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MeA Mes

The results of the investigation of radial distribution of some nutrients and heavy metals (Mg, K,
Ca, Na, Fe, Cu, Cd, and Mn) in the wood of Turkey Oak (Quercus cerris L.) are presented. The goal
of the presented work was to analyze the radial patterns of several bioelements and heavy metals as
well as to assess the impact of the iron mining and flotation pond. For that purpose, accumulation
of above mentioned metals in the tree rings of oak trees in the unpolluted and affected area was
analyzed. Several series of tree rings (three consecutive years as an average) were analyzed from
the period of active mining (from 1950s to late 1980s). The same analysis was performed in the tree
rings in the period after the mining activities were stopped.
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IIpesentupanu ce pe3yaTaTu of HCTPAXKyBakETO KOE Ce OIHECYBa Ha pajIijaiHara pacipenenda Ha
Hexon HyTpueHTH 1 Temkn meramu (Mg, K, Ca, Na, Fe, Cu, Cd u Mn) Bo npBecuHara Ha IIepOBH
npBja (Quercus cerris L.). I'maBHa mern Oemre ma ce conrenaaT HEKOHM IIPaBHIIa BO pajyjasiHaTa
qucTpuOynrja Ha HEKOM OMOETIEMEHTH M TEIIKH METalld, Kako M Ja Ce BOOYM BIHMjAaHHETO Ha
eKCIUToaTaIyjaTa Ha jkelie3HaTa pyna M Hej3uHaTa o0paboTKa BO TEK Ha TEXHOJOIIKHOT MPOIlEeC
Bp3 COIpXKMHATa HAa METalu BO JpBjara. 3a Taa [el, Oemle aHaJM3MpaHa aKyMynalujara Ha
CIIOMCHATUTE eJIEMEHTH BO TOZIOBH O IIEPOBH JpBja KOM Oea coOpaHM Off He3araJeHH JIOKAIUTETH
U Of JIOKAJINTETH 3a KOU Ce CMeTa JieKa OmIe MoJ BIMjaHue Ha PyAHHKOT .Hekonky rpymanuu ox
TOJ0BH Oea aHaNM3MpaHM (KaKo MPOCEIH Of] IO TPH TOJMHHU) KOM TO omdakaaT MepHOJ0T Kora
pyaHUKOT 6w aktuBeH (on 1950 rommna mo momHMTE ocyMaeceTTH). Mctn TakBm aHanmm3u Oea
W3BPIICHH U 3a IEPHOJIOT 110 IPEKHHOT Ha eKCILIOATAIMjaTa Ha py/a.

Koyunu 300poBH: TeIIKy MeTalld, PyTHHK 3a XKeJe30, JeHApoxeMuja, Quercus cerris

Introduction ements‘ concentration analysis in tree rings. It was

developed and used since 1960s with different suc-

Dendrochemistry (dendroanalysis or biochemi- cess. Its practical significance is based on the as-
cal dendrochronology) is an approach based on el- sumption that the element concentration corresponds

to its availability in the period when the tree rings

* aleksandarjankovski@gmail.com were formed. Dendroanalytical results depend on
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the wood structure, characteristics of the chemical
elements, root absorption and transport in the plant,
etc. Physiological processes may influence the tree
ring concentration and thus mask the historically de-
termined patterns in the wood and decrease the value
of dendroanalysis (Meisch et al. 1986; Hagemeyer
& Schifer 1995; Padilla & Anderson 2002).

Only few dendrochemical studies have been
conducted on the Balkan Peninsula (e.g. Georgiev
& Raev 1983; Mirchev et al. 2000, 2009; Hristovs-
ki & Melovski 2010). There are number of studies,
especially in Europe and North America concerning
different tree species and various pollution sources
(Meisch et al. 1986; Hagemeyer et al. 1992; Hage-
meyer & Schifer 1995; Poulson et al. 1995; Pen-
ninckx et al. 1999, 2001, etc).

The main goal of the presented work was to
analyze the radial patterns of several bioelements
and heavy metals as well as to assess the impact of

the iron mining and climate. Accumulation of Mg,
K, Ca, Na, Fe, Cu, Cd, and Mn in the wood of Tur-
key Oak (Quercus cerris L.) was analysed, in unpol-
luted and affected area.

Investigated area

Wood samples were taken from the area of
Demir Hisar, south-west parts of the Republic of
Macedonia. Two sites were selected: test site and
control site (Fig. 1).

