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Biochemical diagnosis of forest decline
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The level of damage of coniferous trees in a forest of Oxalis—-Myrtillus site type on areas influenced by cement dust
has been identified using the biochemical ratios Chi/Car, Chl a/Chl b, N/Mg, N/P, N/S, N/Mn and Ca/K in the needles.
Index BI, displaying differences between pollution induced biochemical ratios and the control, has been found. This index
is very sensitive and directly depends on the quantity of pollutants and chemical changes in the soil and precipitation at

different distances from the emission source.
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Introduction

In contrast to the world experience of acidic rains,
Estonia’s industrial regions are confronted with problems
of alkalization due to high concentrations of dust and ash
in air pollution complexes emitted from a cement plant,
enterprises of oil shale processing and from power
stations in Northeast Estonia. In general, no specific or
characteristic visually observed air pollution injuries, such
as chlorotic areas or necrotic lesions on needles and
leaves, can be noticed on plants growing under the
alkaline dust pollution impact on the industrial territories
of northern Estonia. This explains the necessity to use
biochemical indicators to elucidate the real state of plants.
The use of biochemical methods in dust pollution damage
indication makes it possible to assess the state of the
forest ecosystem objectively and predict its dynamics.

It is well known that biochemical and physiological
transformations in organisms are primary responses to
any type of changes in the environment. As biochemical
and physiological reactions are highly sensitive, some
biochemical parameters can successfully be used to
obtain objective data on the deviations in the eco-
systems and their early diagnosis.

The idea of using chloroplast pigments to estimate
the effect of air pollution on plants has been recommended
by several researchers. Some authors suggest that Chl a
should be examined as a possible indicator for testing the
extent of damage caused by harmful gas, especially SO,
(Mdller 1957; Déssler 1972; Schubert 1985). Additionally,
chlorophyll, carotenoids as potential indicators of air
pollution effects in plants have been discussed by several
authors (Arndt 1971, Gowin and Goral 1977). The

significance of b-carotene in the response reaction of
plants to air pollution was shown by Arndt (1971) in the
case of SO, and HF impact. A number of scientists have
explored the suitability of using the contents of different
nutrient elements in plants for the purpose of bioindi-
cation (Hollwarth 1981; Cape et al. 1988). The ratio of SO,*
/-SH (T'etko et al. 1985) and the activity of peroxydase
(Grill et al. 1980) are recommended as good biochemical
indications for determining the state of plants under the
inluence of sulphur containing complexes of pollution. As
a result of low-dose exposure over long periods of time
functional damage can be devoid of visible symptoms
and difficulties arise in defining and measuring it.

Unfortunately, there is little information on alkali-
zation of the environment and the impact of alkaline type
of air pollution complexes on vegetation because these
problems are regional and relatively local in comparison
to the global scale.

As in several East European countries alkaline dust
poliution is of great importance in total emission of pollu-
tants, we set the aim of selecting biochemical indicators
suitable for the bioindication of the forest ecosystems. The
selected indicators were used to assess the state-of-art of
forest trees on a territory affected by alkaline cement dust.

Methods and materials

1. Location of the sample plots on the territory
investigated

A comparative field study of the effect of prolonged
emission of alkaline dust from the cement plant on forest
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trees was conducted on an about 50 km long investi-
gation transection from 1991 to 1995 (Fig. 1). We chose
twelve sample plots in mixed pine and spruce stands of
Oxalis—Myrtillus site type. Taking into account the

2. Collecting samples and biochemical analyses

As the biochemical response of conifers is most
clearly expressed on the best illuminated southern sides
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Fig. 1. The study area. Location of investigation plots. Landscape regions: A — North-Estonian coastal plain; B — Northeast-Estonian plaetau.

