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Abstract

A new kind of quantitative model for assessment of state of Scotch pine tree stands growing
in industrial polluted areas of Middle Urals is desribed. The model is based on the use of two
types of indices - state indices and generalized state indices - which are calculated from
merphological and physiological characteristics ( parameters ) of tree stands. Morphological
parameters include average values of tree diameters, heights, and annual increments while
physiological characteristics include chlorophyll a content and photochemical quantum yield
of photosystem 11 in pine needles. It is shown that the use of the combination of diagnostic
parameters as in the model described provides more credible assessment of tree stands state
than the use of separate diagnostic characteristics.

1 Introduction

The proper ecosystem state assessment evaluating proved to be of first rate
importance in ecological monitoring of polluted areas. To assess an
ecosystem state it is necessary to develop a set of quantitative diagnostic
characteristics or state indices which allow to evaluate industrial pollution
effect on particular components of the ecosystem. Besides, the necessity exists
for a kind of generalized state index derived from this set of state indices to
assess industrial pollution effect on the whole ecosystem. The generalized state
indices or environmental indices ( Alberti & Parker [ 1 ] ) can be used in
social policy decision making as well as in study of natural objects’ stability
cnteria. All kinds of indices are usually derived from experimental and empiric
data arrays by applying data and information contraction methods to these
arrays ( Vorobeychik etal. [ 2] ).
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One of promising methods of contracting information on tree stands
state 1s based on the use of the generalized Harrington desirability
function ( Adler etal [ 3 ], Kalinin etal. [4]). Unlike conventional methods,
this one makes it possible to take into account nonlinearities which are
peculiar to characteristics used in ecotoxicology. In addition, since the
“desirability “ concept is based on the use of dimensionless quantities, the
method allows to assess the ecosystem’s state on the average on the basis of
complete set of diagnostic characteristics ( parameters ). Since the primary
productivity of an ecosystem depends on photosynthesis, the growth
characteristics as well as the photosynthetic apparatus characteristics of
dominant woody species of a particular tree stand can be regarded as the most
essential ones in assessment the tree stand state ( the forest state ). It has
been shown for pine forests of the Middle Urals that average values of
diameter, height, and annual increment of pine trees should be used as the
essential parameters to assess the tree stands state. Also chlorophyll a
and b contentis one of the important parameters which is intimately bound
up with the photosynthetic apparatus state. The most of gaseous and
atmospheric pollutants decrease it ( Dietz etal [S5], Snel etal [6],
Kirpichnikova etal [ 7] ).

In the Middle Urals forests chlorophyll destruction by pollutants takes
place throughout the year cycle but there are also additional distinctive
seasonal changes in photosynthetic apparatus ( Krivosheevaetal [ 8],
Shavnin & Fomin [9], Shavninetal [ 10]).

Chlorophyll fluorescence characteristics measurement is one of the most
promising  approach to the photosynthetic apparatus state assessment in
ecological monitoring. The widely used parameter F, / F .. , which value
reflects the efficiency of noncyclic electron transport process in chloroplasts
is declined in the needles of Picea abies( L.) under the effect of the set of
arr pollutants ( Bolhar - Nordenkampf et al. [ 11 ] ). Recently developed
modulated light fluorimeters designed for laboratory and field applications
( PAM 2000, Walz, Germany ) made it possible to measure this parameter
m both laboratory and field studies.

This paper concentrates on assessment of the prospects of application
of generalized state index , derived from the morphometric data and
photosynthetic apparatus parameters, in ecological monitoring of pine tree
stands growing in air polluted regions.

2 Materials and Methods

During 1995 - 96 we studied the state of 20 - 40 years old artificial pine
tree stands of Pinus silvestris (L.) located in air polluted areas around
cities of Revda and Pervouralsk ( the Middle Urals , Sverdlovsk region ,
Russia ). The main source of industrial pollution in the region is the large
copper-smelting plant SUMZ Ilocated in the city of Revda. Some additional
sources of air pollution are located in the city of Pervouralsk which is a
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large industrial center NE of Revda ( at six kilometers’ distance from
Revda ). Westerly and north-westerly winds usually prevail throughout
the region.

