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Abstract The effects of alkaline dust emitted from a
cement plant for over 40 years on the anatomy of
needles of Scots pine and lignin accumulation were
analysed. Comparative analytical studies were con-
ducted in stands similar as to their silvicultural
indicators, climate and age in alkalised and in a
relatively unpolluted area. Cross-section of needles
were stained, photographed under microscope and
measured. It was found that, due to the alkalisation of
the environment, the total area of the needle cross-
section, needle width and thickness and the area of
mesophyll had decreased. At the same time, the
vascular bundles and epidermis had increased. The
greatest anatomical and biochemical differences be-
tween the needles from trees growing under optimum
conditions and in the alkalised area were observed in
the oldest needles. Visual analysis of cross-sections
and biochemical analysis showed accumulation of
lignin in older needles but more intensively in
alkalised areas than in control.
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1 Introduction

The cement plant in Kunda, Northeast Estonia, was
one of the major pollution sources in Estonia, which
emitted large quantities of alkaline cement dust for
over 40 years. In certain periods, these emissions
made up nearly 10% of the cement output of the
plant, and dust deposition in the close vicinity of the
plant was 1,600-2,700 g/m* (Mandre 1995). By 1997,
thanks to the installation of efficient filters in 1994,
the dust emission from the plant had decreased
approximately 36-fold of the level of 1992 (Liblik et
al. 2000). Today, the emission of dust from the
cement plant does not exceed the permissible level
(543 tonnes/year, Environmental Review No. 16.
2007). Nevertheless, cement dust belongs to such
environmentally hazardous industrial wastes that react
with air moisture and become chemically active
(Borka 1983). The dust emitted from the cement
plant has brought about alkalisation of soil and soil
water, which in turn has caused changes in the
metabolism and morphological parameters of trees
on the surrounding territory at a distance of 5 km
(Mandre et al. 1995; Mandre and Ots 1999; Liblik et
al. 2000). Earlier studies have shown that in the
vicinity of Kunda cement plant the length growth of
pine needles and shoots (Mandre et al. 1995), the
height growth of trees (Mandre and Ots 1995) and
radial increment and bioproduction (Rauk 1995) are
inhibited. As the distance from the cement plant

@ Springer



14

Water Air Soil Pollut (2010) 206:13-22

increases, the difference in length growth between
needles of pines growing in the unpolluted area and in
the polluted area decreases (Ots 2000; Ots and Rauk
2000), whereas small quantities of cement dust may
even stimulate needle and shoot growth (Mandre et al.
1995). Although dust emissions from the cement
plant have practically ceased, the impacts of long-
term dust pollution will be evident in the tree
physiology and biochemistry for a long time. A study
of the dynamics of the pigment system of coniferous
trees indicated that their status had not improved by
1999 (Mandre and Korsjukov 2000). The predomi-
nant elements of dust pollution prevail also in the
mineral composition of trees (Mandre et al. 2008). No
noteworthy improvement was observed in the carbo-
hydrate metabolism of needles either (Kloseiko
2005). Likewise, the density of needles on shoots
has not changed significantly (Ots 2005). All this
allows us to postulate that the effect of dust pollution
from the cement plant is long-lasting and that also the
anatomy of trees is affected.

The aim of the research reported in this paper was
to study the anatomy and lignification of needles of
Scots pine trees in areas affected by cement dust
pollution for over 40 years near the cement plant at
different distances from Kunda cement plant.

2 Material and Methods
2.1 Study Area and Plant Material

Needle samples were collected in May 2007 before
bud break. The research transect is located near the
cement plant in the town of Kunda (Northeast
Estonia). Five sampling sites (Kunda, K) were in the
zone of high pollution 2.5-3.0 km east of the cement
plant and were located on the transect at distances of
100 m from one another, beginning from the first site
(Fig. 1). Three control sites (control, C) were selected
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on the unpolluted territory of Lahemaa National Park
in the similar climatic and edaphic conditions (38 km
W from the cement plant, opposite to prevailing
winds; Mandre and Tuulmets 1995).

2.2 Anatomical Analyses

For morphological and anatomical analyses needles
aged 1, 2, and 3 years (n = 15 from each age group)
were collected from the middle of the crowns of three
trees from each control site and of 12 trees from each
sampling site near the cement plant.

For anatomical and histochemical analyses cross-
sections of needles were made. The needles were pre-
fixed with 3% glutaraldehyde in 0.1 mol/L phosphate
buffer, pH = 7.3, and fixed in 1% solution of OsO,4
(Bozzola and Russell 1992; Ruzin 1999). Then,
tissues were dehydrated with ethanol and xylol
(Fluka, USA) and embedded in paraffin. The cross-
sections of needles (10—15 pum) were made with a
microtome (Leitz, Germany) and mounted on glass.

