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Abstract

In this study, mineral nutrition and its relation to the vigour of Scots pines growing under the
influence of sulphur, copper and nickel stress were investigated. This was done by analysing the
nutrient status and needle damage of pines along a pollution transect extending from the proximity
of a large S, Cu and Ni emitters on the Kola Peninsula to a background area in Finnish Lapland.
Additionally, pine seedlings were exposed to Cu and Ni stress in order to gain more detailed
information about the mechanisms behind metal stress.

The total sulphur concentrations of the youngest needles in the vicinity of the largest point
source were about double compared to those in the reference area (< 800 mg in kg of dry needles
vs. > 1900 mg kg-1). In the case of Cu and Ni, this difference was close to 100-fold (from 2-3 mg
kg-1 to over 250 mg kg-1). While the elevated sulphur concentrations were not attributable to
particle deposition, the particles on needle surfaces raised the total concentrations of Cu and Ni
occasionally over 1.5-fold compared to the inside concentrations. The Mn and Zn concentrations
showed a decreasing trend, whereas K and P slightly increased towards the Monchegorsk smelters.
Enhanced needle senescence and tip necrosis were related to high total foliar levels of Cu, Ni and S
and low levels of Zn and Mn. Stomatal chlorosis and other discolourations showed a distinct
relation to high SO2 levels in the air and also to high foliar concentrations of Ca, Fe, Si and Cl.
Particles deposited on needle surfaces did not cause directly visible injuries in pines.

In seedlings, Cu and Ni were enriched in roots: the Ni concentration was up to 16-fold and the
Cu concentration 6-fold compared to that added into the soil. While Cu was mostly retained in
roots, Ni had much easier access to foliage. The effect of metal stress on other nutrients varied
between nutrients, plant parts and metals added. Soil analyses from both the field study and the
seedling experiment gave mostly a weak estimation about the plant availability of nutrients. Foliar
nutrients remained above the deficiency limits in all studies and were hence not the primary cause
for the decrease of pine vigour and the consequent growth retardation and forest decline.

Keywords: foliar uptake, forest decline, needle injuries, nutrient analysis



 

 
 
 
 
 
 
 
 
 
 
One of the first symptoms of an approaching nervous breakdown is the 
belief that one�s work is terribly important. 
 
Bertrand Russell 
 
 

 
 

Next to them come the philosophers, cloaked and bearded to
command respect, who insist that they alone have wisdom and
all other mortals are but fleeting shadows. Theirs is
certainly a pleasant form of madness, which sets them
building countless universes and measuring the sun, moon,
stars and planets by rule of thumb or a bit of string, and
producing reasons for thunderbolts, winds, eclipses and
other inexplicable phenomena. They never pause for a
moment, as if they’d access to the secrets of Nature,
architect of the universe, or had come to us straight from
the council of the gods. Meanwhile Nature has a fine laugh
at them and their conjectures, for their total lack of
certainty is obvious enough from the endless contention
amongst themselves on every single point. They know nothing
at all, yet they claim to know everything…
 
Erasmus of Rotterdam (1509) 
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 Abbreviations and definitions 

AAS atomic absorption spectrometer 
CHCl3 chloroform 
C-needles current needles 
C+1-needles (C+2…) current+1 (+2…) needles (one-, two-,…year-old needles) 
DM dry matter (e.g. mg kg-1 DM = mg in kg of dry matter) 
DTPA diethylene triamine penta-acetic acid 
EDS energy-dispersive element analyzer 
EDTA ethylene diamine tetra-acetic acid 
LOI loss of ignition 
NH4OAc ammonium acetate 
SEM scanning electron microscope 
STEM scanning transmission electron microscope 
XRF X-ray fluorescence (spectrometer) 
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1 Introduction 

1.1  Nutritional status of pines and its relation to forest damage 

Severe and extensive injuries in forest trees are typically associated with anthropogenic 
pollution, but forest decline or forest death also occurred during the pre-industrialised era 
(Freedman 1989). The forest decline observed over the past three decades in Europe and 
North America is, however, commonly believed to be triggered by air pollution or by 
abiotic or biotic factors affecting pollution-weakened trees. The first symptoms of such 
new forest damage appeared in Germany in the early 1970’s, initially in silver fir (Abies 
alba Mill.), and they were soon followed by severe damage in Norway spruce (Picea 
abies Karst.) and Scots pine (Pinus sylvestris L.) stands and later also in deciduous trees. 
In conifers, the symptoms include chlorosis or yellowing of needles, premature needle 
shedding, a decrease in woody tissue production, root dieback, a decline in foliar nutrient 
levels and, ultimately, death of the trees. Afterwards (in the 1980’s), this phenomena was 
specified as “new type forest damage” or “recent forest decline” based on the German 
term “neuartige Waldschäden”, to distinguish it from the historical (and natural) forest 
declines. Recent forest decline has been a topic of intensive research, and over 100 
hypotheses have been presented in the way of explanation. These include poor forestry 
practice, aluminium toxicity in acidified soils, leaching of soil nutrients due to acid rain, 
ozone/photochemical pollution, sulphur dioxide and nitrogen oxides, climate change, 
nutrient imbalance caused by either excess nitrogen or nutrient deficiencies (Freedman 
1989, Huettl 1989, Wellburn 1994). Especially in Central Europe, nutrient deficiency 
(particularly Mg deficiency) was related to declining tree health (Huettl 1989, Zöttl & 
Hüttl 1991), but forest damage was also associated with nutritional disturbances, for 
instance, in the USA (Ke & Skelly 1991) and China (Guangjing 1991). In addition to Mg 
deficiency, other nutrient deficiencies (Ca, K, Mn and Zn) have also been related to the 
symptoms of the new type of forest damage (Huettl 1989, Guangjing 1991, Huettl & Fink 
1991). 
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In the 1990’s multi-stress hypotheses received increasing attention in the literature. 
These hypotheses usually emphasized the interaction between local biotic and abiotic 
factors (e.g. climate, insects, fungi) and different forms of air pollution (cf. e.g. Klap et 
al. 2000). Moreover, Kandler and Innes (1995) questioned the concept of “recent forest 
decline” as a new phenomenon, and proposed that the use of terms such as “forest 
deaths” or “novel type of forest damages” should not be used in the context of the 
phenomenon reported in Central Europe in the 1980’s. It was found out in studies in the 
1990’s that nutrient alterations, for instance, were connected to e.g. elevated levels of 
ozone and carbon dioxide (Pfirrmann et al. 1996), acidic deposition (Sherman & Fahey 
1994, Andersson et al. 1995, Schaberg et al. 2000) and heavy metals (Nieminen & 
Helmisaari 1996, Derome & Lindroos 1998a). 

The mechanisms behind mineral nutrient alterations in polluted areas are diverse. They 
are not only due to the direct effects of pollutants, but often result indirectly from changes 
in plant metabolism and growth that are caused by the toxicity of pollutants (e.g. heavy 
metals). The direct effects include (i) antagonistic interactions of deposited metals with 
other nutrients in root uptake and transportation (Adriano 1986, Marschner 1995), (ii) 
nutrient leaching from (deteriorated) needles due to acid precipitation (Tukey 1980, 
Tveite et al. 1994), (iii) leaching of cations from topsoil to the deeper layers due to 
replacement by deposited cations (Stuanes & Abrahamsen 1994, Derome & Lindroos 
1998a) and (iv) foliar uptake of elements deposited on needle surfaces (McFarlane & 
Berry 1974, Percy & Baker 1988, Marschner 1995). Indirectly, nutrient alterations may 
follow from (i) decreased litter decomposition and a low nutrient mineralization rate due 
to alterations in litter quality and the toxicity of metals to fungi and microbes (Bååth 
1989, Helmisaari et al. 1995, Fritze et al. 1996), (ii) alterations in root uptake due to 
damage of ectomycorrhizal fungi (van Tichelen et al. 1999, Brunner & Frey 2000, 
Ahonen-Jonnarth 2000). Root uptake is also indirectly affected via (iii) a metal 
phytotoxicity-caused reduction in root proliferation, which prevents roots from foraging 
nutrient-rich patches in soils, and (iv) reduction in the transpiration rate, which causes 
diminished diffusion and mass flow and hence leads to altered nutrient uptake. 

1.2  Background for the research 

In the 1980's, premature needle shedding and forest diebacks were observed in various 
places in Finnish Lapland. Since Lapland has a sparse population and only few large 
industrial units, anthropogenic stress was not considered a possible cause forest damage 
in these areas. In most cases, biotic factors (e.g. Scleroderris canker (Gremmeniella 
abietina (Lagerberg) Morelet) and weather conditions were shown to be the primary 
causes of these forest injuries (Kaitera & Jalkanen 1992, Kauhanen 1992, Tikkanen 
1995). However, a heavy metal monitoring study performed in the mid-1980's (Rühling et 
al. 1987) and a report on the state of the environment in the Soviet Union published in 
1989 (The U.S.S.R. State Committee for the Protection of the Nature 1989) suggested 
that the emissions of sulphur and metals (mainly copper and nickel) from the smelters on 
the Kola Peninsula have not only devastated forests in large areas around these smelters 



 13

(see e.g. Rigina & Kozlov 2000 and references within) but may also have been a 
contributing factor to the forest damage in Lapland. Consequently, the Finnish Forest 
Research Institute together with five Finnish research institutes and five universities 
started the Lapland Forest Damage Project to promote research into forest damage 
connected with air pollution in Finnish Lapland and on the Kola (Tikkanen 1995). The 
above co-operative project included many subprojects, and the studies I-III presented here 
were done as part of one of these subprojects in the University of Oulu. 



 

2 Aims of the research 

My aim was to study the mineral nutrition of Scots pines growing under the influence of 
sulphur and heavy metal (copper and nickel) stress. I did this by first investigating the 
spatial patterns of pine nutrition – the elements in needles and on needle surfaces – in 
trees on radial transects extending from the close vicinity of a large point source for 
sulphur and metals to a background area 400 km away from the emission source. In the 
second phase of the work, my intention was to focus on the direct effects of copper and 
nickel stress on the root uptake of nutrients and the overall nutritional status of pines. A 
further aim was, by studying needle damage, needle retention and the survival and growth 
of pine seedlings, to find out if the excess sulphur and metal levels and the altered 
nutritional status can be related to pine vigour. Based on the seedling experiment, I also 
aimed to outline a prognosis for afforestation in metal-polluted soils. 

