Goerg M.S., Maurer S. & Christ R. 

2002. Tissue structure and respiration of stems of Betula 
pendula under contrasting ozone exposure and nutrition. 
Trees 16: 375–385.

Pääkkönen E. & Holopainen T. 1995. Influence of nitrogen 
supply on the responses of clones of birch (Betula pen-
dula Roth.) to ozone. New Phytol. 129: 595–603.

Palomäki V. & Holopainen T. 1994. Effects of nitrogen 
deficiency and recovery fertilization on growth, mineral 
concentration, and ultrastructure of Scots pine needles. 
Can. J. For. Res. 25: 198–207.

Pretzsch H., Dieler J., Matyssek R. & Wipfler P. 2010. Tree 
and stand growth of mature Norway spruce and Euro-
pean beech under long-term ozone fumigation. Environ. 
Pollut. 158: 1061–1070.

Riikonen J., Kontunen-Soppela S., Ossipov V., Tervahauta 
A., Tuomainen M., Oksanen E., Vapaavuori E., Heino-
nen J. & Kivimäenpää M. 2012. Needle metabolome, 
freezing tolerance and gas exchange in Norway spruce 
seedlings exposed to elevated temperature and ozone 
concentration. Tree Physiol. 32: 1102–1112.

Ritter W., Lehmeier C.A., Winkler J.B., Matyssek R. & 
Grams T.E.E. 2015. Contrasting carbon allocation 
responses of juvenile European beech (Fagus sylvatica) 
and Norway spruce (Picea abies) to competition and 
ozone. Environ. Pollut. 196: 534–543.

Rossi S., Morin H. & Deslauriers A. 2012. Causes and cor-
relations in cambium phenology: towards an integrated 
framework of xylogenesis. J. Exp. Bot. 63: 2117–2126.

Rossi S., Rathgeber C.B.K. & Deslauriers A. 2009. Comparing 
needle and shoot phenology with xylem development on 
three conifer species in Italy. Ann. For. Sci. 66: 1–8.

Royal Society 2008. Ground-level ozone in the 21st century: 
future trends, impacts and policy implications. RS Sci-
ence Policy Report 15/08, London.

Skärby L., Ro-Poulsen H., Wellburn F.A.M. & Sheppard L.J. 
1998. Impacts of ozone on forests: a European perspec-
tive. New Phytol. 139: 109–122.

Thomas V.F.D., Braun S. & Flückiger W. 2005. Effects of 
simultaneous ozone exposure and nitrogen loads on 
carbohydrate concentrations, biomass, and growth of 
young spruce trees (Picea abies). Environ. Pollut 137: 
507–516.

Uggla C., Magel E., Moritz T. & Sundberg B. 2001. Function 
and dynamics of auxin and carbohydrates during early-
wood/latewood transition in Scots pine. Plant Physiol. 
125: 2029–2039.

UNECE 2004. Mapping critical levels for vegetation. 
Manual on methodologies and criteria for modelling 
and mapping critical loads and levels and air pollu-
tion effects, risks and trends. United Nations Economic 
Commission for Europe (UNECE) Convention on Long-
range Transboundary Air Pollution, Geneva. [Available 
at http://www.icpmapping.org/Mapping_Manual].

Utriainen J. & Holopainen T. 2001a. Nitrogen availability 
modifies the ozone responses of Scots pine seedlings 
exposed in an open-field system. Tree Physiol. 21: 
1205–1213.

Utriainen J. & Holopainen T. 2001b. Influence of nitrogen 
and phosphorus availability and ozone stress on Norway 
spruce seedlings. Tree Physiol. 21: 447–456.



BOREAL ENV. RES. Vol. 21 • Radial growth response of Norway spruce seedlings to ozone and nitrogen 165

van Goethem T.M.W.J., Azevedo L.B., van Zelm R., Hayesb 
F., Ashmore M.R. & Huijbregts M.A.J. 2013. Plant spe-
cies sensitivity distributions for ozone exposure. Envi-
ron. Pollut. 178: 1–6.

Wallin G., Skärby L. & Selldén G. 1990. Long-term expo-
sure of Norway spruce, Picea abies (L.) Karst., to ozone 
in open-top chambers I. Effects on the capacity of net 
photosynthesis, dark respiration and leaf conductance 
of shoots of different ages. New Phytol. 115: 335–344.

Wallin G., Karlsson P.E., Selldén G., Ottosson S., Medin 
E.-L., Pleijel H. & Skärby L. 2002. Impact of four years 
exposure to different levels of ozone, phosphorus and 
drought on chlorophyll, mineral nutrients, and stem 
volume of Norway spruce, Picea abies. Physiol. Plan-
tarum 114: 192–206.

Wellburn F.A.M. & Wellburn A.R. 1994. Atmospheric ozone 
affects carbohydrate allocation and winter hardiness of 

Pinus halepensis (Mill.). J. Exp. Bot. 45: 607–614.
Weber J.A. & Grulke N.E. 1995. Response of stem growth 

and function to air pollution. In: Gartner B.L. (ed.), 
Plant stems: physiology and functional morphology, 
Academic Press, San Diego, California, pp. 343–363.

Wipfler P., Seifert T., Biber P. & Pretzsch H. 2009. Intra-
annual growth response of adult Norway spruce (Picea 
abies [L.] Karst.) and European beech (Fagus sylvat-
ica L.) to an experimentally enhanced, free-air ozone 
regime. Eur. J. Forest Res. 128:135–144.

Wittig V.E., Ainsworth E.A., Naidu S.L., Karnosky D.F. 
& Long S.P. 2009. Quantifying the impact of current 
and future tropospheric ozone on tree biomass, growth, 
physiology and biochemistry: a quantitative meta-analy-
sis. Global Change Biol. 15: 396–424.

Zobel B.J. & van Buijtenen J.P. 1989. Wood variation: its 
causes and control. Springer-Verlag, Berlin.