For lignin visualisation, paraffin was removed, and
the slices were stained with 5% safranin O and Fast
Green FCF (Fluka, USA). The lignified cell walls
stained red and the others green. The cross-sections
were viewed at x100 and x400 magnification with a
Micros MC400A (Austria) microscope and photo-
graphed with a Nikon Coolpix 5400 camera (Nikon,
Tokyo, Japan).

For understanding changes in anatomical peculiar-
ities, the total cross-sectional area, the areas of
epidermis, mesophyll, xylem, phloem and scleren-
chyma, and needle width and thickness were mea-
sured on the cross-sections (Lukjanova and Mandre
20006) from three parts of the needles (top, middle and
bottom) to obtain average values describing the
needle as a whole. MapInfo Professional for Windows
4.0 (MapInfo Corp. Inc., Troy, NY) and UTHSCSA
Image Tool for Windows Version 3.00 (The Univer-
sity of Texas, Health Science Center, San Antonio,
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Fig. 1 Sampling sites on the W—E investigation transect. Five sampling sites are located in Kunda (K) E of the cement plant and three
control sites (C) W of the cement plant. The distance between two sites is 100 m
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TX, USA) were used to measure the tissue area from
the images. Average values of anatomical character-
istics were calculated for all these tissues. The stained
cross-sections revealed the localisation of lignin. The
degree of lignification was determined visually by the
intensity of staining.

2.3 Biochemical Analyses
2.3.1 Analyses of Lignin

The fresh needles of each investigated tree were
carefully cleaned. The fresh mass of the separated
needles was weighed, and their dry mass was
established after they had been kept at 105°C for
60 h. Lignin was determined as acid-insoluble lignin
(Arasimovich and Ermakov 1987; Monties 1989) in
the Plant Production Analyses Laboratory of the
Estonian Research Agricultural Centre. Air-dried
plant material was ground and extracted with acetone
(100%) at 5°C, ethanol (96%), ethanol-benzene
solution (1:1, v/v) and water at 60—70°C to remove
sugars, proteins, interfering phenolics and other
soluble compounds. The extraction was repeated
several times until the solution remained colourless.
The residue was dried at 70°C for 24 h and hydro-
lysed with H,SO4 (1 ml of 72% H,SO,4 was added to
each 100 mg of sample). A fraction of acid-soluble
lignin and cellulose could be lost during this
procedure (Monties 1989). Acid-resistant residue
was recovered by filtration on a glass crucible with
an asbestos filter, carefully washed and dried at 70°C
for 24 h to constant weight. This acid-insoluble
residue is insoluble lignin (hereafter called “lignin”)
(Monties 1989). After weighing, the residue was
ashed at 525+25°C for at least 3 h, and lignin was
calculated after correcting for mineral elements (Van
Soest 1987). The results for lignin were expressed as
a percentage of dry weight (DW) of plant material.

2.3.2 Analyses of Pigments

From three trees in each sampling site (n = 8), needles
for analyses of chlorophylls (Chl) were collected and
fixed in liquid nitrogen and homogenised in 80% ice-
cold acetone solution for 3—5 min under dim light at a
low temperature. The extract was filtered through a
fritted-glass filter. The content of pigments was
measured with a spectrophotometer Helios (Unicam

Ltd., UK) at a wavelength of 649 for Chl a and 665
for Chl b and calculated in milligram per gram DW
according to formulas of Vernon (1960) and
Lichtenthaler and Wellburn (1983).

2.4 Statistical Analyses

The significance (p) of differences between mean
anatomical parameters of needles in the control and
treatment sample plots was estimated by multiple
comparisons of means by the nonparametric Kruskal—
Wallis test. For statistical calculations, the Statistica 7.0
software was used. The significance (p) of differences
between mean biochemical parameters of needles in
the polluted and reference site area was estimated by
two-sided ¢ test. For statistical calculations, the Systat
10.0 software for Windows was used.

3 Results

Analysis of the anatomy of Scots pine needles from
the unpolluted control area and an area affected by
alkaline cement dust pollution showed that alkalisa-
tion of the environment had resulted in a decrease in
the total cross-sectional area of needles, needle width
and thickness and the mesophyll volume fraction but
an increase in the volume of epidermis, vascular
bundles and xylem (Table 1). Statistically significant
(p < 0.05) differences from control were observed in
the width of needle cross-sections (19%), their
thickness (16%) and the areas of mesophyll (15%)
and epidermis (21%). The decrease of mesophyll was
supported by biochemical analyses of the content of
pigments participating in photosynthesis and of the
content of lignin. The total concentration of chloro-
phyll was by 16% lower in the pines in the alkalizsed
area if compared to the control (Table 2).