 
More specifically, the main objectives of this thesis can be divided into the following 
main themes: 
 
1. Find out patterns in the regional variation and seasonal translocation processes in 

pine foliar nutrition caused by sulphur and heavy metal stress (I, II). 
2. Determine the impact of elements inside needles vs. in particles on the visible and 

cell level injuries in needles (III). 
3. Define the role of particles deposited on needle surfaces in the foliar nutritional 

concentrations (IV). 
4. Examine the nutrient acquisition (via roots vs. foliage) and translocation mechanisms 

in pines affected by sulphur, copper and nickel stress (IV, V). 
5. Determine the impacts of altered nutrition and metal toxicity on pine vigour and 

seedling viability (III, IV, VI). 



 

3 Material and methods 

The variables measured in the different studies (I-VI) are listed in Table 1 and dealt with 
in detail in the following chapters.  

 
Table 1. General descriptions of the studies I-VI 

 
Study Place Sample collection Measured variables 

I Case study: 

Finnish Lapland, 

Kola Peninsula, 

Norway 

Winter 1990-91: 103 plots; 

autumn 1990 and 1992 and spring 

1991 and 1992: 30 plots, 5 mature 

trees per plot 

Element concentrations in C and C+1 

needles 

II Case study: 

Finnish Lapland, 

Kola Peninsula 

Autumn 1990 and spring 1991: 20 

plots, 5 mature trees per plot 

Seasonal variation in element 

concentrations (C and C+1 needles) 

III Case study: 

Finnish Lapland, 

Kola Peninsula 

April 1991: 12 plots, 5 mature 

trees per plot 

Element concentrations; visible injuries; 

cell level damages; quantity and quality of 

particles deposited on needle surfaces 

IV Case study: 

Finnish Lapland, 

Kola Peninsula 

Autumn 1996: 8 plots, 5 mature 

trees per plot 

Element concentrations inside needles, on 

the surfaces of needles (C, C+1 and C+2 

needles) and in soil; number of needle age 

classes left in trees 

V Experiment: 

Botanical gardens 

of Oulu University 

Summer 1997: 16 factorial Cu/Ni 

combinations, 5 (4-year-old) 

seedlings per treatment 

Element concentrations in C and C+1-

needles, wood, roots and soil 

VI Experiment: 

Botanical gardens 

of Oulu University 

Summer 1997: 16 factorial Cu/Ni 

combinations, 10 (4-year-old) 

seedlings per treatment 

Needle, stem and root growth 
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3.1  Study area in case studies 

The study area is situated in Finnish Lapland and on the Kola Peninsula (Fig. 1 in I, II, 
III, IV). The range of mean annual temperature in the area is from +1.5 to - 1.5 °C. The 
thermal growing season varies from 145 days in the southern part to 115 days in the 
northernmost part (Atlas of Finland 1987). The effective temperature sum during the 
growing season - interpolated for the sampling plots from long-term statistics - varies 
within 632-993 °C, and the average annual precipitation at the plots is from 404 to 537 
mm (Ojansuu & Henttonen 1983, Ritari & Nivala 1993). 40-50 % of the precipitation 
comes as snow. The permanent snow cover develops in mid- or late October and 
disappears in early May (southern part) or early June (parts of the Kola Peninsula). The 
maximum thickness of the snow cover is 60-80 cm (Atlas of Finland 1987, Kryuchkov 
1993). According to radiosonde observations, northeasterly winds prevail in summer, 
whereas the winter winds are from south and southwest (Finnish Meteorological Institute 
1984). 

The bedrock in the area mainly consists of acidic rocks: granite, gneiss and quartzite, 
especially in the southern and central parts of the area, but alkaline rocks and granulites 
also occur, especially in the northern parts. The bedrock is mainly covered by basal till 
(Atlas of Finland 1990, Kontio 1995). 

In 1990, almost 90% of the sulphur emissions in the study area (about 560 000 t of 
SO2 in all) came from the Severonikel (in Monchegorsk) and Pechenganikel (in Nikel and 
Zapolyarniy) works (II: Table 1). The SO2 emissions from Finnish Lapland in 1990 (<10 
t) were mainly from the pulp mills at Kemi, Kemijärvi and Rovaniemi (cf. II: Fig. 1). The 
heavy metal emissions came almost entirely from the smelters on the Kola Peninsula (II: 
Table 1). Due to reductions in production, the emissions have declined during the1990’s, 
though the sulphur contents of the ores used in smelting have a significant effect on SO2 
emissions (Rigina & Kozlov 2000). Nevertheless, the SO2 emissions were remarkably 
lower in 1994 than in 1990, being around 98 000 t from the Severonikel smelters and 
close to 200 000 t from the Pechenganikel smelters (IV, CENR 1995, Reimann et al. 
1997b). The reductions in Cu and Ni emissions (from Monchegorsk) were also distinct: 
in 1990 the Cu emission were 2200 t and the Ni emissions 3100 t, while the 
corresponding figures in 1994 were 934 t for Cu and 1619 for Ni (II, IV). Even though 
reduced, the emissions from these smelters were still enormous: the smelters were among 
the the top five sulphur emitters in Europe. They both produced almost as much SO2 as 
Finland, Norway and Sweden together (Pearce 1994). 

3.2  Research design in seedling experiment 

The effects of Cu and Ni on the growth and nutrition of Scots pine seedlings were studied 
in a factorial experiment set up on an experimental field of the Botanical Gardens of the 
University of Oulu during the summer (early June – turn of September-October) 1997. 
Four-year-old nursery-grown bare-rooted mycorrhizal Scots pine (Pinus sylvestris L.) 
seedlings were grown in 0.75-litre pots containing copper- and nickel-treated mineral 
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forest soil. The roots of the seedlings were washed with water before planting in order to 
remove all adhered organic soil. Cu and Ni (as sulphates: CuSO4×5H2O and 
NiSO4×6H2O) were added to the soil, both at four levels. The Cu levels were 0, 25, 40 and 
50 mg in kg of dry soil and the Ni levels 0, 5, 15 and 25 mg kg-1, respectively. All levels 
of one element were added together with all levels of the other, resulting in a 4x4 factorial 
design. Ten seedlings were grown in each treatment combination, resulting in a total of 
160 seedlings. All the 160 seedlings were used in the growth assessment (cf. chapter 3.4. 
and VI). Of these, 5 seedlings per treatment (total of 80 seedlings) were selected for 
element analysis (V). 

3.3  Sample collection and element analysis from plant material 

3.3.1  Sample collection in field studies 

The number of sample plots from which Scots pine branches were collected varied 
between the studies. In study I, branches were collected once from 103 plots situated in 
dry heath forest in Finnish Lapland in November 1990 - February 1991 and four times 
from 30 permanent plots in Finnish Lapland and on the Kola Peninsula during the autumn 
(August-September) 1990 and 1992 and in the spring (March-April) 1991 and 1992. 
Seasonal variation was studied from samples collected from 13 permanent plots in 
Finnish Lapland at the turn of July-August 1990 and from 20 permanent plots in Finnish 
Lapland and on the Kola Peninsula during September 1990 and again during April 1991 
(II). The material from the April 1991 collection period (12 plots) was also used in study 
III. In the studies I-III on each plot, branches were taken from 5 trees (over 80 years old) 
from the eastern and western sides of the middle third of the canopy. If trees this old were 
not available (on plots close to the smelters), younger trees were chosen. In every study, 
the collected branches were stored in plastic bags in a cold room (4-6°C) until visible 
injury assessment (cf. chapter 3.4. and III) and further preparation for element analysis. 
The two youngest annual shoots (current-year = C needles and previous-year = C+1 
needles) were separated from each other in the laboratory and dried in paper bags at 60°C 
for two days. The dried unwashed needles were then separated from the shoots and 
ground into fine powder (<20 mesh) (cf. Finnish standard method SFS 5669, I, II, III). 

In study IV, eight new sample plots were established. Branches from five trees (30-50 
years old) from the middle third of the canopy on each sample plot were collected during 
the autumn (mid-September) 1996. The collected branches were stored in plastic bags in 
a cold room (4-6°C) until the number of needle age classes was counted, after which the 
three youngest annual shoots with needles (C, C+1 and C+2 needles) were separated 
from each other and dried as above. Having been dried and separated from shoots, part of 
the needles were ground as above. The other part (2 g of needles) were stirred in 20 ml of 
chloroform (CHCl3) for 15 seconds in order to remove the surface waxes (and hence the 
adhered particles). After the chloroform extraction, the needles were dried again and 
ground as above. Below, I will use the term “total concentration” to refer to the 
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concentration measured from unwashed needles and “inside concentration” about the 
concentration measured from CHCl3-washed needles. The CHCl3 extract from the above 
sample (CHCl3 containing the surface waxes and particles) was allowed to dry in 
preweighed test tubes and weighed. 

3.3.2  Sample collection in seedling experiment 

At the end of the experiment (at the turn of September-October 1997), the seedlings were 
removed from the pots, the roots were rinsed carefully with water, and the seedlings were 
separated into: 1) shoots and needles grown during the experiment (summer 1997 = C-
needles), 2) shoots and needles grown during the previous summer (summer 1996 = C+1-
needles), 3) the rest of the shoots and 4) the roots. These parts were dried at 60°C for at 
least two days, after which the needles from the current and previous year’s growth were 
separated from the shoots. The needles from different years were kept as separate 
samples, but the shoots that had grown during the two years were combined with rest of 
the shoots. The current year’s needles (C-needles), previous year’s needles (C+1-needles), 
shoots (above-ground wooden part) and roots (all below-ground biomass) were then 
ground into fine powder and further prepared for element analysis. 

3.3.3  Preparation of specimens for element analysis 

The finely ground plant material was compressed on to a (precompressed) polyethylene 
disc with a hydraulic press, using a force of 200 kN for 5 seconds. These discs were of 
three sizes, depending on how much plant material was available. Three grams of powder 
gave a disc 5 mm in thickness and 32 mm in diameter, while 0.5 g gave a disc 2 mm in 
thickness and 32 mm in diameter, and 0.11 g gave a disc 3 mm thick and 8 mm in 
diameter. In order to retain the original dry mass of the samples, the discs were stored in a 
desiccator or an oven (40-50°C) till the XRF analyses. 

