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1. INTRODUCTION

The spring of 1966 was the first time when
any largescale damage was noted in the trees,
particularly pines (Pinus silvestris) and bir-
ches (Betula pubescens), surrounding a proces-
sing plant, Typpi Oy, which produces nitrogen
fertilizers in Oulu (65° N). Since that time,
the damage has increased to such an extent
that the area of serious damage in 1970
comprised appr. 250 hectares. Typpi Oy fi-
nanced the comprehensive investigations
which were carried out in winter 1969—70,
in order to elucidate the causes of the damage
to the pines. Typpi Oy has had the con-
dition of the trees observed since 1966, and
chemical analyses have been carried out to

determine the amounts of fluorine, sulphur
and nitrogen present in the needles of the
pines and the leaves of the birches.

The emission inventory (SÖYRINKI & Es-
TAMA & MERILÄINEN 1970) of the department
of Typpi Oy producing mixture-type fertili-
zers, which started operating in 1957, shows
a fluorine emission (hydrogenfluoride, silicon
tetrafluoride, and the other fluorides present
in the dust of mixture-type fertilizers) of
20—30 tons/year. The sulphur emission of
Typpi Oy is probably appr. 450 tons/year,
and the emission of nitrogenoxides appr.
1000 tons/year, calculated as elementary
nitrogen.

2. MATERIALS AND METHODS

The following pine samples were used: 1)
Trees growing on the damaged area (mainly
NW of Typpi Oy, where the damage is most
severe) and a control material of trees from
an unpolluted area. 2) During the winter
1969—1970, pines of 2—4 meters were felled
on the unpolluted area (6—7 km SW of
Typpi Oy, on the southern side of the town).
Part of these were thereafter brought to the
site of Typpi Oy, part were left on the unpol-
luted area. Thus the pines brought near the
process operations came under the pollutant
infuence as quickly and effectively as possible.
The first few of these »test trees» were placed
on the designated field on Nov. 4th 1969
(the socalled November trees). More trees
were brought on February 4th, March 9th
and April 2nd 1970 (the February, March
and April trees). A Number of these trees
were protected in such a way that they were
not, at least immediately, exposed to the
effect of the fallout of particulate pollutants
such as fertilizer dust.

The needles of the pines investigated were
divided into two groups: those over 1 year
old, and those of shoots less than 1 year old.
Before chemical analyses the needles were
rinsed (appr. 2 min/sample) on a sieve with
a spray of distilled water. After that they

were dried at 90° C, ground, and preserved
in an exicator until analyzed. The determi-
nations of fluorine, sulphur, nitrogen, potas-
sium and phosphor were carried out in the
laboratories of Typpi Oy by the following
methods.

Fluorine: ashing, NaOH-fusion, suspension
in water, distillation from HC104 by water
vapour, assay of NaOH-solution by the
spectrophotometric alizarine method. Sul-
phur: Na2O2-Na2CO3-fusion, suspension in wa-
ter, filtering, precipitation as BaSO4. Nitro-
gen: the wet-Kjelldahl method. Potassium:
ashing, dissolution in HC1, atomic absorp-
tion spectrophotometry. Phosphor: Mg(NO3)2

treatment, ashing at 500° C, dissolution in
H2SO4, spectrophotometric molybdophospha-
te method.

The pH determinations of the washing
water of the needles, melted snow and frost
were carried out using Beckman's Expando-
matic pH meter in the Botany Department
of the University of Oulu.

The chlorophyll present in the needles was
also determined in the Department of Botany:
the needles were ground in a Sorwall Omni-
Mixer and extracted in acetone, Ca(CO3)2 was
added, the mixture was centrifuged (5 min.,
5000 rpm) and filtered. The chlorophyll con-



tent was determined by a spectrophotometer
(Hitachi).

The photosynthesis and respiration exper-
iments on the needles were made in the
Department of Botany, using Hartman &
Braun's URAS II-analyzer and chambers
built for this purpose.