The thirty plots were settled and described morphologically. All these
plots had been combined into four transects ( NE, E, SE and NW of
SUMZ ). The plot 20 located at twenty-six kilometers’ distance from
SUMZ ( SW of SUMZ ) was accepted as the control one, which
exhibits the natural background pollution value. The same woody, shrub
and grass species dominate within all the settled plots. Recommendations
on choosing plots and methods of measurement of diameters, heights,
vertical increments and chlorophyll a content in two - year pine needles
have been described earlier ( Krivosheevaetal. [ 8 ], Schawnin etal [12].

Since the different tree stands under investigation were of different
age, the extrapolation of diameters and heights from measured values to
those typical for a 30- year pine tree has been performed. In both
fluorescence characteristics measurement and pigment analysis two -year
pine needles picked up from the same shoots were used. The needles were
picked up from fifteen trees of the same plot ( one shoot from a tree,
one measurement for ashoot ). The results of measurement for each plot
were processed statistically.

After cutting, sprinkling with water and putting into plastic bags, the
shoots were carried to the laboratory. The fluorescence measurements were
taken the next day after the day of cutting shoots. For adaptation
purposes, shoots were placed vertically into glass containers filled with
water and then exposed for 45 minutes at the temperature of 22 -24° C
and the constant photon flux density ( PFD = 50 pmol quanta m~?s°! ).
After that, four needles still attached to the shoot, were placed horizontally
into the Leaf - Clip Holder 2030 - B ( Walz, Germany ) and exposured
additionally for 3 minutes at the same photon flux density. The fluorescence
characteristics were measured by means of the fluorimeter PAM - 2000
( Walz, Germany ). These characteristics include F. ( measuring light -
induced fluorescence value ) , Fn ( saturating light - induced peak
fluorescence value ) and the “ Yield “ parameter which value is related to
the Photosystem II quantum yield of fluorescence : Yield=(F.- F ):F. .

The generalized state indices for tree stands were calculated by
applying the method of geometric means to state indices which had been
calculated on each particular characteristic separately. These state indices
were taken to be equal to their desirability values which had been
calculated using the Harrington’ s formula ( Adleretal[3]) :

di =100 exp [ -exp (-y:)],
where d; - desirability value of i-th parameter ;
y; - encoded value of i-th parameter.

The linear equations were used to encode the measured characteristics
of particular objects as it was shown for the earlier model ( Kalinin et al.
[ 4]) However, since the weight assigned to a particular parameter used in
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calculating particular generalized state index depends on the normed deviation
value t, the earlier model has been modified to make more unbiased choice
of t. Namely, the procedure of choosing reference values which are used to
define the function d;=f(y; ) has been changed. The first reference value
is specified as follows : d i =63, yi ‘= 075 , While the second reference
value which define the “ poorest “stateis specified as follows: dyx =5,
Yi == 1.1,

The measured value of a particular parameter for the control plotis
taken as corresponding to the first reference wvalue. Then the measured
values of the same diagnostic parameter for all sample plots are analyzed to
find the lower-range parameter value . This value is assumed to correspond
to the second reference value. Since the obtained y " - scale is linear, the
specifying of the two reference values makes it possible to encode diagnostic
parameters measured for the rest of sample plots. The increase in d ; means
upgrading the object’s characteristic on i-th parameter.

3 Results and Discussion

Measured values for different variables ( y ;) for control plot’s tree stands
( vu)are given in Table 1 together with their lower-range values ( y )
for sample plots’ tree stands.

Table 1 Morphological and Physiological Characteristics of Pine Tree
Stands for Control Plot (yi) and Plots Ranked as “Poorest”
of All Sample Plots (yx ), Xto.