3.3.4  Analytical methods 

The element concentrations were determined from the plant material by X-ray 
fluorescence (XRF) analyses (Finnish standard method SFS 5780) using a Siemens SRS 
AS X-ray fluorescence spectrometer with a Rh anode and Lit 100, PET, Ge and OVO 55 
crystals. Both international and ad hoc standards were used for calibration. The 
international standards were: National Institute of Standards and Technology (NIST): 
Standard Reference Material (SRM) (SRM 1575) Pine needles and (SRM 1572) Citrus 
leaves, Community Bureau of Reference (BCR): CRM 061 Rhynchosteqium riparioides 
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(Hedw.) (Aquatic plant) and CRM 062 Olea europea (Olive leaves). Ad hoc standards 
were used to support the commercial standards whenever their range did not cover the 
variation detected in the plant material to be analysed. The ad hoc standards were 
prepared by adding known amounts of salts in solution to ground Scots pine needles 
collected from an area with low S, N and particle deposition. The following salts were 
used in the ad hoc standards: AlCl3, As2O5, CaCl2 2H2O, CdCl2, CrCl3, CuCl2, FeCl3, HCl, 
KCl, MgCl2, MnCl2, NiCl2, NH4H2PO4, (NH4)2SO4, Pb(NO3)2, SiCl4, ZnCl2,. For the 
analyses of Cu- and Ni-treated seedling material, moreover, ad hoc standards were made 
from the compounds used in Cu and Ni additions (i.e. sulphates, see chapter 3.2.) and 
also from commercial AAS standards (Cu/Ni in 1M HNO3). 

XRF was used to determine the concentrations of aluminium (Al), arsenic (As), 
calcium (Ca), cadmium (Cd), chlorine (Cl), chromium (Cr), copper (Cu), iron (Fe), 
potassium (K), magnesium (Mg), manganese (Mn), nickel (Ni), phosphorus (P), lead 
(Pb), sulphur (S), silicon (Si) and zinc (Zn). Because the As, Cd and Cr levels exceeded 
the detection limit (5 mg in kg of dry needles) in only a few samples, they were excluded 
from the results presented here. The Pb levels are only presented for study IV. 

In study IV, the metal and sulphur concentrations in CHCl3-extracted needle surface 
wax (see end of chapter 3.3.1.) were assessed by computing with the equation: 
   Cwax = [(Ctot × Mtot) - (Cin × Min)] / Mwax 
where Cwax is the concentration in extracted wax, Ctot is the total element concentration in 
needles (i.e. unwashed needles), Mtot is the total mass of needles used in CHCl3 extraction 
(dry [prewashing] mass), Cin is the element concentration inside needles (i.e. in CHCl3-
washed needles) and Min is the mass of CHCl3-washed needles (dry [postwashing] mass 
[or, alternatively, dry prewashing mass minus dry mass of extracted wax (Mwax)]). 

3.4  Needle injury assessment and measurement of growth parameters 

In study III, visible injuries were assessed from needles taken from the middle part of the 
current and previous year's growth collected from all the 12 sample plots. In the visible 
injury assessment, the percentage of needles with chlorotic or necrotic needle tips of over 
0.5 mm, chlorosis around stomata and other discolouration were evaluated under a light 
microscope. Cell level injuries were evaluated from samples collected from 9 plots on the 
Russian side of the border (III: Fig. 1). Of the 5 sample trees, 2-3 were selected for an 
evaluation of cell level damage (see Kukkola et al. 1997 for sample preparation). The 
percentage of healthy, damaged and broken cells and the proportion of extracellular space 
were determined under a light microscope (magnification 20x). 

Ultrastructural needle damages was investigated with STEM (scanning transmission 
electron microscope). In study III on 9 sample plots situated in Russia (III: Fig. 1), 2-3 
trees out of the 5 sample trees were selected and prepared for investigation (see Kukkola 
et al. 1997 for details). STEM (JEOL JEM 100 CX II) was used to determine the number 
of lipid droplets, plastoglobuli, chloroplasts and starch-containing chloroplasts in cells. 
Ultrastructural symptomatology in the mesophyll cells of C+1 needles was studied by 
observing whether disintegration in the endoplasmic reticulum, vacuolisation, tonoplast 
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breakdown or plasmolysis occurred (yes / no) in the studied cells in C+1 needles 
(Kukkola et al. 1997, III). 

In study IV, the following growth parameters were measured: the number of needle 
age classes left in the branches (a needle class was recorded if over 50 % of its needles 
remained), the average dry mass of the needle pair was estimated from a sample of 40 
randomly chosen needle pairs, and the average length of the needle pair was evaluated 
from a sample of 20 needle pairs. The average dry mass of annual shoots (woody part) 
was computed by dividing the dry mass of all annual shoots collected by their number 
(IV). 

From the seedlings grown in Cu- and Ni-treated soil (study VI), apical shoot growth 
was measured from the main stem at the end of the experiment as the growth in length of 
the annual shoot grown during the experiment. The dry masses of all the current and 
previous year’s needles, shoots (above-ground woody parts) and roots were weighed 
(after at least two days at 60°C). The average mass of current needles (needle pairs) was 
evaluated from a sample of ten needle pairs. The total number of current needle pairs was 
computed by dividing the total mass of current needles by the average mass of current 
needles (needle pairs). Furthermore, the root/shoot ratio and the proportion of the total 
mass of the current needles from the total above-ground biomass was computed (VI). 

3.5  Analysis of deposited particles 

The composition and quantity of particles deposited on needle surfaces was studied with 
SEM (scanning electron microscope) from 2-3 trees on each of the 12 sample plots in 
study III. The middle parts (≈0.5-0.8 mm) of three randomly selected needles (current 
and previous year's growth and from the east- and west-facing sides of each three) were 
cut off, glued on brass buttons and stored in a desiccator for two days, after which they 
were coated with carbon film (vacuum evaporator JEOL JEE 4B). The particles on the 
surface of the needles were analysed from randomly selected fields (magnification = 
500X) with a SEM (JEOL JSM-6400). Each detected particle was examined for size and 
chemical composition. A chemical classification of the particles was performed with an 
EDS (energy-dispersive element analyzer, LINK eXL) (III).  

3.6  Soil analyses 

3.6.1  Sample collection 

In case study IV, soil samples were taken from three randomly chosen patches on each of 
the eight sample plots. Samples were taken from both the organic layer and the mineral 
layer (rooting depth just below the organic layer containing soil from both the eluvial and 
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illuvial layers). The three subsamples were combined as one organic-layer and mineral-
layer sample representing that particularly sample plot. In the Cu/Ni-experiment (V), soil 
samples from five pots within each of the 16 treatments were mixed at the end of the 
experiment, resulting in one sample from each treatment, from which two subsamples 
were taken for further analysis. 

3.6.2  Cation extraction and analyses 

During the past few decades, numerous procedures for soil chemical extractant 
techniques for (micro)elements have been developed (see e.g. Ross 1994 for review). The 
intention in these techniques is to separate the elements in different soil fractions using 
different extractants for each fraction – starting from weak extractants for easily 
exchangeable fractions and gradually increasing the effect towards stronger acids. In this 
study, I was only interested in the plant-available fraction. For this purpose, acid (pH 
4.65) ammonium acetate (referred to as NH4OAc below) has been used for a long time in 
multi-element analyses in Finnish agricultural research (Lakanen & Erviö 1971, 
Anonymous 1986) and also in metal-polluted environments in geological surveys (cf. e.g. 
Niskavaara et al. 1997, Räisänen et al. 1997). However, some chelating agents (such as 
ethylene diamine tetraacetic acid = EDTA) increase the efficiency of trace element 
extraction (Lakanen & Erviö 1971, Bloomfield & McGrath 1982, Davies et al. 1987). 
While the EDTA-extractable fraction has been found to give the best correlations with the 
amounts of metals taken up by plants (Lakanen & Erviö 1971, Davies et al. 1987), 
NH4OAc together with EDTA has been reported to be suitable for simultaneous extraction 
of both macronutrients (K, Ca, Mg, P) and micronutrients (Fe, Mn, Zn, Cu, Co, Mo) 
(Lakanen & Erviö 1971, Borggaard 1976). The NH4OAc+EDTA extraction method has 
been used earlier to measure, for instance, element concentrations (including heavy 
metals) in forest soils affected by aluminium industry (Egli et al. 1999). To be able to 
evaluate the suitability of these two extraction methods (plain NH4OAc and 
NH4OAc+EDTA), I combined them in the way explained below. 

A known volume of soil was weighed (fresh and dry mass) and mixed with acid 
ammonium acetate (0.5 M acetic acid, 0.5 M ammonium acetate, buffered to pH 4.65) in 
a ratio soil:NH4OAc = 1:6 (21 ml:125 ml). The suspension was shaken for 1 hour, after 
which it was allowed to stand for at least half an hour and was then filtered through a 
filter paper (Whatman glass microfibre filter: GF/A). The filtrate was stored in cold to be 
analysed with an atomic absorption spectrophotometer (AAS), while the soil (with the 
used filter paper) was mixed with 125 ml of NH4OAc containing 0.02M EDTA (ethylene 
diamine tetraaceticacid as disodium salt, C10H14N2O8Na2×2H2O, referred to as 
NH4OAc+EDTA in the Results and Discussion), after which the suspension was shaken 
and filtered again. From both the NH4OAc and the NH4OAc+EDTA extracts, the 
following cations were determined with AAS: Ca, Cu, Fe, K, Mg, Mn and Ni, and Zn 
(lanthanum chloride (La-HCl) was added to the solution and the standards before the Ca 
and Mg determinations). The cation concentrations were calculated as per soil volume 
and soil dry and fresh mass. Because the latter extract (NH4OAc+EDTA) contained as 



 22

much NH4OAc as the first extract (plain NH4OAc), I assumed that the cations extractable 
by plain NH4OAc would also have been extracted by NH4OAc+EDTA, and the 
NH4OAc+EDTA values presented here (IV, V) are therefore a sum of the above two 
extractions. It follows that if the reported values for NH4OAc- and NH4OAc+EDTA-
extractions are similar, the latter has not extracted any additional cations compared to the 
first extraction.  