In order to determine the degree of xero-
morphism of the pine needles, samples of the
most recently grown needles were collected
on Oct. 27th 1969 both near Typpi Oy and
further away in the unpolluted area (Oulu,
Sanginjoki), where samples were taken from
fertilized forests on the one hand and from
areas not fertilized on the other. All the
samples come from dryish, mainly Empetrum-
Vaccinium type pine forests, though both
near Typpi Oy and in the fertilized forests
at Sanginjoki the species of the field and
bottom layers had been somewhat changed
by the effect of fertilizers. The samples were
obtained about 1.5 meters above the ground
from the southern side of nore or less healthy-
looking trees 2—3 meters high. The average

length of the needles was determined from
200 needles of the youngest shoots randomly
obtained in the Typpi Oy area, while in the
other two areas 100 needles were measured
in each case. The other measurements were
carried out on preparations made from the
middle parts of needles obtained from about
2 cm below the tip of a young shoot. 60
needles were taken from the Typpi Oy area,
30 needles from each of the two others.

The water uptake experiments of pine
shoots were made under dark conditions and
0 to + 5° C temperature, so as to eliminate
the effect of photosynthesis and respiration
on the alternation of weight. The relative
humidity of the air was 80—100 % throug-
hout the water uptake experiment, during
which the shoots were sprayed for appr. 20
seconds at intervals of about 1/2 hour. The
shoots, dried on the surface, were weighed
twice a day, and the water content was
determined at the beginning and at the end
of the experiment.

3. RESULTS AND DISCUSSION

31. Symptoms in the Trees

The symptoms in the trees in the neigh-
bourhood of Typpi Oy are clearly visible
(fig. 1). Yet it is difficult to say on the basis
of these which contaminants have caused the
damage (cf. e.g. THOMAS, 1964, p. 230 and
TRESHOW, 1970, p. 295—297). The damaged
needles are greyish brown or brown. The
brown colour is not clearly concentrated to
the tips of the needles. There is often a thin
(1/2—1 mm), dark brown or reddish brown
»band» to separate the dead brown tissue
from the live green parts. There is no clear
difference in the sensitivity of old and young
needles. In the most polluted area the trees
in the spring retain little more than the
needles grown during the previous summer
— older needles are turning brown and
falling off. Thus the trees keep their needles
only for 1—2 years. During the early sum-
mer months new needles grow to compensate
for the winter defoliation.

It can be clearly seen from the trees —
especially on and around open places — that
the sides facing Typpi Oy are more damaged

than the opposite sides. Even in one branch
the needles protected by others (from ex-
posure to the effects of the process operations)
may remain green, although the ones ex-
posed to the injurious effect are destroyed.
Greatest damage has occurred in individual
trees growing on open places, and in the
margins of forests. It can often be seen that
the tops of high trees are more badly damaged
than are small trees, which may survive even
near Typpi Oy if protected by buildings, etc.
Tops of high birches are damaged as far as
the centre of the town (2—3 km SW of Typpi
Oy), as are also high pines at a similar
distance in the NW direction.

Snow cover is a good shield against damage.
Small pines and the lowest branches of high
pines, which are covered by snow, remain
green even in the worst damage areas (fig. 2).
This fact, among others, suggests that the
injury mainly occurs in winter conditions. In
the immediate surroundings of Typpi Oy the
leaves of some deciduous trees are badly
damaged even in summertime.

The symptoms appear on the pine needles
in the spring, though not very suddenly. In



Fig. 1. Damaged pine near Typpi Oy. The parts directly facing the plant are ones most severely damaged.

the spring of 1970, for example, the new in-
juries were slightly visible as early as the
middle of April, but became apparent at the
beginning of June.