Test site (T): within the Demir Hisar Iron Mine
(DHIM), on the slopes of the stream flowing below
the flotation pond. This site is located on the hill
Stavrakovo, on the northeast from the village Sopo-
tnica. The mine is situated at 900-1000 m a.s.l. and
covers a surface of approximately 2200 m long by
600-1000 m wide. Mine exploitation started in 1957

\
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Fig. 1  Geographic location of the investigated area
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Mean annual temperatures (left y-axis) and annual precipitations (right y-axis) in the period between

1950 and 2007, according to the Meteorological station ,,Bitola”.

by surface quarrying and ore separation. The main
ore iron minerals are siderite, limonite and chamosite
(Manasiev 1981). The mine closed in 1986. The data
on annual ore excavation were found in the archives
of'the DHIM. These data concerned the period 1957-
1986, however the records for the period 1966-1969
were missing.

Control site (C): situated few kilometers from
the test site. The locality is situated in the vicinity of
village Suvo Grlo. The altitude and environmental
conditions were very similar to the test site. The di-
rect impact of the mining activities in the control site
was considered insignificant. There are no other pol-
luters in the area of the control site.

Climate

There are no meteorological stations in the in-
vestigation area. Thus, the presented climatic char-
acteristics are based on the data for climate of adja-
cent Pelagonija plain - Meteorological station ,,Bi-
tola” (Lazarevski 1993). The climate is continental
with long and cold winters, short springs and short
warm summers.

The average annual temperature of Pelagonija
region is 11.2 °C, with amplitudes of 10.0°C to 13.0
°C (Fig. 2). The hottest month is June, with an aver-
age temperature of 21.8 °C and the coldest is January
with an average of -0.3°C (Lazarevski 1993).

This region has specific orography (vast plain
surrounded by mountains), and because of that the
annual rainfalls are smaller than the surrounding re-
gions. The average sum of rainfalls is 598 mm per
year, with variations from 359 to 818 mm. The most
humid month is November with 12% of the annual
average, and the most arid month is August with 6%
of the annual average.

The most humid season is autumn with average
sum of 171 mm, or 29% of the yearly average, and
the most arid is summer with 116 mm or 18% of the

annual average. In the region of Pelagonija there are
119 rainy days annually. The snowfalls are the most
common in the period from October to April, but the
most frequent snowfalls are noticed in the period of
January, February and March with maximum range
from 60 to 65 cm snow cover (Lazarevski 1993).

The dry periods are very common in this region,
mostly like short dry periods with duration from 10
to 15 days in the summer months, but dry periods of
up to 60 days are also common. Winds have local
character with low velocity. The most frequent winds
are those from north and south direction.

Geology and soil characteristics

The geological substrate in DHIM is rich in
minerals, especially iron, but the presence of other
heavy metals is also important (lead, zinc, barium,
nickel, cobalt, vanadium, copper, chromium) (Ma-
nasiev 1981). It is important to notice that the con-
centration of elements varies in different ore layers:
in some layers they can be found in high concen-
trations, and in some layers they can be completely
absent (Manasiev 1981). The main iron ores are li-
monite, siderite, magnetite, and chamosite in small
quantity.

The soils in Demir Hisar region are of alluvial or
delluvial origin, mostly formed by river Crna Reka
alluvial deposits and other rivers in this region. The
main soil type in the investigated oak forest is brown
forest soil (cambisol) according to the FAO soil clas-
sification system (Filipovski 2006).

Materials and methods

Six Turkey oak trees (Quercus cerris L.) were
selected during February 2007, out of which 3 were
test samples (T), and the other 3 control samples (C).
All of the samples were treated by the same meth-
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ods (field work and laboratory analyses). During the
field work we cut down tree discs (5 cm thick) from
each tree at breast height.

We smoothed disc surfaces by hand polishing in
the laboratory. Tree ring width was then measured
using stereomicroscope MBS-10 (Lomo, Sanct Pe-
tersburg) and ocular scale (magnification of X56).
Tree ring width for each ring was measured in four
directions (north, east, west and south) and average
values were calculated (Braker 1996), also in order
to avoid mistakes each tree ring was marked, and
on each disc the tree rings was counted up starting
from the youngest to the oldest. Cross-dating was
performed by matching patterns of wide and narrow
rings between discs of all six trees.