Histochemical colour reaction showed stronger
staining of needle lignified tissues from the polluted
area than in the slide mount from the control area
(Fig. 2). Measurements of tissues revealed a 21%
larger area of lignifying tissues in the alkalised area
compared to the control. To check these results, a
biochemical analysis was made, which supported the
above-presented findings and showed that the average
lignin content in the needles of pines growing in the
alkalised area was by 12% larger than the respective
data for the control pines (Table 2).
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Table 1 Mean anatomical parameters (£SE) of needles of Pinus sylvestris growing on the unpolluted (C, n=3 sampling sites) and

polluted (K, n=5 sampling sites) areas

Sampling ~ Width of Thickness  Total needle  Epidermis Mesophyll  Lignified Vascular Xylem
site needle of needle  area tissues bundles

mm mm?
C 1.51£0.091 0.70+0.07 163.94+16.18 19.81+1.83 92.40+6.96 21.48+0.19 4.79+0.73  1.92+0.59
K 1.2240.05%* 0.59+0.01* 147.11+5.15% 23.874£3.46*%** 78.62+6.09* 26.06+4.86***  4.93+0.43 2.18+0.18

Significance of differences between parameters of needles in the unpolluted and the polluted area determined by Kruskal-Wallis test

#p<0.05, **p<0.01, ***p<0.001

The differences in the anatomical parameters of
Scots pine needles between the polluted and
unpolluted area depended significantly (p<0.05) on
the age of the needles (Fig. 3). While the total area of
needle cross-sectional area and needle width and
thickness of pines growing in the control area were
greater and increased proportionally with the age of
needles. The lowest values were observed in the
youngest needles. In the area influenced by the
cement plant, the values of these indicators were
lower if compared to the control. In the case of
younger needles, no statistically significant differ-
ences from the control were observed, but for 3-year-
old needles, these indicators were lower (total area by
23%, width by 24% and thickness by 27% smaller)
than control statistically differed at p<0.05 level.
While in the control area, the vascular bundles and
xylem areas did not depend on the age of needles;
then in the polluted sites, the area of vascular bundles
of 3-year-old needles was larger than that of the
youngest needles. The area of xylem showed only a
tendency to increase with age.

The proportion of the area of lignified tissues of
the total area of cross-sections was estimated 14, 13
and 14% for 1-, 2- and 3 year-old needles of control
trees, and in the alkalised area, the proportion of
lignified tissues was respectively 16%, 16% and 13%.
Although the area of lignified tissues decreased in the
3-year-old needles from the polluted area, in older
tissues, the content of lignin analysed by biochemical
methods increased (Table 2), which is characteristic of
the ageing of plant organisms (Miidla 1989; Polle et
al. 1997). Visual study of cross-sections showed
that, in 1-year-old needles, all the tissues participat-
ing in lignification became stained, but in the older
needles, the staining was more intensive (Fig. 4). In
addition, the width and thickness of needles and the
areas of the epidermis and mesophyll varied between
needles of different age. Differently from the needles
from the control area, in the 3-year-old needles from
the polluted area, these parameters decreased signif-
icantly (p<0.05; Fig. 3). However, with increasing
age of needles, the areas of the vascular bundle and
xylem increased (both absolutely and as the percent-

Table 2 Content of lignin,

chlorophylls (Chl a+Chl Sampling site  Age (year)  Lignin% DW % of control ~ Chlorophylls % of control
b; £SE) in needles of Scots mg/g DW
pine on the unpolluted (C)
and polluted (K) areas C 1 1277 £ 1.6 3.04 £ 0.09
2 13.76 £ 0.9 3.21+£0.1
3 14.05 £ 0.8 3.58 £ 0.06
Mean 13.53 3.28
K 1 13.65 £ 0.4 107 2.639£0.06 87
2 1498 £ 0.8 109 2.660 £0.05 83
3 16.60 £ 1.1 118 2980 £0.05 83
Mean 15.08 112 2.76 84
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Fig. 2 Anatomy of Scots
pine needles from the un-
polluted (a, ¢) and polluted
area (b, d). General view of
2-year-old needle cross-
section at X100 magnifica-
tion (a, b) and vascular
bundles of needles at x400
magnification (¢, d). Ligni-
fied cell walls were stained
red. Lignified tissues are
more intensively stained in
the needles of pines grow-
ing in the polluted area