The symptoms in the test trees brought
to the site of Typpi Oy were similar in quality
and location to those noted in the growing
trees. As the experimental field was situated
quite near the processing plants, the damage
occured naturally rapid and heavy. Artificial
protection, snow and the shelter of other trees
provided protection against damage on the

experimental field as in natural conditions.
At the beginning of May 1970 the needles of
the November trees had all turned brown with
the exceptions of those under the snow, which
were still partly green at that time. At the
same time about half of the needles in the pro-
tected trees were brown.

It is natural that chlorophyll is destroyed
when visible damage appears. This is shown,
for example, by the following statistics on the
decline of the chlorophyll content in the need-
les of the unprotected November test trees:

14. 1. 1970 chlorophyll content was 17.3 mg/g of dry matter
23. 1. 1970 » » » 14.9 » » •

9. 3. 1970 » » » 6.1 » » »
14. 4. 1970 » » » 1.0 » » »

Shoots of the test trees were brought to
the laboratory during the winter, to allow
closer observation of the progress of damage.
Brown colour was first noted in the middle
of December 1969, when the needles of the
November trees brought into the laboratory

turned completely brown within a week.
Later in the spring the needles turned brown
in an even shorter period. These observations
show that the process which finally leads
to total damage begins as early as midwinter,
although the exceedingly slow wintertime



Fig. 2. The lowest branches of pine, which are convered by snow in the winter, have not been damaged.
Note also the large proportion of Deschampsia flexuosa and Chamaenerion angustifolium in the field layer,

which is due to the effect of fertilizer.

metabolism of the pines prevents the injuries
from becoming visible until the warmer spring.
The observations further show that a very
short time at midwinter was sufficient for
the experimental trees to become damaged.
This fact is of great interest, as it is generally
assumed that the toxic effect is strongest in
the summer, when abundant gas exchange
takes place through the stomata of plants.

32. Fertilizer Dust

Only one month after the test trees were
brought to the field, exceedingly fine, grey
dust could be seen on the surface of their
needles (fig. 3). Observations in the field
revealed a clear correlation between the di-
rections into which the dust spreads and the
brown colour noted in previously healthy
trees. The branches pointing towards Typpi

Oy, particularly the needles of the branch
tops, were generally the dustiest. Table 1
gives an indication of the amounts of dust
recorded. The dust content was high in the
trees near the site of Typpi Oy, but decreased
sharply as the distance became greater.

A grey (because of the dust) layer of ice
was also noted on the needles of the test
trees on several occasions.

Microscopy revealed that most of the dust
had accumulated in the stomatal grooves of
the needles (fig. 4). Large amounts of dust
were also found in the stomatal depressions.
Near Typpi Oy approximately half of the
stomatal depressions of green needles even
were covered and filled with dust.

The dust accumulated in the November
trees by the turn of the year proved to con-
tain large amounts of fluorine (F~). The de-
posit washed away from the surface of the



Fig. 3. Pine shoots coloured grey with fertilizer dust.
(On the right an unpolluted shoot for comparison).

needles contained as much as 2 % of fluorine.
The total sulphur content of the dust deposit
was 0.5—1 %. Apparently, however, most
of the dust covering the needles is insoluble
in water. Table 2 shows roughly the amounts
of fluorine and sulphur that may dissolve in
water from the dust.

In the case of table 2, it should be noted
that the amounts of fluorine, sulphur and
nitrogen naturally depend on the amount of
water used and the effectiveness of washing;
despite this, the values presented are probably
more or less comparable with each other. The

trees which had remained on the experimen-
tal field unprotected for a long time contained
more of these elements than the trees which
had been protected or had been exposed for
only a short period, not to mention the
samples obtained from further away (Kuivas-
järvi).

The analyses of the dust (assays of potas-
sium, phosphor and calcium were also made)
show that its composition resembles relatively
closely the compositions of the fertilizers pro-
duced at Typpi Oy. Thus the dust deposit
on the needles can be recognized as fertilizer
dust from the operations producing compound
fertilizers. The pH measurements made sup-
port this notion: the dust is nearly neutral.
It therefore should have no acid effect on
the needles.