The pH of both organic and mineral soil was measured from the 0.01M CaCl2 extract 
(soil:CaCl2 = 1:3). The organic matter content was determined by measuring the loss of 
ignition (LOI%): percentage mass loss of soil burnt at 485 °C for 2 hours (IV, V). The 
total carbon (C), nitrogen (N) and sulphur (S) concentrations in soil (IV) were analysed 
with the CE Instruments Elemental Analyzer (EA 1110 CHNS-O). 

3.7  Data analysis 

In every study (I-VI), the relations between the different parameters were investigated by 
means of Pearson’s correlation coefficients or Spearman’s rank correlation coefficient, 
and the partial correlation coefficient was also used in the studies II and V. Furthermore, 
simple linear regression (after log10 transformation if necessary) in study II, multiple 
hierarchic stepwise regression (done for factors created with principal component 
analysis followed by varimax rotation) in study III and logistic regression analysis is 
study III were use to study the relationships between the parameters. In study V, 
Pearson’s correlation coefficients from the comparisons of (i) concentrations in seedlings 
vs. soil computed per soil volume or fresh or dry mass and (ii) concentrations in seedlings 
vs. soil determined by either NH4OAc or NH4OAc+EDTA extractions were compared 
according to Zar (1996). 

The possible statistically significant differences in the two means obtained for the 
different needle age classes or collection periods were studied with either the paired 
sample t-test (II, III) or, in the case of violation of assumptions, with Wilcoxon’s signed-
ranks test (I, III). If more than two means were compared, either repeated measures 
analysis of variance (II) or, in the case of two within-subjects factors, doubly multivariate 
repeated measures analysis of variance (IV) were used. In repeated measures, ANOVA 
Huynh-Feldt correction for F-values was applied if the assumption of circularity of the 
variance covariance matrix was violated (Potvin et al. 1990). Pairwise comparisons - if 
any - after repeated measures ANOVA were made with the sequential Bonferroni method 
(Holm 1979, Rice 1989). 

The seedling experiment (V, VI) was factorial by nature and hence was analysed with 
two-way factorial ANOVA Cu addition and Ni addition levels as factors. Instead of the 
“traditional” multiple comparison procedures, I applied polynomial contrasts 
(=regression method) when comparing treatment means after ANOVA (Chew 1976, Steel 
et al. 1997). In study VI, this was done by splitting the sum of squares between linear 
(y=a+bx), quadratic (y=a+bx+cx2) and cubic (y=a+bx+cx2+dx3) terms either (i) within 
both factors as such in the case of no interaction between the main effects (Cu and Ni 
levels), or (ii) in the case of significant interaction between the main effects, separately 
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for both factors at each level of the other factor (VI: Tables 1 and 2). In study V, I did this 
by building a regression model starting from a simple linear model containing only the 
main effects (y= a + bNi + cCu) and gradually complementing it up to a full quadratic 
model (y=a + bNi + cCu + dNi2 + eCu2 + f Ni×Cu), which also contains an interaction 
term. In the final models (see V: Figures 1-12), only terms that (significantly) explained 
the variation in the dependent variable are reported. Using the above methods, I hoped to 
have (at least) two advantages over the traditional multiple comparisons procedure (16 
treatments would have taken 120 pairwise comparison). First, I hoped polynomial 
contrasts to give more detailed information of the effects and interrelationships between 
the factors used in the experiments (Baker 1980). Secondly, as Chew (1976) has stated: 
“In comparing the effects of, say, 10 … and 40 ppm (=mg in kg) of a certain chemical, if 
the linear and/or quadratic regression of response on concentration is significant, then no 
multiple comparison procedure is necessary. All concentrations are significantly different 
in their effects.” 



 

4 Results 

 

4.1  Element concentrations 

4.1.1  Foliar element concentrations in polluted areas 

The maximum total foliar sulphur concentrations in the vicinity of the largest point 
source (Monchegorsk) were about twofold compared to those in the reference area 
(western Finnish Lapland) (<800 mg in kg of dry needles vs. >1900 mg kg-1 DM). In the 
case of emitted Cu and Ni, this difference was occasionally close to 100-fold (from 2-3 
mg kg-1 DM to over 250 mg kg-1 DM). While the S concentrations in C-needles were at 
the same level or even higher than those in older needles, irrespective of the vicinity of 
the emission source, the Cu and Ni concentrations generally increased along with needle 
age in the area with abundant deposition and decreased in the background area (I, II, IV). 
The above pattern was similar in the autumn and the spring (II). The spatial distribution 
of Fe concentrations followed the same pattern as that of Cu and Ni, but abundant 
accumulation on older needles was evident regardless of the distance from the emission 
source (I, IV). Foliar Pb concentrations increased towards Monchegorsk, but the average 
level remained below 6 mg kg-1 even on the closest plot. A substantial part of the total 
concentrations of Cu, Ni and Fe was on needle surfaces (III, IV). Cu, Ni and Fe particles 
(e.g. sulphates) on needle surfaces in the vicinity of Monchegorsk raised the total 
concentrations to be 1.5-fold higher than the inside concentrations. In needle waxes, Cu 
and Ni concentrations of over 600 µg g-1 DM and 3000 µg g-1, respectively, could be 
detected (IV). Sulphur was also found to concentrate in surface waxes, but no clear 
correlation with the distance from Monchegorsk was found and, furthermore, the 
variation within plots (between trees on the same plot) was striking (IV: Fig. 3). 

Contrary to this trend, Zn and, to some extent, Mn decreased in relation to the distance 
to the Monchegorsk smelter complex (I, II, IV). Signs of increased K and P levels under 
sulphur and metal stress were detected (II), though this increase was not equally clear in 
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every data set (IV). The spatial variation in foliar Mg levels along the gradient from 
western Finnish Lapland to Monchegorsk was not consistent between the data sets. In 
study II, Mg concentrations showed a clear decrease in relation to Cu and Ni 
concentrations, whereas in study IV (different sample plots), a slight increase in Mg 
levels was seen when approaching Monchegorsk. Al, Ca and Si did not show clear spatial 
patterns, though their role among the deposited particles was distinct (III: Fig 2). 

4.1.2  Element concentrations in Cu- and Ni-stressed seedlings 

The response of element concentrations in the above-ground tissues of the studied 
seedlings to the metal supplementation levels was clearly different from those seen in 
roots. While the Cu levels in C-needles remained below 5 mg kg-1 DM even at the highest 
Cu addition level (50 mg in kg of dry soil), the Ni levels in C-needles were even higher 
than those originally added to the soil (V: Figs. 2a & b). Furthermore, Ni seemed to 
prevent Cu transport to needles, whereas Cu rather increased that of Ni. The pattern in 
C+1-needles resembled that of C-needles, but the concentrations were slightly lower (V: 
Figs. 3a & b). In roots, distinct enrichment of the added metal from soil to roots was 
observed at all supplementation levels. Both Cu and Ni concentrations showed a 
pronounced increase in roots in response to metal addition, though the Ni concentration at 
the highest Ni supplementation level (Ni 25 mg kg-1 dry soil) was 100 mg kg-1 DM higher 
than the Cu concentration at the highest Cu addition level (Cu 50 mg kg-1). Under the 
heaviest treatment (Cu 50 / Ni 25), the root concentration of Ni was 16-fold and that of 
Cu 6-fold compared to the supplementation added to the soil (V: Figs. 1a & b).  

Cu and Ni additions also affected other ions - both monovalent and divalent ones. In 
the case of potassium, a clear increase was observed in roots when Cu and/or Ni was 
added, while the roots in the control (Cu 0 / Ni 0 mg kg-1 dry soil) treatment had the 
lowest K concentrations (V: Fig. 10b). In C-needles, on the other hand, the K 
concentration decreased in response to Ni addition (V: Fig 10a and Table 1).  
Phosphorous showed a general increase in response to Cu and Ni addition in roots, but an 
increase in C-needles and shoots was only observed when the metals were added 
together, whereas each of them alone rather caused a decrease in the P concentration of 
C-needles (V: Figs. 11a & b). Both Cu and Ni were added as sulphate, and the S 
concentration in roots hence increased more or less linearly with the addition levels, but 
not so in needles (V: Figs. 12a & b). A difference between roots and C-needles was also 
seen in divalent cations. Mg in the youngest needles responded only to Ni (generally a 
linear decrease, V: Fig. 6b), but in roots Ni rather increased the Mg levels, though the 
effect was dependent on the Cu level (V: Fig. 6a & Table 1). The trends in Ca 
concentrations resembled those of Mg (V: Figs. 5a & b). Metal treatments altered the Mn 
concentrations in roots only slightly, whereas in C-needles both Cu and Ni (and their 
interaction) significantly altered the Mn concentration. The direction of change in Mn 
levels due to metals was strongly dependent on both the level of the metal in question and 
the other added metal (V: Figs. 7a & b and Table 1). The zinc concentration generally 
decreased in C-needles in relation to Ni, but no such pattern was observed in roots (V: 
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Figs. 8a & b, Table 1). Al responded to both Cu and Ni in C-needles, but only to Ni in 
roots (V: Figs. 9a & b, Table 1). The Cu and Ni levels used here did not appear to have 
any significant effects on the Fe concentrations in roots or the youngest needles (V:  Table 
1). 

4.1.3  Soil concentrations 

Especially in the organic layer, the Cu and Ni concentrations were clearly higher on the 
plots close to Monchegorsk than in the reference area (IV). In the case of Cu, the above 
differences could be as great as 100-fold (minimum 1.6 vs. maximum 118 mg kg-1 DM), 
and in the case of Ni, the respective difference could be 50-fold (min. 4.4 vs. max. 265 
mg kg-1 DM) (IV: Table 2). In the organic layer, all the other elements (Ca, Mg K, Fe, Mn 
Zn S, C and N) decreased towards Monchegorsk. No such decrease was, however, seen in 
the mineral layer, and some of these elements rather showed an ascending trend on the 
plots close to Monchegorsk. No clear relation between soil pH and distance from the 
emission source was found (IV: Tables 2 & 3). 

In the pine seedling experiment (V), the soil concentrations of Mg, Ca, Mn and Zn 
showed a decreasing trend in relation to Cu addition (V: Table 2). Ni addition, in turn, did 
not cause alterations in the above elements, whereas K in soil seemed to increase at 
higher levels of Ni addition (V: Table 2). No response of soil pH in relation to metal 
addition levels was seen.  