We calculated the growth index (i) which is re-
lation between the measured width of the tree rings
(W) and the G (expected) value. G value was calcu-
lated on the base of the five-year averages (average
oftree ring widths: n-2, n-1, n, n+1, n+2) of tree rings
widths (Fritts 1976; Mirchev et al. 2000). This gave
better results than calculating of a G values based on
polynomial regression analyses that eliminated most
of the growth signals (Mirchev et al. 2000).

Chemical analyses were performed on the wood
of tree rings from each of the six tree discs. Each
Separate annual tree rings were extracted and ana-
lyzed from trees C-1I and T-II. Tree rings in groups
of 3 were extracted from trees C-I, T-I and T-III.
In the case of tree C-III, we have taken samples in
groups of 5. The samples were taken in groups of 3
due to the narrow rings of the trees (or 5 in the case
of C-III because of the very narrow rings). In total,
119 test samples were prepared. Each sample con-
tained wood parts from four sides of the trees disc.
The samples were grinded in electric mill and dried.

Wet digestion of the material was used for de-
termination by atomic absorption spectrometry of

ring index

heavy metals in the tree rings (Allen et al. 1989). Ap-
proximately, 1 g dry mass was digested in 10 ml of
digestion solution (HNO,:HCLO,:H,SO,=10:2:1).
Digested samples were transferred in 25 ml flasks
thorough filter paper with hot distilled water. The
samples were stored in plastic tubes in freezer at 4
°C. Three blind samples were prepared following
the same procedure (without woody material). The
measurement of the concentration of metals in the
samples was made by atomic absorption spectrome-
try on Varian AAS 10BQ. We calculated the concen-
trations of each element using the formula:

_¢c-V-S
m

Y

where:
y - concentration of the element in the tree
ring wood (mg-kg™);
¢ - concentration in test tubes from AAS
measurements (mg-1");
V is volume of the flask (25 ml);
S - average concentration of the element in
the blind samples (mg-1");
m - dry mass of the tree rings (g).

Results

Dendrochronology

The oldest among the test trees was T-III with
36 years, and other two (T-I and T-II) were 35 years
old. Among the control trees the oldest tree was C-
[T with 58, then C-II with 37, and C-I with 33 years.
The number of tree rings measured at breast height
does not shows the exact tree age, but it is about ten
years lower (Rosaz 2003).

T-IIT showed the lowest values for 7, especially

Fig. 3

Tree rings widths of investigated trees (at breast height), test and control trees between 1950-2007
(right y axis) and growth index (left y axis).
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Fig.4  Radial distribution of heavy metals in the tree rings of Quercus cerris C-1II near the Demir Hisar
iron mine (values for K, Ca and Mg on left y-axis, values for Fe, Mn Zn and Cu on right y-axis).

in the period between 1972 and 1994.The most ex- 80s of the 20" century, all trees had more intensive
treme values were observed in C-III, with intensive growth, which decreased in the 90s (Fig. 3).

growth between 1973 and 1981, and the highest val-

ues in 1976. C-I had intensive growth in 1973and 4.2. Dendrochemistry

1974.The other trees had small variations (with

some exceptions) compared to the average tree rings Distribution patterns of elements’ concentra-
width. C-III (the oldest tree) had low growth in the tions (K, Ca, Mg, Fe, Mn, Zn, Cu) are presented on
early 1950s and 1960s, until 1967. In the 70s and
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Fig. 5. Radial distribution of potassium in the tree rings of Quercus cerris control (C) and test trees (T) near
the Demir Hisar iron mine.
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Fig. 6. Radial distribution of calcium in the tree rings of Quercus cerris control (C) and test trees (T) near
the Demir Hisar iron mine.
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Fig. 8. Radial distribution of iron in the tree rings of Quercus cerris control (C) and test trees (T) near the

Demir Hisar iron mine.

separate graphs (Figs. 4-11). Only in the case of C-
I1I, all of the elements are presented simultaneous-
ly (Fig. 4).

The highest values of all elements were record-
ed in the oldest rings of C-III (Fig. 4). High values
for all of the elements were noticed in the periods
1988-1992 and/or 1998-2002.

3.81
6.25

15
12

Cu-C
Cu-T

0.0523
0.0189

38.84
58.13

* The extreme values for the period 1963-1965 were excluded.

Potassium. The highest K concentrations were
recorded in the period of 1957-1992 (Fig. 5). The
lowest concentrations are present in the core and
cambial rings. The concentrations in test trees was
lower than the concentration of control trees (t-test:
p<0.05).

Calcium. The highest Ca concentrations were
observed in the youngest (cambial) tree rings (Fig.
6). There was no statistically significant difference
between the values of test and control trees.