direction of prevailing winds, similarity of metho-
dological and edaphical factors, the plots were selected
along a 50 km transect that extended 38 km to the west
and 12 km to the east of the cement plant in Kunda,
Estonia. The control trees were situated in the western-
most sample plots of the transect on an unpolluted
territory at a distance of 34-38 km from the emission
source. The amount of dust emitted from the plant
varied essentially during the investigation years (Fig. 2).
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Fig. 2. Emission of dust and gaseous pollutants into the atmosphere
from the cement plant in Kunda in 1990-95
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of trees (Kangur 1988), which are also exposed to the
plant, the samples of needles were taken from the
southern side of the tree crowns at the height of 5-6 m
from the ground. All one-year-old needles were removed
from the shoots of each subject tree on the sample plot,
cut into small pieces and carefully mixed. Mixing is
assumed to reduce the effect of variation in the bioche-
mical content along the needles and the individual
variability of trees (Wood and Bachelard 1969; Linder
1972). The needles collected from the polluted territories
were carefully cleaned from the dust on their surface.
In our study the standard methods for measuring
chlorophylls and carotenoids (Vernon 1960; Gowin and
Goral 1977; Reich et al. 1986) were used. We fixed needle
samples of 0.2 g in liquid nitrogen and homogenized in ice-
cold acetone-water of 80% for 3—5 min in dim light and
under low temperature conditions. The extract was filtered
through a fritted-glass filter and the filter cake residue was
washed with acetone of 8§0%. We measured the pigment
content with the LOMO 46 spectrophotometer by reading
absorption of the chlorophyll extract at wavelengths 649
and 665 nm and calculated the chlorophyll content
according to the formulas by Vernon (1960). The

ISSN 1392-1355 ML



BALTIC FORESTRY

BIOCHEMICAL DIAGNOSIS OF FOREST DECLINE I M. MANDRE ET AL. I

carotenoid content was determined spectrophotometrical-
ly at 470 nm in acetone solution using the method recom-
mended by Lichtenthaler and Wellburn. For measuring the
contents of manganese, calcium, potassium and magnesium
in needles atomic absorption analyser AAA IN (Karl Zeiss
Jena) was used. Nitrogen was measured by the Kjeldahl
method, sulphur by the nephelometric method and
phosphorus with the help of an NPA Heliflow c0310 flow
injection analyser in the laboratory of the Estonian Centre
of Agricultural Chemistry.

In order to get auxiliary information for interpreting
deviations in the physiological state of trees we also
investigated the physical and chemical properties of the
growth conditions. The accumulation of dominant ele-
ments of dust and the pH of the soil (humus horizon),
ground water, and precipitation were analysed at the
Estonian Centre of Agricultural Chemistry. The dust
concentration in the air was analysed by the Central
Laboratory of Environmental Research.

3. Principles for the selection of bioindication
parameters

The selection of the biochemical markers used in
the monitoring program in case of an alkalized environ-
ment must be justified on the basis of fundamental
understanding of the biochemical and physiological
level. Coniferous trees provide a suitable object for
monitoring industrial emission effects. As they are
typical of long ontogenetic development, high sensitiv-
ity to air pollution and long-term foliar retention, conifers
have often been recommended as investigation and test
objects. In selecting the parameters for bioindication the
following aspects were taken into account.

. The parameters used in biochemical indication
must be sensitive and react rapidly either to the whole
pollution complex or to the dominant elements in it (e.g.
pigments of chloroplasts, sulphydrilic compounds etc.).

2. Considering the chemical composition and
predominant elements of the pollution complex (e.g. Ca,
K, Mg, Mn in case of cement dust pollution) it is
advisable to use in bioindication the analysis of the
accumulation and dynamics of these elements also in
the tissues of organism.

3. Among nutrients, attention should be paid to
those belonging to the vitally important organic com-
pounds (e.g. N and Mg in chlorophylis, S in proteins,
vitamins etc.) or participating in the regulation of
enzymatic processes in metabolism (e.g. Fe in chloro-
phyll biosynthesis, Mn in the ketoacids cycle etc.).

4. The annual level of the parameters used must be
relatively stable in case the trees grow under optimum or
unpolluted conditions. Deviations on the polluted terri-
tory indicate changes taking place in the physiological
state of the trees.

5. It is suggested that such parameters should be
selected that can be determined relatively easily and can
therefore be used in large-scale investigations.