age) compared to needles of the same age from the
control area.
4 Discussion

The influence of the alkalisation of the environment
resulted in several changes in Scots pine anatomical

and biochemical characteristics. Therefore, on the
territory influenced by the cement plant, alkalisation
may have decreased the growth of top and lateral
shoots and radial increment but may have stimulated
the proportion of heartwood, precocious maturation
and ageing of the stand (Mandre et al. 2008). The
growth of conifers under extreme growth conditions
is thought to be associated with changes not only in
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Fig. 3 Mean anatomical parameters (£SE; n=45) of needles
depending on age and location of the sampling site

their physiological-biochemical state but also in the
anatomy and ratios between volumes of different
tissues in needles. In the most alkaline area, a
decrease in needle thickness and width, leading to a
lower needle cross-sectional area, was established.
Lower needle cross-section area could further result in
lower needle dry mass, nitrogen content per unit area
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and lower needle-area-based photosynthetic capacity
(Han et al. 2003; Warren et al. 2003). It was shown by
Niinemets (1999) that, in many species, the volume
fraction of epidermis decreases with increasing leaf
thickness, resulting in a greater mesophyll volume
fraction and photosynthetic capacity. In the present
study, contrary trends to findings of Niinemets (1999)
were observed. We found that alkalisation of the
environment brought about an increase in the area of
epidermis and a decrease in the needle thickness and
mesophyll area. Consequently, the needle photosyn-
thetic capacity could be lower in relatively extreme
growth conditions than in optimal growth conditions.
Therefore, biochemical analyses of pigments partici-
pating in photosynthesis showed a significantly lower
concentration (p<0.05) in needles. Furthermore, there
are several external and internal factors affecting the
biosynthesis of pigments and mesophyll in needles.
The relationship between chlorophyll and nitrogen
content was found to be the strongest in alkalised
growth conditions (»=0.66; p=0.001; Mandre and
Tuulmets 1995, 1997). However, the concentrations
of Chl and N were by 20-23% lower on the alkaline
territory than in the needles of Scots pine on the
unpolluted area (Mandre and Tuulmets 1995). In
addition, needle mesophyll cell volume fraction was
shown to be strongly associated with the nitrogen
content in leaves, whereas it decreased with in-
creasing volume fraction of support tissues (sum of
all tissue fractions with lignified cells; Niinemets et
al. 2007). Comparison of lignin content of needles
revealed that, with increasing area of lignified tissues,
the content of lignin in needles increased in the
alkalised environment. It is fairly clear that, in the
case of nitrogen deficiency, which appeared in
the alkalised areas, high lignin and tannin content
may develop in plants (Mandre 2002; Mandre and
Tuulmets 1995; Padu et al. 1989; Polle et al. 1997).
As lignin incorporation renders plant cell walls
mechanically rigid and stops their extension (Polle
et al. 1997), the increased and premature lignification
in alkalised growth conditions may be one of the
reasons of the decrease in the total area of cross-
sections, width and thickness of needles and inhibi-
tion of the length of needles (Ots 2002a). Hence, as
the area of mesophyll decreases, its primary function
changes from collecting photosynthates to transport-
ing them from the needles to various sinks through
vascular bundles.
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Fig. 4 Anatomy and lignification of needles of different age.
General view of needle cross-section at x100 magnification (a
1 year, b 2 years, ¢ 3 years) and vascular bundles of needles (d

A rapid increase of the area of epidermis was
detected. Although it was stated by Lambers et al.
(1998) that large epidermis cells are characteristic of
fast growing species, our results did not support this
statement. Moreover, the inhibition of dimensions of
the leaves and biomass formation is often observed in
alkalised territories (Farmer 1993; Lal and Ambasht
1982; Mandre and Korsjukov 2007; Mandre and Ots
1999; Manning 1971, 2001; Ots 2002a,b). The
concentration of epicuticular waxes on pine needles
in the alkalised area is about 12% higher than that in
optimal growth conditions (Mandre and Bogdanov
2000). This suggests that, under stress, changes
occur in the surface (outer) tissues and cells that
decrease water evaporation through the cuticle to
strengthen protection (Turunen and Huttunen 1990)
against the harmful effects of UV radiation (Gordon

1 years, e 2 years, f 3 years). Lignified cell walls were stained
red (xylem, epidermis) and other tissue (mesophyll) green

et al. 1998) and phytopathogens (Neinhuis and
Barthlott 1997).