4.2  Needle damage and growth alterations 

The number of needle age classes left in trees decreased strongly towards the emission 
source: trees in the background area had over twice the number of needle age classes than 
those close to the Monchegorsk smelters (III, IV). In addition, visible needle injuries 
(stomatal chlorosis and other discolourations) increased towards the Monchegorsk 
smelter complex (III: Fig. 3), and they could be related to both the modelled SO2 
concentration in air (by Tuovinen et al. 1993) and the high total Ca, Fe, Si and Cl levels 
in needles. The high total concentrations of Ni, Cu and S together with the low Zn and 
Mn foliar levels explained most of the variation in tip necrosis and the needle age classes 
left in trees. The amount or the chemical composition of particles deposited on needle 
surfaces were only weakly related to the needle damage. Nor did the measured cellular 
damage show any distinct relation to the measured particle variables or the foliar element 
concentrations (III). Despite the apparent increase of visible injuries towards the emission 
sources, no clear changes in the production of wood (mass of the wooden part of annual 
shoots) were seen in the areas under the most severe pollutant deposition, while the 
biomass production of the youngest needles (mass and length C, C+1 and C+2 needles) 
was even slightly increased (IV).  
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In the seedlings stressed with Cu and Ni, in turn, growth reductions were obvious (VI). 
In the seedlings grown under the most high-dose Cu/Ni combination (Cu 50 / Ni 25 mg 
kg-1 dry soil), a 50% reduction in the total mass of the current needles produced during 
the experiment in comparison to the control seedlings was detected (VI: Figs. 6 & 7). On 
the other hand, a slight addition of the studied metals was found to be advantageous. In 
apical shoot growth, a slight increase in relation to a low Ni addition was also seen (VI). 
No growth enhancement was seen in roots, though growth was only slightly affected 
when metals were given alone. Metal interaction, however, was detrimental: the total root 
biomass in seedlings grown under the highest metal combination was less than 50% of 
that in the control seedlings (VI: Figs. 1 & 2). 



 

5 Discussion 

5.1  Trends in main emitted elements 

5.1.1  Sulphur 

The trends in the needle sulphur concentrations seen in the case studies (I-IV) contradict 
the trends reported in many other studies. The S concentrations were frequently highest in 
the youngest needles – sometimes even on the plot closest to the emission source (i.e. on 
trees under severe S deposition). This is inconsistent with the common findings on 
sulphur gradients or in the experiments in which S concentrations have been found to 
increase with needle age (e.g. Garsed et al. 1981, Huttunen et al. 1985, Wulff et al. 1990, 
Innes 1995). Furthermore, contrary to my expectations, the high sulphur levels were not 
due to abundant surface accumulation. Even when sulphur accumulation on needle 
surfaces was evident, the high S concentrations detected here were not attributable to 
particle accumulation onto needle surfaces; the S concentrations inside needles were at 
the same level as the total concentrations (IV). The minor effect of surface deposition on 
the needle S concentrations in this area has also been noticed by Raitio et al. (1995). I 
assume that the reasons for these unexpected results lie - at least partially - in the local 
atmospheric conditions. Tuovinen et al. (1993) have shown that, due to relatively low 
precipitation and, hence, inefficient wet scavenging, sulphur is deposited mainly as SO2. 
Sulphur in a gaseous form (SO2) is taken up by the most effectively photosynthesising 
organs (i.e. the youngest needles) and thus does not accumulate onto the surfaces of 
ageing needles, as in areas with high particulate S deposition. Kaiser et al. (1993) have 
found a linear accumulation of sulphate in Norway spruce (Picea abies L.) needles in 
relation to SO2 exposure. Of this excess sulphur, a large part is presumably stored in 
vacuoles as sulphate (Rennenberg 1984) and in mesophyll cells around stomata 
(Manninen et al. 1996). I assume, however, that part of this excess sulphur, being a highly 
phloem-mobile nutrient (Marschner 1995), is remobilized and resorbed (=retranslocated) 
with other mobile nutrients from senescing needles to younger ones. This would prevent 
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accumulation into older needles and thus further strengthen the role of C-needles as a 
primary location for sulphur. In several studies, the nutrient (usually N, P or K) resorption 
efficiency has been shown to be independent of nutrient availability (e.g. Nambiar & Fife 
1987, Pugnaire & Chapin 1993, Aerts 1996), and S resorption can therefore also take 
place in areas of excess S availability. This assumption is also supported by the 
experiment of Van der Stegen and Myttenaere (1991), where translocation of sulphur 
from S (as SO4

2-) exposed (Norway spruce) needles to non-exposed needles was detected. 
Furthermore, the absence of a distinct relation between soil S and needle S suggests 

that the variations in foliage S levels were not due to root uptake. This is supported by the 
S levels detected in seedlings, in which the only S uptake route is via roots. The role of S 
deposition was insignificant here and naturally similar in all treatments. While the S 
uptake in roots was linearly related to the S addition (the metals were added to the soil as 
SO4

2-), no such trend was perceived in foliage. This suggests that the translocation of 
excess sulphur to above-ground parts was actively controlled (cf. e.g. Cu in the next 
chapter). Altogether, the results here suggest that elevated sulphur levels in the proximity 
of the emission sources in the study area were not due to particulate matter deposited on 
needle surfaces or root uptake, but to direct uptake of gaseous sulphur. This assumption is 
supported by Raitio et al. (1995), who detected a close relation between the (modelled) 
SO2 concentration in the air and the foliar sulphur levels. We should bear in mind, 
however, that in an area like this, where particulate sulphur seems not has a large 
contribution to the needle S concentration and where SO2 occurs in high peaks - even 
hundreds of µg/m3 in air over 100 km away from the emission source - which may cause 
defensive stomatal closure, the needle S levels might not be a reliable indicator of S 
pollution. 

5.1.2  Copper and nickel 

As expected, copper and nickel clearly increased in needles towards the emission source. 
This increase was observed in both the inside and the total concentrations (including 
surface accumulation). Even though both of these metals deposit as particles onto needle 
surfaces, their concentrations were not cumulative in relation to needle age, as I expected: 
even a slight fall in concentrations can be seen when the C+1 and C+2-needles are 
compared (IV: Figs. 4a & b and 6a & b). My presumption was based on simple physical 
principles: the longer the needles remain exposed to particle deposition, the more they 
gather particles (containing emitted elements). A trend for such accumulation of elements 
in depositing particles can be seen in the cases of Al and Ca (IV: Figs. 5a & b) and also in 
Si (data not presented). I assume that this unexpected behaviour of emitted metals is due 
to a combination of (i) the essentiality of these elements (Adriano 1986, Marschner 
1995), (ii) the phloem mobility of these elements (Majid & Ballard 1990, Kochian 1991, 
Marschner 1995) and (iii) their capability to penetrate leaf cuticles (e.g. McFarlane & 
Berry 1974, Percy & Baker 1988, Majid & Ballard 1990).  

The role of Ni in plant nutrition is still largely unknown. The requirement for Ni by 
some enzymes has been demonstrated, the most widely studied and documented instance 
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being the role in urease synthesis in beans (Hay 1994, Marschner 1995). The actual role 
of Ni in pine nutrition has not been shown, but some indications for its requirements for 
optimum growth in some pines have been reported (Adriano 1986, cf. also study VI). The 
role of Cu in plant nutrition, contrary to Ni, is well studied and documented, most of the 
functions being enzymatic redox reactions (Marschner 1995). Even when the exact 
physiological functions have been unclear, both of these metals have been found to be 
phloem-mobile (Majid & Ballard 1990, Kochian 1991, Marschner 1995). Consequently, 
both of these elements can be resorbed from older to younger needles during needle 
senescence, which restricts accumulation in older needles.  

Resorption naturally applies only to the metal pool that is available for remobilization 
and, further, translocation in phloem, i.e. not to the portion that is on needle surfaces or 
otherwise unavailable. On the other hand, the results obtained here with Scots pine 
seedlings (study V) as well as other studies and species, including Stone and Timmer 
(1975) with Pinus resinosa, Heale and Ormrod (1982) with Tsuga canadensis and Kozlov 
et al. (2000) with Betula pubescens subsp. czerepanovi, have shown that Cu transport 
from roots to above-ground parts is highly restricted, and the high foliar Cu 
concentrations seen under Cu pollution are hence presumably due to foliar uptake. Foliar 
uptake of Cu (usually as sulphate) is frequently utilised in practice, in for instance 
horticulture fertilization, but uptake by the foliage of lodgepole pine (Pinus contorta 
Dougl.) has been reported as well (Majid & Ballard 1990). The capacity for leaf cuticle 
penetration has also been shown for Ni (Stewart & Ross 1969, Ormrod et al. 1986). Both 
Cu and Ni can penetrate leaf cuticles in ionic forms (McFarlane & Berry 1974, Percy & 
Baker 1988). The capability to foliar nutrient uptake decreases along with leaf age 
(Marschner 1995). In addition, needle wax erosion in the course of needle ageing - a 
process that is enhanced by, for example, acid deposition - makes older needles more 
susceptible to nutrient leaching (Turunen & Huttunen 1990) and may also contribute to 
the lack of a cumulative trend in the Cu and Ni levels.  

Even when the limited translocation of Cu from roots to shoots, which was observed 
in the seedlings studied here (study V) is a frequently observed phenomenon (e.g. Stone 
& Timmer 1975, Heale & Ormrod 1982, Kozlov et al. 2000), the mechanism behind it is 
still somewhat unclear. However, some resistance mechanisms are frequently observed, 
such as binding to cell walls. Iwasaki et al. (1990) observed that up to 60% of Cu in roots 
was bound in cell walls and plasma membranes, which is consistent with a study by 
Arduini et al. (1996), who detected Cu accumulation in cortical cell walls. Vesk et al. 
(1999), however, found that Cu (and Zn) levels increased centripetally, the highest levels 
being inside stele cells. Negatively charged groups in the cell walls of xylem vessels and 
the surrounding tissues also adsorb part of the transported cations (Wolterbeek et al. 
1984, Marschner 1995). This is possibly one reason for the difference between the Cu 
levels in above-ground parts: even when the amount of Cu in the wooden part of shoots 
was only a small portion of that in roots, it was still about double compared to that in the 
green parts of shoots (V: Figs. 1b, 2b, 3b & 4b).  