Average |Average |Diameter |[Height Chlorophyll | Fluor.
diameter, |height, increm. for |increm. a content, |param.
cm m 5 years, for 5 mg/g dry Yield,
mm years, m | weight rel.units
yu | 17,4+0,8 | 14,0:0,4 | 8,729 2,6£0,2 | 2,33140,35 |[0,6740,03
ya | 6,240,6 [6,45+0,62| 3,0%1,1 0,440,1 1,21£0,24 {0,61+0,01

The differences between yi; and y 5 are reliable ( with P =0.99). The
average diameter, height, and chlorophyll a content take on their lower-range
values at the plot 7, average diameter increments for the last five years - at
the plot 113, and “ Yield” parameter - at the plot 99. In other words, the tree
stands states for these plots are assessed as very poor according to these
parameters. The fact that the lower-range values of different diagnostic
parameters are relevant to different plots gives evidence of the necessity for a
whole set of parameters in evaluation of tree stands state.

Since the growth and physiological processes in trees of the same plot are
influenced by a unique combination of factors, and the balance of recovery and
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suppressing processes is unique for each plot, a special set of diagnostic
parameters must be used to assess all essential features of the object in study. It
is reasonable to suppose that three of six characteristics  of the plot 7 take on
their lower-range values because air pollutants are easily conveyed with
prevailing winds from nearby cities of Revda and Pervouralsk to this plot,
and it is actually located in the most polluted region.

The plot 113 is located at two kilometers’ distance from Revda and is
affected by pollution from SUMZ and some other local plants as well. The plots
99 and 100 are located not far from Reshety, the large road and railway
junction. These factors provide a specific kind of pollution for the area under
investigation.

The data presented in Table 1 were used to obtain dimensionless values y;
as well as to calculate state indices d ; ( see also the section “Materials and
Methods™).

The Table 2 presents tree stands state indices calculated on particular
morphometrical characteristics by the four transects. The state indices calculated
on physiological characteristics as well as generalized state indices over the
whole set of characteristics by the four transects are presented in Table 3.
The data analysis reveals that in terms of average diameter values the tree
stands of the control plot are the best. Table 2 also shows that for most sample
plots the state indices calculated on height and vertical increment values are
higher than those calculated on diameters and diameter increments. This
suggests that cambium growth processes are more affected by pollutants than
apical meristem growth processes,

For NE transect the state indices values of the most of diagnostic
characteristics ( parameters) increase as the distance from SUMZ increases.
Since the plots 3 and 5 are shielded by some local hills from the sources of
pollution, it is reasonable to suppose that relatively high values of generalized
state indices calculated on physiological characteristics - 56 for the plot 3
and 57 forthe plot 5 - can be attributed to the lower influence of gaseous
pollutants on the tree stands. The tree stands states for plots along E- direction
can be described as good starting with the plot 96. Besides the distance from
SUMZ, the decreasing of pollution effect on tree stands states also depends on
the relief : the Volchikha hill ( 526 m above sea level) and the Grebni hills
(440 m above sea level ) shield the plot 96 as well as other neighboring plots
from the sources of pollution.  The plots 129, 100 and 99 are affected by
Reshety pollution source mentioned above.

As for the tree stands along SE - transect, their generalized state indices
based on  morphological charactenistics are low and relatively stable. In
contrast, their  generalized state indices calculated on  physiological
characteristics of the pine needles’ photosynthetic apparatus are relatively high.

The analysis of tree stands of NW- transect reveals upgrading their states
as the distance from SUMZ increases.

It is important that at fourteen to sixteen kilometers’ distance from
SUMLZ the generalized state indices calculated on the whole set of the measured
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characteristics is higher than 50 and is close to the control value of this index,
but this is not true for other transects ( Table 3 ).