Fig. 4. Pine needle stomatal cavities filled with
fertilizer dust. (The dust can be seen as black in

the picture).

Table 1. The amount of dust on the shoot samples of the November test trees. Samples collected on Dec.
17th 1969. The amount of dust = the deposit settled at the bottom of the washing basin, expressed as

percents of the dry weight of the shoots.

The youngest shoots on the side of the test trees facing Typpi Oy
Older parts of the shoots on the side of the test trees facing Typpi Oy
The youngest shoots on the side opposite to Typpi Oy . .
Older parts of the shoots on the side opposite to Typpi Oy

The amount
of dust (%)

6.0
5.1
3.8
3.5



Table 2. The analysis on the washing water x of the pine shoots (after the deposit at the bottom has been
removed). Samples collected on Febr. 19. 1970.

Unprotected November test trees:
— shoots over 1 year old with needles .
— the youngest shoots with needles . . .

Fully protected November test trees:

— shoots over 1 year old with needles .
— the youngest shoots with needles . . .

Februar test trees:

— shoots over 1 year old with needles .
— the youngest shoots with needles . . .

Unpolluted trees (the Kuivasjärvi area):

— shoots over 1 year old with needles .
— the youngest shoots with needles . . .

F mg/l

14.7
21.5

4.4
6.5

5.6
3.0

0.0
0.0

SO4 mg/1

682.4
774.9

275.7
305.0

267.6
231.8

128.4
49.8

£ - N mg/l

319.2
617.6

90.0
124.4

200.3
156.9

37.2
38.4

1 25 —50 g of shoots (dry weight) were washed with 1.5 1 of water. The values of the table have been
calculated per 100 g shoots (dry weight) and 1 1 of washing water.

33. Analyses on Pine Needles

The concentrations obtained are not guite
as reliable, since the pollutants covering the
surface of the needles are difficult to elimi-
nate. Yet, the results are probably compar-
able at least where the rates of accumulation
are considered.

At it is known, fluorine in particular tends
to concentrate towards the tip of the leaf
over time. In pine, however, this tendency
is not very strong; the needle tips may con-
tain 2—10 times as much fluorine as the
base (cf. e.g. TRESHOW, 1970, p. 268). The
analyses made on the needles of the Novem-
ber trees (table 3) show that the present
material contains no essential difference be-
tween the tip and the base as regards fluorine
or any other substance determined. This is
natural, for the transpiration flow is very
slight under winter conditions. Thus the

polluting agents remain near the point where
they entered the needle.

The analyses made (cf. e.g. tables 3 and 5,
and figures 5 and 7) show that old needles
— at least if they have been exposed to
effective pollutants for a sufficiently long
period — contain more toxic and other harm-
ful substances and also nutrients (at least
N and K were analyzed) than needles under
1 year old. The differences, however, are
not great.

In order to find out what the situation
was in the youngest needles, some quite
recently grown needles collected on June the
22nd 1970 were analyzed for F and S. The
results are presented in table 4. The results
show that near Typpi Oy very young needles
contained in smaller quantity fluorine than
did older needles. Thus it seems probable that
F is not, at least in large amounts, transloca-
ted from the older parts of the tree into the

Table 3. Analyses on the base and tip parts of the washed needles of the November test trees. The samples
of needles collected on Jan 7. 1970.

Needles over 1 year old, base
» » » » tip

Needles of the youngest shoots, base
» » » » tip

F ppm

222
204
147
219

S %

0.31
0.28
0.33
0.28

S - N %

3.02
3.10
2.59
2.67

K %

1.4
1.4
1.3
1.1

v /o

0.54
0.49
0.51
0.46
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Table 4. Analyses on quite young and more than 1 year old washed pine needles. The samples were col-
lected on June 22nd 1970 at two areas on the western side of Typpi Oy (polluted trees) and at one site

on the Kuivasjärvi area (unpolluted trees).