In contrast to copper, nickel moved to the upper parts of the seedling in proportion (or 
even more) to the amount added to soil (V: Figs. 2a & 4a). As early as the 1950’s, Hunter 
and Vergnano (1952) noticed that Ni accumulates in younger leaves. The high mobility of 
nickel in xylem and phloem (Kochian 1991) has been explained to be due to the 
formation of complexes with organic acids (Lee et al. 1978), which allows higher 
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mobility, leading to higher concentrations in, for instance, seeds and fruits (Marschner 
1983). Cataldo et al. (1978) noticed that Ni absorbed by roots was transported in xylem 
as organic complexes to leaves, which were the major sink during vegetative growth, and 
later during senescence to seeds. Thus, the resistance mechanisms that restrict Cu 
movements - binding to cell wall, compartmentation in vacuole, chelation at the cell wall 
- plasma membrane interface and/or chelation in cytoplasm (see above and e.g. 
Marschner 1995, Lambers et al. 1998) - seem to be of minor importance in the case of Ni. 
Many of the resistance mechanisms listed above have been found to be inefficient for Ni, 
suggesting different resistance mechanisms for Ni. Brune et al. (1995) concluded that the 
severe damage in leaves during Ni stress was due to the following factors: (i) epidermis is 
not available for storing excess Ni, (ii) cytoplasmic Ni is not effectively transported to 
vacuole, and (iii) accumulation to apoplasm is nonexistent. They (Brune et al. 1995) 
observed that almost 80% of Ni was retained in cytoplasm, including chloroplasts. Gries 
and Wagner (1998) also found that vacuole compartmentalisation was not an important 
Ni tolerance mechanism in oat roots. L’Huillier et al. (1996), in turn, reported Ni to 
accumulate in the root apex and in the chloroplasts of bundle sheath cells in maize.  

5.2  Trends in other nutrients 

5.2.1  Manganese and zinc 

The decrease in foliar Mn and Zn concentrations observed here at some polluted sites is a 
well documented phenomenon in the literature dealing with environmental problems 
around smelters (Hutchinson & Whitby 1974, Lozano & Morrison 1981, Raitio 1992). 
The mechanisms accounting for this can be diverse. Zn is found to compete in root uptake 
with Cu and Ni (Bowen 1969, Cataldo et al. 1978, Adriano 1986), but no clear trend in 
Zn vs. Cu or Ni was seen in seedlings here. Even though a minor decrease in Zn 
concentrations in the youngest needles was observed in relation to the Ni addition, the 
root Zn levels could be higher in the seedlings exposed to heavy metal treatments than in 
the control seedlings. Thus, the decline that was perceived in the soil Zn levels in relation 
Cu addition (seedling experiment, V) was not reflected as such in the Zn uptake. No 
elevated levels of Zn of the kind observed in deposition in the surroundings of 
Monchegorsk (Baklanov et al. 1993, Reimann et al. 1995, Gregurek et al. 1998) were 
seen in soil or foliage here, which suggests that the deposition is not abundant enough to 
increase the soil concentration and/or that the foliar uptake of Zn is of minor importance. 
The latter assumption is also supported by the experiment reported by Watmough et al. 
(1999) in which all of the stable isotope of Zn (67Zn) applied to white spruce foliage was 
later found in the application segment. Zn is also effectively bound to organic matter 
(Adriano 1986), which was seen in seedlings as well. Organic soil contained equally 
much Zn as mineral soil (V: Table 2), but the root uptake of seedlings grown in mineral 
soil was still three-fold compared to those grown in organic soil (V: Fig. 8b). 
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In seedlings, the foliage Mn levels were even slightly increased after moderate metal 
addition. Compared to Zn, a clearly different mechanism appears to regulate the transport 
of Mn to foliage: pronounced enrichment of Mn in needles was seen. At moderate metal 
combinations, the Mn levels in needles were three times higher than those in roots. In the 
case of Zn, however, transport from roots to needles seemed to be strictly restricted, and 
needle concentrations were below one third of those in roots. This difference was even 
more emphasised in soil concentrations, where the Mn levels were usually less than 1% 
of the Zn concentrations. Mn uptake by seedling roots followed the soil levels more 
closely (positive correlation, V: Table 2) than Zn uptake, but the relation disappeared in 
foliage. In the literature, Mn uptake has been reported to interact negatively with Cu 
(Adriano 1986), and the results on seedling roots gave some support for this, but the trend 
was not seen in foliage. Mn, similarly to Zn, has been found to be susceptible to foliar 
leaching (Mengel et al. 1987), but this finding did not get unreserved support from the 
present results. Mn has been reported to be much more susceptible to leaching than Zn 
(Tukey 1980), but here it was rather Zn that showed a decreasing trend in foliar 
concentrations in relation to needle age, and hence deteriorated cuticles, in the vicinity of 
Monchegorsk (IV: Figs. 8a & b). 

In all, I assume that the alterations in Mn and Zn concentrations in polluted area vs. 
artificially metal-stressed seedlings are due to different reasons. While in seedlings 
stressed with metals, root uptake and transport to above-ground parts might be altered by 
Cu and/or Ni added to soil, the mechanism in field conditions are likely to be more 
complex. These mechanisms possibly include (i) antagonistic interaction with Cu and Ni 
(Adriano 1986), (ii) foliar leaching (Tukey 1980, Mengel et al. 1987, Helmisaari & 
Mälkönen 1989) and (iii) leaching of Mn and Zn (as well as other nutrients) from soil due 
to an excessive Cu and Ni input (Derome and Lindroos 1998a). Although the foliage Mn 
and Zn levels decreased under the pollution stress, they remained above the deficiency 
limits of 20 mg kg-1 for Mn and 10 mg kg-1 for Zn (Kolari 1979), and the decline of foliar 
concentrations of these elements was hence not the primary cause for needle damage, 
growth retardation or forest decline here 

5.2.2  Potassium, magnesium and phosphorus 

The spatial patterns perceived in the mobile macronutrients studied here (excluding 
sulphur), i.e. magnesium, potassium and phosphorus, were not explained by the patterns 
seen in the seedling experiment. The elevated foliar levels of P and K in the vicinity of 
Monchegorsk (II, see also Raitio 1992) were manifested in seedling needles (to some 
extent) only in the case of P. Pollution-induced Mg deficiency (alone or in combination 
with other factors) has been reported to be one reason for the forest damage seen in the 
1970’s and 1980’s in Central Europe (e.g. Huettl 1989, Evers & Hüttl 1991) and North 
America (Bernier et al. 1989, Zöttl et al. 1989). Here, foliar Mg showed a clear negative 
response to Ni addition, but the results from gradient studies showed no consistent trend. 
In study II, the response of foliar Mg to increased foliar S, Cu and Ni levels was negative, 
whereas a slight increase towards the emission source was found in study IV. The soil 
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concentration of Mg and K measured here (IV) and the P concentration reported by 
Reimann et al. (1997a) were lower than normal in the surroundings of Monchegorsk, 
which means that the increased foliar concentrations in the vicinity of Monchegorsk 
smelters are not due to ameliorated soil levels. This is also seen as a lack of a clear 
relation between the soil and needle concentrations of K and Mg in both mature trees and 
seedlings (IV: Table 3 and V: Table 2).  

The contradiction between the patterns seen in the results of the field study and the 
supplementation experiment is possibly due to differences in the nutrient uptake 
mechanisms. In mature pines, the foliar uptake played a significant role in case studies 
(see chapter 5.1.2. and this chapter below), whereas in the seedlings used here, the only 
relevant nutrient uptake mechanism was via roots, and metal stress could hence only 
affect the nutrient uptake mechanisms of roots. Thus, the contradictory patterns seen in 
the foliar K, Mg and P levels in the experiment and the case studies may be simply due to 
the different behaviours of the elements with different physical charges. P as an anion 
(phosphate) is probably not faced with the kind of competitive interactions in uptake 
processes with added metal (cations) that Mg and K as cations possibly encounter. This 
reasoning is not, however, supported by the findings on seedling root concentrations. 
While the P values in roots and C-needles followed more or less the same tendency, the 
(slight) decrease of K and Mg observed in needles was not seen in roots, but Ni seemed to 
enhance the uptake of these cations. This suggests that the competition between added 
metals and these elements, if any, takes place in translocation from roots to needles rather 
than in uptake to roots.  

Consequently, I assume that the contradictory behaviour of mature trees and seedlings 
here is due to particulate deposition and nutrient retranslocation (=resorption). Dust 
originating from both soil and the industrial processes (e.g. apatite quarries in Apatity) in 
study area, containing K, Mg and P an other nutrients on the basis of snow samples 
(Reimann et al. 1995, Gregurek et al. 1998), and deposited on needle surfaces presents an 
alternative source of nutrients. However, since no obvious surface accumulation of these 
elements could be seen, particulate deposition cannot be the sole explanation. In terms of 
nutrient concentrations, retranslocation processes favour the youngest needles in trees in 
areas where needle age is shorter, e.g. the present polluted area. Retranslocation of 
(highly) mobile macronutrients, including K, Mg and P (cf. Marschner 1995), from 
shedding needles to younger ones increases their concentrations proportionally more in 
the remaining 2-3 needle age classes compared to the situation where trees have 5-6 
needle age classes left. 

5.2.3  Aluminium, calcium, iron and silicon 

Al, Ca, Fe and Si are prevalent elements in minerals (e.g. silicates), and their portion in 
deposited particles was hence large regardless of how far from or close to Monchegorsk 
they were monitored (III). Even though large spatial and/or metal addition-induced 
fluctuations in their concentrations were clearly perceived, this is most likely to be of 
minor importance from the standpoint of plant nutrition. Despite the fact that both Al and 
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Si are classified as “beneficial mineral elements”, deficiency is not a threat in soil-grown 
plants (Marschner 1995). Nor was Al toxicity seen in areas under the most severe metal 
and sulphur pollution (foliar Al at the same level as in the background area) or in the 
metal treatment areas (Al levels generally decreased due to the treatments). Fe, in turn, 
even though clearly increased along the gradient towards Monchegorsk, was still far 
below the level of toxicity, which might be as high as 500 mg kg-1 DM (Marschner 1995). 
In the case of Fe, obvious effects of accumulation in relation to needle age, indicating a 
low retranslocation rate, and accumulation on needle surfaces due to particles originating 
from emissions and soil dust were seen. Ca, in turn, showed only slight spatial variation 
and, although reduced in relation to metal additions, remained well above the deficiency 
limit of 300 mg kg-1 DM given by Ingestad (1960). 