Because of the uneven annual dynamics of indi-
vidual biochemical parameters belonging to different
metabolic processes, only one biochemical indicator
cannot be expected to yield an all-sided overview of the
vitality of a tree. This can only be achieved using a
variety of biochemical indicators. Integrated evaluation
of several indicators can show the general state-of-art of
trees or a forest site. |

On sae basis of the above-mentioned principles, the
following elements and compounds were chosen for
biochemical indication in the needles of conifers: Ca, K,
Mn, S, N, P, chlorophylls @ and b (Chl) and carotenoids
(Car). It has been documented that high amounts of
alkaline dust cause variations in the amount of photo-
synthetic pigments, sulphur containing substances and
other nutrients as well as their seasonal dynamics in
conifer needles. Deviations depend on the dust load and
distance from the pollution source (Mandre 1995;
Mandre and Tuulmets 1997).

Still, due to the general physiological regularities,
the content of the above-mentioned elements and com-
pounds in conifer needles varies to a great extent
throughout the year (Mandre 1995); however, according
to the principles laid down for biochemical parameters,
they should have a known and justifiably small annual
fluctuation.

Therefore, in order to determine the state-of-art of
the trees on the territory influenced by alkaline dust,
several ratios of elements and compounds that are vitally
important or whose seasonal deviations under optimal
growth conditions (the control) fluctuate within a narrow
amplitude in the needles (Ca/K, N/S, N/P, N/Mg, N/Mn,
Chl/Car, Chl a/Chl b) were used (Mandre and Tuulmets
1995). Their deviations, in case of pollution impact,
conditionally indicate the changes in the state-of-art of
trees.

Given the differences in the above ratios of needles
collected on the polluted areas and in the control,
biochemical index (BI/) of the state-of-art of trees, which
characterizes the deviations in organisms from the
control due to pollution stress, was found {Mandre and
Tuulmets 1993):
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k

\‘ n, n, n, n,

where x - parameter value of trees growing on the
polluted territory, £ — parameter value of control trees,
n —number of analyses, x/n—k/n — the mean differences
between the data of the control and polluted needles,
a —number of the biochemical parameter ratios used.

The obtained deviation of B/ was used to identify
the strength and territorial range of the industrial dust
impact within the general system characterizing the
forest ecosystem together with the morphological
parameters of the conifers and physical-chemical com-
position of the soil and precipitation.

Results

1. Peculiarities of the sample plots and air
pollution

The main damaging factor of the forest ecosystem
and trees in the vicinity of the cement plant is apparent-
Iy dust, which constitutes 87-91% of the total air pollu-
tion (Keskkond, ‘89 1990; Keskkond, 90 1991; Estonian
Environment 1991 1991; Estonian Environment 1992
1993; Estonian Environment 1994 1995). The dust
contains a complex of substances: 40-50% of CaO, 12—

17% of Si0,, 4-9% of K0, 4-8% of SO,, 3-5% of AL,O,,
2-4% of MgO, 1-3% of Fe,0,, and to a somewhat lesser
extent Min, Zn, Cu, Cr, V, As, Ba, Pb and many other
elements (Mandre, 1995). In 1987-93 the dust fallout at
a distance of about 1-1.5 km from the emission source
reached 1800-2400 g m yr.”'. In 1994 and 1995 the
emission of cement dust from the plant decreased
notably (Fig. 2) thanks to the installation of efficient
filters. The water solution of dust from electric filters had
pH values from 12.3 to 12.7. The high load of dust
pollution has caused alkalization and changes in the
chemical composition of the soil, ground water and
precipitation on this area. At a distance of 2—4 km from
the cement plant, the pH of the soil ranged from 7.0 to
8.1, the pH of rain water was between 7.6 and 8.2 and
that of snow water 8.6—11.0 in different years. With
increasing distance from the cement plant, the pollution
load as well as the soil and precipitation pH decreased.
On the control area the pH value of the soil humus
horizen was from 2.9 to 3.3, that of rain water 5.6-6.6 and
snow water 6,.3-6.6. A good correlation between the
distance from the emission source and concentrations of
cations predominating in dust and pH of environmental
components was established (Table 1). Significant cor-
relations between the quantity of dust and chemical
parameters in the soil and precipitation on the sample
plots at different distances from the cement plant were
also revealed statistically (Table 2). The contents of the