Polluted trees:
— Needles over 1 year old
— young needles

Unpolluted trees:

— needles over 1 year old
— young needles

F ppm S %

39.2
16.6

7.3
8.7

28.8
6.2

0.18
0.13

0.
0.

11
19

0.
0.

12
16

growing new needles. As for sulphur, the
values recorded near Typpi Oy were low in
both younger and older needles.

Tables 3 and 4 present the results of some
F, S and N analyses made on the pine

needles. Extremely high values for fluorine
were obtained from the November trees only
one or two months after they were brought
to the experimental field. As can be seen
from figure 5, the peak values were more

Fig. 5. Accumulation of fluorine, sulphur, phosphor, nitrogen and potassium in the needles of the test
trees brought into the vicinity of Typpi Oy on Nov. 4th 1969 during the period Nov. 6th 1969 — Jan.
27th 1970. Fl = amount of fluorine in pine needles over one year old, F2 = amount of fluorine in needles

less than one year old. Similarly S = sulphur, P = phosphor, N = nitrogen, and K = potassium.
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than tenfold if compared with the initial
values (control trees). In unindustrialized
areas the fluorine content of pine needles is
generally 1—10 ppm (e.g. GARBER, 1968,
p. 43—45, TRESHOW, 1970, p. 271). BOSSAVY
(1966) on the other hand, considers 25 ppm
to be a nearly normal value for Pinus sil-
vestris (cf. also ROBAK, 1969, p. 28). The
values obtained from the analyses carried out
by Typpi Oy on the unpolluted area further
away fall into this order of magnitude. The
highest F content recorded in green needles
was 29 ppm (among the samples collected
August 6th—15th 1969), but this tree was
already damaged (TYPPI OY, Tutkimusosasto
1970, p. 3). The data concerning the tolerance
of the pine are somewhat contradictory, but
pines are generally regarded as relatively
sensitive to fluorides (cf. e.g. THOMAS, 1964,
p. 249—250, RIPPEL & JANOVICOVÄ, 1968,
WENTZEL, 1968, p. 367, DAINES, 1969, p.
438, TRESHOW, 1970, p. 292).

The peak fluorine values recorded for the
November trees must be considered so high
that they would result in the death of the
needles even if coniferous trees were — as
ROHMEDER & SCHÖNBORN (1968, p. 58) sug-
gest — much more resistant in winter con-
ditions than in the summer. As the fluorine
which has penetrated into the needle remains
in one place until metabolism is stimulated
in the spring (as explained above), death
apparently occurs then at the latest.

The initial values for sulphur were below
0.1 % (healthy November trees on Nov. 6th
1969, cf. fig. 5). By January, values 3—4
times higher were recorded on the exper-
imental field. Pines are generally regarded
as less resistant to sulphur oxide than deci-
duous trees (cf. e.g. THOMAS, 1964, p. 234,
TRESHOW, 1970, p. 256, BJÖRKMAN, 1970 and
the literature presented by him). The sus-
ceptibility of needles to the effect of sul-
phur depends not only on the SO4 concen-
tration and the duration of exposure, but
crucially also on the stomatal conditions of
the needles and the rate of metabolism. It is
therefore impossible to give clear and un-
ambiguous sulphur tolerance values for pine
needles. According to KATZ (1952), healthy
needles of coniferous trees normally contain
0.1 % of organic sulphur (per dry weight).
Investigations by Typpi Oy revealed total
sulphur contents of 0.1—0.2 % in the green

needles of the neighbourhood pines. LAAMA-
NEN & LAHDES (1969, p. 41—43) noted that
the sulphate concentration in the pine needles
exceeded 0.5 % of sulphate in some sections
of a mixed residential and industrial area.