5.3  Trends in soil elements and their plant availability 

Since roots exploit soil on a volume basis rather than on a mass basis, I expected the 
volume-based soil concentrations to reflect better the plant-available pool in the soil (cf. 
Binkley & Vitousek 1989), but found no support for this presumption. The correlations 
between element concentrations in seedlings and in soil were not significantly different 
regardless of whether the element concentrations in soil were computed per volume or 
mass-unit of soil (V). Both of the extraction procedures used in soil analyses, plain 
NH4OAc or NH4OAc+EDTA, gave an equally good (or poor) picture about the plant 
availability of elements in the seedling experiment (where the soil was similar to mineral 
forest soil in all treatments). In the case of Cu, Brun et al. (1998) found that although 
EDTA, DTPA and ammonium acetate-extractable Cu correlated strongly with the total 
(vineyard) soil concentration of Cu, they did not predict the amount taken up by plants. 
McLaren et al. (1990), in turn, studied Cu extrability from various soil types with EDTA 
and questioned the validity of this procedure in determining the plant-available pool. 
Earlier, Beckett et al. (1983) and Williams and McLaren (1982) have cautioned against 
equating the extractable soil fraction of an element to the plant-available one. 

From the soil samples collected from the case study sample plots NH4OAc+EDTA 
clearly extracted some elements from soil fractions that had not been extracted with plain 
NH4OAc. The Ca, Fe and Zn levels in the mineral layer, which contains variable amounts 
of organic material due to, for example, leaching from the deteriorated organic layer, 
showed divergent relations to the distance from Monchegorsk (negative correlation turned 
positive or vice versa). With the exception of Fe, however, this divergence was not 
reflected in the foliar concentrations (IV: Table 2 & 3).  

The above generally calls into question the feasibility of soil extraction methods in 
determining the “plant-available” pool of nutrients or the possible phytotoxicities of 
metals in soils. Furthermore, the comparability of results from different studies done with 
different extraction methods seems extremely difficult if not impossible. The difficulty is 
due not only to the methods as such, but also to the simple plant physiological fact that 
the need for (and hence also the uptake of) for a particular element is not independent of 
the other elements. If the overall nutritional status is good and well balanced, the 
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concentrations at which metals become phytotoxic are higher than in situations where one 
or more nutrients are restricting normal metabolism. Furthermore, not only the quantities 
of other elements but also the forms in which they occur are important. Ni toxicity, for 
instance, has been found to depend on nitrogen nutrition. Zornoza et al. (1999) noticed 
that Ni given together with NO3

- caused severe growth inhibition in sunflowers 
(Helianthus annuus L.), but when part of the N was given as NH4

+, the Ni addition 
resulted in growth stimulation. Differences in the prevalent nutritional conditions in 
which different studies are performed may be one major reason why soil extraction 
methods give a better idea of the plant-available pool of elements in soil in some studies 
than in some others. The results of a study done with a fast growing annual crop plant 
grown in monoculture in fertilized and irrigated mould will most likely be different from 
those done with slowly growing 100-year-old evergreen trees growing in a nutrient-poor 
dry heath forest. 

Even though the relationship between the foliar and soil levels of the studied elements 
were usually weak, and in case of seedlings, practically nonexistent (excluding the added 
metals), the metal and/or sulphur load undeniably altered the soil levels. In the seedling 
experiment (V), the Ca, Mg, Mn and Zn levels decreased in relation to the Cu addition. In 
addition to the previous elements in a gradient study (IV), K, S, C and N also a showed 
decreasing trend in the organic layer when approaching Monchegorsk. The deteriorated 
nutrient levels in (especially organic) soil are likely due to the replacement of nutrients by 
Cu and Ni (Derome & Lindroos 1998a) and also to the impaired mineralization of 
organic matter. The diminished organic matter content in the organic layer on plots close 
to Monchegorsk (IV: Tables 2 & 3) is presumably due to the decline in microbial activity, 
which is followed by a slowing down of litter decomposition (Fritze et al. 1996) or 
toxicity of litter due to the high metal content. Whatever the primary reason for the 
deterioration of the organic layer, the consequences might be of utmost importance, since 
organic matter in soils is an effective metal binder. Especially Cu has been found to be 
adsorbed in the organic layer in podzol profiles subjected to heavy metal deposition, 
while Ni seemed to be less readily bound and leached deeper in the soil profile (Derome 
& Lindroos 1998b). This has also been noticed in areas around Monchegorsk, where the 
adsorption of Cu and Ni into the organic layer was found to vary between the seasons: 
during the growing season both Cu and Ni were adsorbed into the organic layer, but 
during the “non-growing” season the adsorption rate of Cu decreased and the leaching of 
Ni from the organic layer exceeded the amount of atmospheric deposition (Petrova et al. 
1993). Patterson and Olson (1983) found that, in red pine (Pinus resinosa Ait.), the 
amount of Cu required to cause a 25% reduction in radicle growth in organic soil 
substrate was 20-fold compared to mineral soil substrate. The corresponding difference 
for Ni was up to 50-fold. Consequently, an intact organic layer is an essential protector 
for emerging radicles and also serves as a protective layer for roots in the mineral soil 
layers. According to Persson (1980), about 50% of the fine roots of Scots pine are 
situated in the upper parts of the mineral layer (at around 5 cm depth), while most of the 
other half are in the organic layer. In the mineral layer of the soils studied here, the 
organic content was elevated in the proximity of Monchegorsk, indicating downward 
leaching of humic substances in the soil profile. Most of the elements in soil measured 
here were strongly related to the organic content (a strong correlation in the organic layer, 
r generally >0.7), which emphasizes the role of a functional organic layer as a nutrient 
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pool. In some places, this might have been the primary reason for the nutrient 
disturbances, because retarded or completely hindered litter decomposition had led to 
total erosion of the organic layer (cf. e.g. Räisänen et al. 1997). In addition, deterioration 
of the organic layer poses a threat to fine roots that have lost protection against toxic 
metals (see above). Furthermore, a damaged organic layer exposes the mineral layer to 
erosion and hence creates dust problems that can be seen, as here, in the form of 
deposition of particles containing soil-derived elements (Al, Ca, Fe and Si). Particle 
deposition, in turn, complicates the interpretation of the soil-plant relations by presenting 
an alternative way for nutrient uptake. Foliar uptake may compensate for possible nutrient 
deficiencies that could restrict tree growth if the trees had to manage solely on their root 
uptake. This emphasises the importance of simultaneous foliar and soil element analyses 
in situations where, for instance, dust deposition has been successfully reduced (emission 
reductions, mine tailing covering, restoration of field cover, etc.) and afforestation is 
planned in forest damage areas. 

5.4  Trends in pine vigour and growth 

Contrary to my expectations, the needle growth responses (needle length and mass) 
showed rather an increasing trend along a gradient from western Finnish Lapland to 
Monchegorsk. On the same gradient, however, the number of needle age classes 
drastically diminished, and the total photosynthesising biomass in trees close to the 
emission source was therefore severely depressed. Thus, it seems that trees under harsh 
pollution shed their older needles earlier, but try to invest in the youngest needle age 
classes, to keep them at least equally large as in the background area. This may be simply 
a physiological constraint following premature needle senescence due to the direct toxic 
effects of S and metals as well as the indirect consequences of deteriorated needle waxes, 
etc. On the other hand, this may also be a sign of the acclimation of trees, a strategic 
choice not to invest in expensive repair of older damaged needles, but rather in younger 
needles, which are more valuable according Harper (1989). Harper’s (1989) theory of leaf 
value does not, however, apply to pines sensu stricto since, according to him, in such 
trees as pine the rate of new leaf growth is not dependent on current assimilates but on 
assimilates stored in the previous year, and hence “there is then no obvious difference 
between the value to the plant of assimilate produced by a leaf when it is young and when 
it is old”. I think, however, that in terms of the net production of carbohydrates, the young 
vs. old needles are not of equal value, since the repair mechanisms are more expensive at 
some point than the production of that particular needle, and hence investment in younger 
needles becomes more profitable. In natural conditions in the study area, the decline in 
the value of a leaf (or needle, as here) from “the most valuable” to “too expensive to 
keep” takes place over an average of five to six years. This process is, however, 
accelerated under pollution stress (e.g. Turunen & Huttunen 1990, Jalkanen 1996, 
Lamppu & Huttunen 2000), and needles are hence shed earlier. SO2-caused damage, for 
example, can be seen in C-needles (III) already, and total destruction of the wax layer 
around stomata within 1-2 years in areas affected by S and other airborne pollutants has 
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been seen (Huttunen & Laine 1983). The above kind of allocation change from 
“equitable” to “favouring” younger needles has been seen in Ponderosa pine (Pinus 
ponderosa Dougl. ex Laws.) under O3 exposure and N deposition by Grulke and 
Balduman (1999) who concluded that, under O3 exposure and N deposition, the biomass 
allocation of pines was shifted into the direction of deciduous trees. 

The drastic decline in the total (photosynthesising) needle mass in trees in the 
proximity of smelters is most likely to be one major reason for the clear decrease in the 
radial growth of the trees that has been observed (Nöjd & Reams 1996). This trend was 
not, however, seen in the wood production of the annual shoots of the trees studied here 
(IV). This is possibly due to fact that secondary wood production has only a minor 
significance for annual shoots (in terms of absolute mass) at such an early stage. 

Although elements deposited in particles cause alterations in soil chemistry and may 
hence have indirectly detrimental effects on plants, the direct effects of the chemical 
composition of particles or the amount of deposited particles as such on needle damage, 
and hence on tree vigour, are most likely of secondary importance (III). Assumably, the 
needle damage observed in this study area (e.g. Turunen 1996, Kukkola et al. 1997.) has 
not been caused by a single factor but by several factors combined. For instance, Kukkola 
et al. (1997) concluded that many of the observed ultrastructural needle injuries could be 
described as multi-stress symptoms caused by not only excess sulphur and heavy metals, 
but also ozone, acid precipitation and frost. 