Table 1. Correlation coefficients (r) between the distance from the cement plant (km) and chemical
characteristics of the soil and precipitation on the investigation transect and their significance (p)

Environmental pH Ca®* K* Mg**
parameters

r )/} r p r p r P
Snow -0.83  <0.001 -0.82 <0.001 -0.63 <0.001 -0.51 <0.01
Rain -0.99 <0.001 -0.81 <0.001 -0.73 <0.005 -0.86 <0.001]
Soil (A horizon)  -0.84 <0.001 -0.59 <0.005 -0.71 <0.001 -0.64 <0.00t
Ground water -0.86 <0.001 -0.67 <0.001 -0.54 <0.05 -0.66 <0.001

Table 2. Correlation coefficients (r) between the dust pollution load (g m?yr.") and chemical
characteristics of the soil and precipitation on the investigation transect and their significance (p)

Environmental pH Ca? K* Mg?*
parameters

r p r P r p r p
Snow 0.80 <0.001 0.84 <0.001 0.95 <{0.001 - -
Rain 0.70  <0.005 0.96 <0.001 0.85 <0.001 0.79  <0.001
Soil (A horizon)  0.68 <0.001 0.89 <0.001 0.90 <0.00! 0.84 <0.001
Ground water 0.71 <0.001 0.84 <0.001 0.68 <0.001 0.76 <0.001
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SO,” anion in the environment also seem to show a
good correlation with the distance from the emission
source (r =-0.74, p < 0.05).

2. Biochemical parameters of trees

High amounts of alkaline dust and alkalization of
the environment cause variation in the amount of photo-
synthetic pigments, mineral elements and sulphur con-
taining substances as well as their seasonal dynamics in
conifer needles. Deviations depend on the age of
needles and the distance from the pollution source
(Mandre et al. 1992).

In general, the concentration of pigments in conifer
needles responds to strong alkaline air pollution with a
significant decrease along the deposition gradient. The
pollution damage on Norway spruce and Scots pine in the
vicinity of the cement plant is mostly expressed as a
decline in Chl a, Chl b and b-carotene, Mn, Mg and N
contents and increase in Ca, K and S contents in needles
(Mandre et al. 1992; Mandre and Tuulmets 1995). The
correlations between the content of pigments and measur-
ed mineral elements in Norway spruce needles, the
pollution complex, soil pH and single components are
very strong (Table 3), allowing us to presume that they are
suitable for identifying the effect of technogenic dust.

The content of pigments in spruce needles is in very
strong correlation with the content of the elements
favouring snow and soil alkalization in the environment
(Ca, K, Mg). For example, the correlation coefficient of the
Chl content in needles and Ca in snow is r = -0.74 (p <
0.001), and the correlation coefficient of Chl and Ca in the
soil is r = -0.78 (p < 0.001), correlation coefficients
between Chl in needles and K in snow is » = -0.78 (p <
0.001) and between Chl in needles and K in the soil is » =
-0.80 (p < 0.001). The effect of K through the soil on
chlorophyll and carotenoids is weaker, amounting to r =
-0.55 (p < 0.05) and r = -0.55 (p < 0.05), respectively.
Especially sensitive to dust pollution in needles is Chl a.

3. Bioindication

On the basis of differences in the ratios of the
above-mentioned sensitive biochemical parameters of
Norway spruce on the forest sites under different
quantities of dust and those of the control trees the
values of Bl were found. In 1991-95 the B/ values were
especially high within a distance of 3 km from the cement
plant, indicating considerable changes in the physio-
logical-biochemical state of the trees. Figure 3 shows

Table 3. The correlation between the chloroplast pigments and mineral
elements concentration in Norway spruce needles and pH and other
environmental factors at different distances from the cement plant