As the investigations carried out in the
neighbourhood of Typpi Oy are not yet suf-
ficient, it is difficult to say anything definite
about the possible role of sulphur in the
injury of trees. It seems probable, however,
that sulphur is less significant than fluorine,
though it certainly has some effect as a con-
tributary factor. The effect of fertilizer dust
can also reduce the S-content of the polluted
trees and help decrease the amount of damage
(cf. STEFAN, 1969, BJÖRKMAN, 1970). The
peak values recorded for total sulphur con-
tent (0.4—0.6 %) are however sufficiently
high to bring about the conditions under
which damage is likely to occur.

The total nitrogen content in healthy need-
les of the test trees from the unfertilized area
and the normal trees used as controls was
normal, i.e. 1—1.5 % of dry weight (cf. e.g.
AALTONEN, 1950, table 1 and 3, VIRO, 1950,
p. 18—19 and 1955, p. 16—21). In the same
way as F and S contents, nitrogen content
also increased as a function of time in the
test trees. The nitrogen content of the No-
vember trees had almost doubled by the latter
of January (cf. fig. 5). According to the
measurements made by Typpi Oy (TYPPI
OY, Tutkimusosasto, 1970, p. 2—3), the mean
nitrogen content of the needles in the healthy
area was 1.1—1.2 %. Green pine needles
near Typpi Oy generally contained a little
over 1.5 % of nitrogen. According to TRE-
SHOW (1970, p. 224), tissues are damaged
only when the leaves contain over 4 % of
nitrogen.

Very little is known about the possible sig-
nificance of nitrogen for oxidant toxins. The
symptoms noted around Typpi Oy do not
resemble the symptoms caused by e.g. ozone
or the PAN compounds (cf. e.g. DARLEY,
E. F., 1968). The symptoms caused by NO2,
on the other hand, are similar to the SO2

damage (cf. e.g. HAUT & STRATMANN, 1967,
p. 54—56, TRESHOW, 1970, p. 359). As far
as it is known, the concentration of NO2 in
the air may become relatively high on dark
and foggy days. Yet its toxic effect is prob-
ably not of the same order of magnitude as
that of SO2. The damage of trees around
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Typpi Oy is apparently not due to nitrogen,
not at least to gaseous nitrogen alone. It is
more likely that the high nitrogen contents
are brought about by fertilizer dust, which
contains both nitrate and ammonia.

It is generally known that higher than nor-
mal nitrogen concentrations in the growing
base may sometimes result in a prolonged
growing period in the autumn. In these cases
the perennial parts may not always have
enough time to adapt to winter conditions.
As a result, the pines may suffer from a
shortage of water due to excessive transpi-
ration — thus especially in the early spring.
As will be explained later, both needle struc-
tures that are more mesomorphic than nor-
mal and spring-time water insufficiency are
apparent in the trees around Typpi Oy. The
strong effect of nitrogen fertilizers may be
the reason for this. The rapid destruction of

the test trees, however, shows that the effect
of fertilizers is not the only, nor the primary
reason, even near Typpi Oy.

The potassium and phosphor contents of
the needles are similarly higher than normal
(fig. 5). It is apparent, however, that neither
potassium nor phosphor have any actual toxic
effect on the needles, particularly since the
balance between the different nutrients is not
badly disturbed. At the beginning of January
the phosphor and potassium contents of the
needles of the November trees were twice as
high as the values reported by AALTONEN
(1950, table 6) and VIRO (1950, table 4).

Since the spring of 1966 the content of
fluorine, sulphur and nitrogen in the needles
of pine surrounding Typpi Oy has been fol-
lowed at 12 observation points. Figure 6
shows graphically the variations in fluorine,
sulphur and nitrogen content at three ob-

Fig. 6. Variation of fluorine, nitrogen and sulphur contents in pine needles less than two years old in the
three observation points near Typpi Oy during the years 1966 — 1970. No 6=0.7 km NW of the compound
fertilizer plant, margin of a forest, 7=1.5 km NW of the compound fertilizer plant, in the middle of a
forest, and 8=0.8 km NW of the compound fertilizer plant, margin of a forest, s-66=spring 1966, h-67=

late summer 1967 (and so on).