In contrast to mature trees in field conditions, seedlings were faced by a clear decrease 
in the needle biomass (total needle biomass as well as the mass of single needle pairs) in 
relation to metal combinations. This decrease was even more distinct in roots. A 
synergism in metal effects was obvious, and metals did not have equally detrimental 
effects alone. Ni administered alone was more deleterious than Cu to root growth, in 
agreement with an observation made earlier by Hale et al. (1985) with tomato. Even 
though decreased root growth in metal-stressed growth media is frequently observed - 
even in woody species (e.g. Heale & Ormrod 1982, Arduini et al. 1995) - the actual 
mechanisms behind this are poorly known processes and might be diverse (Kahle 1993). 
In maize, for instance, Cu has been found to cause disturbances in plasmalemma, 
endoplasmic reticulum and mitochondrial membranes (Doncheva 1998), while Ni has 
been found to depress mitotic activity in the root meristem (L’Huillier et al. 1996). 
Growth reduction may also follow a change in carbon allocation from growth to defence 
reactions. Defence reactions include mobilization of enzymatic and non-enzymatic 
antioxidant reserves (e.g. peroxidase and glutathione), which has been reported to follow 
metal-induced oxidative stress (Clijsters et al. 1999, Gupta et al. 1999). Although the 
seedlings here had clear morphological changes in their roots in some metal treatments, 
such as the Cu50Ni25 treatment, after which no light fine root tips were found, whereas 
over 75% of the control root tips appeared healthy (light), no clear differences between 
peroxidase activities in the roots of Ni- or Cu-treated vs. control seedlings were seen 
(Kukkola et al. 2000). Nor did the investigation of oxidative stress in above-ground parts 
show any clear relation to cell level injuries. Although indications of morphological 
stress, i.e. granulated chloroplast stroma and light-coloured, swollen thylakoids, were 
seen in needles exposed to the most severe metal combination (Cu50/Ni25), this 
treatment did not seem to cause oxidative stress, as did Ni additions alone, which resulted 
in a decreasing trend in total and reduced glutathione (Kukkola et al. 2000). 



 38

Despite the substantial role of Ni described above, the best example of the complexity 
of metal effects on plant tissues was, nevertheless, seen in the case of Cu. Even when 
only a minor portion of the Cu added to soil was transported to the above-ground parts, it 
gave rise to larger fluctuation in the growth of the apical shoot and total green biomass 
produced during the experiment than Ni. This suggests that even when metals are not 
present in some specific tissue at toxic levels, they may still indirectly alter the 
physiological processes there. Furthermore, seemingly direct effects can be actually 
indirect - or a combination of both. For example, elevated concentrations of Ni in needles 
seemed to cause starch accumulation in needles and decreased the sugar level in roots 
(Roitto et al. unpublished), but whether this was due to restricted transport from needles 
to roots or reduced sink strength caused by decreased root growth (L’Huillier et al. 1996) 
is a matter of more detailed study. 

5.5  Results from experiments vs. case studies: contradictory or 

complementary? 

The results presented here and in the literature show that, even when laboratory and 
garden experiments, usually done with seedlings, give detailed information about the 
effects of, for instance, airborne pollutants and the mechanisms behind these effects, they 
can seldom imitate the whole complexity that prevails in polluted forest ecosystems 
dominated by mature trees. Experiments, like the one presented here, give information 
about the direct toxicities of soil-derived metals to the growth and nutrition of newly 
planted seedlings. Differences in metal-specific uptake, translocation and resistance 
mechanisms are also revealed more easily than in case studies. Furthermore, based on 
experiments of this kind, prognoses about the success of afforestation in metal-polluted 
soils can be made. Experiments like this do not, however, give reliable information about 
the actual mechanisms behind the forest decline in polluted areas, such as those around 
the Monchegorsk smelters. Even if airborne pollution were excluded, the metal stress in 
the area would not be so straightforward as in the experiment. Mature trees have a 
nutrient pool that they can translocate, remobilize and retranslocate to alleviate 
deficiencies in, for instance, apical meristems more efficiently than seedlings. In metal-
polluted forest soils, spatial contamination is not so even as in artificial treatments, and 
the large root systems of mature trees hence have better chances to find cleaner patches or 
penetrate deeper into the soil to avoid toxic metal concentrations. In the forest floor, 
moreover, the organic layer serves as an effective barrier against airborne pollutants 
penetrating into the deeper soil layers (cf. chapter 5.3.).  

If experiments are too simple to represent the complexity of natural situations, case 
studies, in turn, often have too many confounding factors to be able to distinguish causes 
from consequences. Altered nutrition affects metabolic reactions and hence growth, but 
altered growth also affects nutrition. For instance, when root growth is hampered, new 
patches more abundant in nutrients are not reached and the nutrients needed for optimal 
growth are hence not obtained. This situation can be even further complicated by 
pollutant (e.g. metal toxicity) induced alterations in plant water economy. Metal toxicity 
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induced root damage may bring about water stress as a by-product, or the change in water 
uptake may also follow from injuries in the transpiration mechanism, both of which 
directly result in alterations in diffusion and mass flow, i.e. in nutrient uptake.  

All in all, the above speaks for focused experiments to supplement case studies. 
Combined research of this kind will help us to find the actual mechanisms that cause 
nutrient alterations, needle damage and growth retardation, which might otherwise 
remain underneath the complex network of causes and effects. A possible need for 
compensatory fertilization, for example, might face difficulties on the basis of nutrient 
analyses from foliage collected from such areas as the one studied here. Even though 
fertilization has been shown both to alleviate metal toxicities and to correct altered 
nutrition in polluted areas and declining forests (e.g. Huettl 1989, Mälkönen et al. 1999, 
Winterhalder 2000), to address fertilization based on foliar analyses alone is difficult in 
areas where particles deposited on leaf surfaces have a significant role in the foliar 
concentrations and, furthermore, present an alternative nutrient acquisition mechanism. 
Focused experiments designed on the basis of information gained from investigations 
performed in study areas may thus offer an efficient tool when plans are made for forest 
restoration. 



 

6 Conclusions 

As a reply to the aims of the study listed in chapter 2, I put forward the following 
findings: 

 
1. Regional variation in the foliar element concentrations in the study area was clear. 

Towards the smelters in Monchegorsk, the foliar Ni, Cu, Fe, P and S concentrations 
increased, while the Mn and Zn concentrations decreased. Mobile nutrients, such as 
Mg, P and S, decreased from autumn to spring in the background area, whilst closer 
to Monchegorsk, they showed an increasing tendency, indicating either altered 
translocation processes or accumulation on needle surfaces. 

2. Of the injury variables studied, enhanced needle senescence and tip necrosis were 
correlated to high total foliar levels of Cu, Ni and S and low levels of Zn and Mn. 
Stomatal chlorosis and other discolourations showed a distinct relation to elevated 
levels of SO2 in the air and also to high foliar concentrations of Ca, Fe, Si and Cl. 
Neither the particles as such nor their chemical composition seemed to cause directly 
visible injuries in pines. Cell level injuries could not be related to either the total 
foliar concentrations or the deposited particles. 

3. The elevated sulphur concentrations in the vicinity of the emission source were not 
attributable to particle deposition, and no clear differences between the total vs. 
inside foliar concentrations were seen. In the case of Cu and Ni, the total 
concentrations in needles were up to 1.5-fold compared to the inside concentrations 
in the vicinity of the emission source. In addition to Cu and Ni, the total foliar 
concentrations of Fe and, to some extent, Pb and Al were higher than the inside 
concentrations.  

4. In seedlings, both Cu and Ni were enriched in roots: in the seedlings exposed to the 
heaviest metal combination, the concentration of Ni was 16-fold and that of Cu 6-
fold compared to that added into the soil. While Cu was mostly retained in roots, 
suggesting the high foliar levels to be attributable to foliar uptake, Ni had much 
easier access to the foliage. The effect of metal stress on other nutrients varied 
between nutrients, plant parts and added metals. Soil analyses gave only a weak 
estimation of the nutrient uptake rate. 
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5. Seedling roots showed the strongest response to metal toxicity, Ni being more 
harmful than Cu, while the reduction in total green biomass produced during the 
experiment was mainly due to indirect effects of Cu stress. Neither needle growth nor 
wood production in annual shoots was reduced in the polluted area, but the total 
needle mass decreased to half of that in the background area. These alterations were 
not, however, due to nutrient deficiencies. 

 
Altogether, the Scots pines in the polluted area clearly suffered from alterations in 

nutrient status. From the standpoint of pine vigour and growth, the most interesting 
nutrients are naturally those that occur at either deficient or toxic levels. The foliar 
analyses showed the Mn and Zn levels to decrease in strongly polluted areas and Ca and 
Mg in metal-exposed seedlings, but they still remained above the deficiency limits. 
Therefore, alterations in foliar Mn and Zn (or any other nutrient) levels are not likely to 
be the primary cause for the decline in pine vigour and hence the growth retardation and 
forest decline seen here, although the decreasing trend of some nutrients might pose a 
threat to tree vigour via an altered nutrient balance. Needle damage, premature needle 
senescence and the other damage observed in the polluted area are more likely due to 
exposure (of foliage) to high levels of SO2 as well as the metal toxicity affecting the trees 
directly (foliar uptake) and indirectly (root uptake and damage). 

Despite the sufficient foliar nutrient levels, the trends seen in the nutrient 
concentrations in soil were, however, alarming. Ca, K, Mg, Mn, N, Zn and even S in the 
organic layer seemed to decrease in the proximity of the emission source. The fact that 
this pattern was not mirrored in foliar concentrations is presumably due to dust deposition 
on needle surfaces, which serves as an alternative route of nutrient uptake. The foliar 
nutrient uptake needs to be taken into account when, for instance, reforestation is planned 
in areas with corresponding pollution histories. A great decrease in emissions is needed 
before reforestation is possible in forest-death areas but curtailing dust deposition would 
also obstruct the possibility to the foliar uptake. If dust deposition contains essential 
nutrient, like in the study area, reduction in the foliar uptake may lead to nutrient 
deficiencies or to imbalanced nutritional status. Hence seedling survival and further tree 
growth in nutrient-impoverished soils may require compensatory fertilisation in situations 
where this substituting nutrient uptake route is restrained.  
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