Parameters Distance from. Total quan- pH
of needles  the cement tity of air
plant pollution of snow of the soil
water
Chl a r = 0.61 r=-081 r=-066 r=-063
p < 0.001 p <0001 p <00l p<005
Chl b r=0.64 r=-0.50 r=-064 r=-068

p < 0.001 p < 0.05 p <001 p <001

Chl r = 0.63 r=-0.77 r=-0.68 r=-0.65
p < 0.001 p < 0.001 p <0.001 p<0.01
Car r = 0.66 r=-0.79 r=-069 r=-062
p <0001  p<000l p<0001 p<0.05
N r = 0.69 r=-074 r=-084 -
p < 0.001 p <0.001 p<0.001 -
K r=-072 - r=0.67 r =057
p < 0.001 - p <001 p<0.05
Ca r = -0.63 - r=072 r=076
p < 0.001 - p < 0.001 p < 0.001
Mg r =091 r=-0.58 r=-089 r=20382

p < 0.001 p < 0.05 p < 0.001 p < 0.001

Mn r=0.90 r=-049 r=-085 r=-074
p < 0.001 p <005 p<000l p<0.00]
S =085 r=056  r=087 r=068
p <000l p<005 p<0.000 p<00l

that the B/ values have been falling from year to year,
which is a direct consequence of the decrease in the
dust emission from the cement plant. B/ largely depends
on the pollution load and has a good correlation with
the characteristics of the growth conditions (Table 4).

Table 4. Correlation coefficients between the bio-
chemical index (BI) and some characteristics of the
growth conditions

BI
Characteristics

r p

Distance from the cement plant -0.66 0.001
Total air pollution level 0.86 0.001
pH of snow water 0.81 0.001
pH of the soil 0.81 0.001

In comparison to several other methods used in the
general system of bioindication, such as morphological
and floristical changes and also several environmental
parameters, biochemical indication is suitable for
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Fig. 3. The dynamics of biochemical index (BI) showing the function of all deviations of damaged trees on the territory affected by
cement dust. B is calculated on the basis of biochemical parameters of Norway spruce ncedles

ascertaining latent injuries caused by dust pollution in
the forest ecosystem. B/ is the most sensitive parameter
among those used and compared (Fig. 4).
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Fig. 4. A comparison of the sensitivity of parameters often used in
bioindication for the estimation of the state of forest trees and index
(BI) of biochemical deviations of trees in the Oxalis-Myrtillus site
type of forest stands influenced by different levels of dust emitted
from the cement plant in 1993.

Conclusions

The research conducted on forest trees revealed
numerous biochemical parameters that are of bioindi-
cative importance. These parameters can be used for
both an early diagnosis of air pollution damage and the
assessment of the state-of-art of trees in general. So B/

has been deduced on the basis of fundamental research
and tested under natural conditions (Mandre 1989;
Mandre and Tuulmets 1993, 1995).

Along with evaluation of morphological and
anatomical changes the biochemical method gives a full
review of the influence of dust pollution on trees. This
is one of the possibilities to advance knowledge on the

importance of bioindicators for both early and

differential diagnosis of damage.
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terrestrischen

BHOXUMHNYECKAS TUAT'HOCTHKA YXYAINEHUA COCTOSHHUSA JECOB

M. Mannpe, JI. Tyyamerc

Peszrome

B necax tuna Oxalis—Myrtillus B paifoHaX MONBEPXEHHBIX BIMAHHIO LEMEHTHOH MBUTH, OBIT ONpEMIEH YpPOBEHB
TMOBPEXKIEHH XBOUHBIX MPH NMOMOLUM GHOXHMHUYECKUX HccaegoBanuit cootHouennit Chl/Car, Chl a/Chl b, N/Mg, N/P, N/S,
N/Mn u Ca/K B xBoe. Buut onpenened uumekc B, yKasbiBawolunit OTKJIOHEHHS COCTOSHHS TIOBPEXAEHHBIX NEPEBBEB OT
KOHTPOBHBIX. DTOT MHAEKC ABISETCH YPE3BbIYANHO UYBCTBUTENBHBIM M HANPAMYIO 3aBHCHT OT oObeMa 3arpsa3HeHHil u
XAMHYECKHX M3MEHEHHH B MOYBE M OCANKAX Ha PalTUYHBIX PACCTOSHUAX OT UCTOUHHKA SMHCCHH.

KiroueBbie ciioBa: GuonHaukauus, OMOXUMHYECKHE [TapaMeTphbl, XB()iiIlI;lC, HEMECHTHASA ITbUIb.

1997, VOL. 3,NO. 2 e S e o P WS 1SSN 1392-1355 1

25