Differences have been observed in the amount of
chlorophyll and the intensity of photosynthesis
depending not only on needle age but also on tree
age. Ladanova and Tuzilkina (1992) found that the
amount of chlorophyll increases in the needles of
Picea obovata L. until the third to fourth year of age,
but the intensity of photosynthesis is the highest in
mature 1-year-old needles. Comparison of needle
anatomy depending on tree age established great
differences in needle width, thickness and cross-
sectional area (Lin et al. 2002) and mesophyll volume
fraction (Apple et al. 2002; Kovalev 1980). Compared
with needles of old-growth Douglas fir trees, needles
of saplings are longer and have proportionately
smaller vascular cylinders, large resin canals and
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few hypodermal cells (Apple et al. 2002). Astroscler-
eids, which sequester lignin in their secondary cell
walls and occupy space otherwise filled by photosyn-
thetic cells, are scarce in young Douglas fir tree
needles but abundant in needles of old-growth trees
(Apple et al. 2002). The spatial and temporal
lignification and regulation of the quantity and
composition of lignin in plants depends not only on
the peculiarities of species and on functions of organs
but also on the development stage of organs (Boudet
2000). In our study, only 80-year-old trees were used,
so we can conclude that differences in the measured
parameters were due to age of needles and growth
conditions.

Our results showed that the anatomy of needles as
well as their biochemical composition depended
significantly on needle age. Therefore, the greatest
anatomical (total cross-sectional area, needle width
and thickness, area of mesophyll and the vascular
bundle) and biochemical (chlorophylls, lignin) differ-
ences between the needles from trees growing
unpolluted conditions and in the alkalised area were
observed in the oldest needles. When under optimum
conditions anatomical parameters of trees had the
highest values in 3-year-old needles, then under
alkaline conditions, the maximum values were ob-
served already in 2-year-old needles. This suggests
that, under extreme conditions, the physiological
ageing of needles may be faster than under optimum
conditions. Biochemical studies conducted in the
influence zone of the cement plant with spruces in
2000 also revealed more intensive physiological
ageing of conifers in the alkaline environment than
in unpolluted territory (Mandre and Korsjukov 2000;
Mandre et al. 2001). The suggestion was based on the
results showing a rapid increase of Ca concentration
and lignification of needles, decrease of N (Mandre
2002) and carbohydrates (Mandre 1995) in Norway
spruce needles in alkalised territory. Marschner
(2002) reported that translocation of N and carbohy-
drates from older organs to younger ones are typical
of the ageing process of plants. Based on the fact that,
in the alkaline region, the level of starch and soluble
sugars in needles is on average by 20-30% lower than
the control (Mandre 1995) and on results of the
present study, we concluded that the ageing process of
Scots pine might be faster in the polluted area than in
the control area. However, several authors have
described a shorter lifespan of needles under favour-
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able conditions (Niinemets and Lukjanova 2003;
Ziegler 1997). In the course of this study, smaller
numbers of 3-year-old and older needles were found
in conifers growing in an unpolluted area, which
agrees with earlier findings (Ots 2002b). At the same
time, in pines growing in the vicinity of the cement
plant, up to 5-year-old needles were observed. A
noteworthy finding was a decreased area of lignified
tissues in the oldest, 3-year-old needles, in the
alkalised environment. As it was ascertained that, in
the youngest tissues, lignin accumulates as a loose
layer, whereas in the oldest tissues the lignin structure
becomes denser and accumulation more compact,
then the smaller area of lignified tissues in the oldest
needles associates with structural changes of lignin
under stress (Boudet et al. 1995; Hanisch and Kilz
1990), but the actual amount of lignin in these needles
is significantly larger than in the youngest needles.

Although, in pines growing under optimum con-
ditions, needle width, thickness and total cross-
sectional area increase proportionally with needle
ageing, reaching maximum levels in 3-year-old
needles, the areas of vascular bundles and xylem
decrease in them. In the alkalised environment, on the
contrary, the vascular bundles of 3-year-old needles
form a larger amount of conducting tissue for the
functioning of needles in translocation nutrients and
water and for preserving reserves under stress.

5 Conclusions

In industrial areas where alkaline dust pollutants are
emitted, large amounts of solid components cause
changes in the soil chemistry and pH. However, the
dependence of conifer needle anatomy on the alkali-
sation of the environment is still a matter of
controversy. Differences in anatomical parameters
between trees in polluted and control areas were
found, and variation in mesophyll and lignified
volume fractions was statistically established.

In addition, changes in biochemical characteristics
(lignin and chlorophyll) were detected. Responses of
Pinus sylvestris physiology and anatomy to alkaline
stress are not finally understood. As our results did
not support all standpoints in the literature, additional
measurements are needed to test the dependence of
the general anatomical variability of conifer needles
on the peculiarities of growth conditions.
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