Table2 Pine Tree Stands State Indices Calculated on Particular
Morphological Characteristics by Selected Transects

plot | Distance Diameter |Height Diameter Height
# from SUMZ, increment for 5 | increment
km years for 5 years
NE- transect
7 4.1 5 & 15 24
3 9,7 14 38 37 52
5 12,3 22 44 20 33
126 17,2 41 68 22 37
53 26,6 33 21 78 53
55 28,0 33 59 79 57
E-transect
88 5,6 16 32 7 19
92 6,9 31 43 7 9
96 12,0 26 53 22 49
97 12,6 15 51 80 57
131 17,2 33 62 59 71
129 17,5 27 55 15 23
100 205 41 37 11 5
99 20,9 31 48 13 32
SE-transect
6 3,1 35 68 14 29
113 10,0 31 78 5 42
112 10,1 31 73 9 48
81 14,5 21 46 41 46
85 16,0 25 48 19 34
82 16,7 41 64 20 66
120 18,2 13 36 21 27
121 19,9 39 46 43 29
[22508 216 19 38 51 48
NW-transect
16 42 15 31 12 29
13 9.5 50 56 13 60
12 12,1 30 59 24 47
37 14,5 26 59 32 59
39 14,5 32 47 76 56
40 16,7 59 72 29 53
Control

20 18,9 62 62 62 62
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Table 3 Pine Tree Stands State Indices Calculated on Particular
Physiological Characteristics and Generalized State Indices
(GSIs ) by Selected Transects

plot # | Chlorophyll a|Fluorescent
content, mg/g | parameter GSIs
dry weight Yield, rel.
units morphol. |physiol. . [total
NE-transect
7 5 48 10 15 12
3 43 66 32 56 39
5 66 50 28 57 36
126 66 16 39 33 37
53 23 70 41 41 41
557 555 54 54 54 54
E-transect
88 55 22 16 34 21
92 36 46 17 41 22
9% 64 45 44 50 46
97 7 34 44 50 46
131 49 60 54 54 54
129 62 47 25 54 34
100 24 15 17 19 18
99 62 5 28 18 24
SE-transect
6 30 60 31 42 35
113 73 54 27 63 35
112 76 45 32 58 39
81 353 69 37 60 43
85 62 56 30 59 37
82 74 47 43 59 48
120 70 46 23 56 31
121 64 65 39 64 46
122 64 66 36 65 44
NW-transect
16 62 27 20 41 25
13 81 50 38 63 45
12 68 37 38 51 41
37 60 39 42 49 44
39 75 77 50 76 58
40 72 56 50 64 55
Control

20 18,9 62 62 62 62
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The comparison of the two types of generalized state indices (Table 3 )
reveals that “physiological” indices as a rule are higher than “morphological
ones. In our opinion, there are two possible ways to explain this fact. One
explanation is as follows. The “physiological” characteristics of photosynthetic
apparatus in pine needles were measured in the end of the second vegetation
period. It is reasonable to suppose that during this period the changes in
“physiological” characteristics did not attain their maximal values and were
lower than the changes in “morphological” characteristics. Another explanation
takes mnto account environmental changes within the last 3- 5 years. Because
the local industry was depressed during this period, the industrial pollution was
reduced. This resulted in recovery of pine needles’ physiological characteristics.
Nevertheless,the growth recovery did not take place.

It is reasonable to suppose that the depressed processes of mineral nutrition
are responsible for the growth depression. Taking into account that the
accumulation of heavy metals and other toxic pollutants by local soils took
place over the long period of time ( more than fifty years ) , the self
purification of soils and related processes of recovering mineral nutrition will
take more time than the self-purification of the atmosphere. Consequently,
growth recovery which depends on mineral nutrition will take more time than
“ physiological “ recovery which mostly depends on the air pollution level.

The authors believe that the method of assessment tree stands state
using proposed set of characteristics ( GSI total )is quite sensitive and
credible . Besides evident effect of large pollution sources on tree stands state it
allows to reveal the effect of local man-made pollution sources . The authors
suppose that the use of generalized state indices is promising in ecological
examination and forest mapping.
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