Magnesium. Mg concentration in control trees
was significantly higher compared to the test trees
(p<0.05) (Fig. 7). This difference is due to the high
values of Mg concentrations in C-II. There is no ob-
vious trend of Mg accumulation in old or young an-
nual rings (Tab. 1).

Iron. The highest Fe concentrations in the test
trees were noticed for T-III in the periods 1981-
1983, 1987-1989, 1993-1995 and 2002-2004 (Fig.
8). Generally, the test trees had higher Fe concentra-
tions than control trees. However, the t-test showed
no significant differences between the average val-

Tab.1  Statistical parameters of the analysis of
the polynomial models applied for the
relation between concentrations and tree
ring age of the test and control trees (C-III
excluded) near the Demir Hisar iron mine.

Element p R? (%) F n
K-C 0.0000 85.73 36.05 15
K-T 0.0000 91.38 47.70 15
Ca-C 0.0009 68.87 13.27 15
Ca-T 0.0536 51.87 431 14
Mg-C n.s.

Mg-T n.s.

Fe-C* 0.0027 65.8 10.59 14
Fe-T n.s. 12
Mn-C 0.0429 40.83 4.14 15
Mn-T 0.0034 71.68 11.39 12
Zn-C* 0.0644 39.26 56.14 14
Zn-T 0.0009 78.86 16.78 12
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Fig. 9. Radial distribution of manganese in the tree rings of Quercus cerris control (C) and test trees (T)
near the Demir Hisar iron mine.
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near the Demir Hisar iron mine.
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Fig. 11 Radial distribution of copper in the tree rings of Quercus cerris, control trees (C) and test trees (T)
near the Demir Hisar iron mine.
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ues of Fe concentration in test and control trees
(p>0.05).

Manganese. The statistical analysis (t-test)
showed significant difference (p<0.05) between
control and test trees, and this is because of the very

high values measured in C-II. (Fig. 9)

Zinc. The zinc values showed very small vari-
ations within the test and control groups. Test trees
had higher values the control trees. The statistical
analysis (t-test) proved significant difference be-
tween test and control trees (p<0.05) (Fig. 10)

Copper. Variations of concentrations in con-
trol and test trees are very similar, i.e. the periods
with high and low concentrations in control and test
group mostly overlap (Fig. 11). The results from the
statistical analysis (t-test), showed that the test group
had higher values for copper than the control trees
(p<0.05).

Physiological and climate factors

Polynomial equations are the best fit models to
describe the radial distribution patterns of the con-
centration of the analyzed elements in tree rings.
Mainly, the highest concentrations of metals are
present in the oldest or the youngest tree rings, and
the lowest in the physiologically inactive wood. In
most of the cases, this pattern is statistically signifi-
cant p<0.05 (Tab. 1).

Only potassium and manganese represent ex-
ceptions. The lowest values for Mn concentration
were noticed in the oldest tree rings (hard wood) in
test trees and in the youngest tree rings in control
group (Fig. 12).

Regression analysis for the relation between the
concentration of the elements and mean annual tem-
perature and the precipitation showed significant re-
lationships (p<0.05) only for:

e Mg concentration in the test group and
the average temperature, positive corre-
lation and

e Fe concentration in the control group
and the annual rainfall, negative corre-
lation.

Discussion

The highest growth rates were recorded in the
period of 80s and 90s of the 20" century. The main
reasons for these amplitudes are various ecological
factors, which affected the trees during their growth,
thou in some cases, the period and the type of mine
exploitation can also have significant impact (Brék-
er 1996). Cherubini et al. (2003) had very similar re-
sults for the tree rings growth of Turkey oak from
Lajatico (Toscana, Italy). They found higher growth
values in the period of of 80s and 90s of the 20" cen-
tury also followed by decrease afterwards. The high-
er growth of the forests in the last two decades of
20" century was also noticed in different parts of the
World, for different tree species (e.g. Biondi 1999
for Pinus ponderosa in USA; Feliksik & Wylczyn-
ski 2003 for Pseudotsuga menziesii in Poland). Ac-
cording to Briffa et al. (1998), the whole 20™ centu-
ry is known for high and intensive tree growth, prob-
ably because of the global human (mainly climate)
impact. However, the impact of the ecological fac-
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tors depends on the age of trees. In general, young-
er trees and forest stands are more sensitive (Basci-
etto et al. 2004), and the growth intensity is slowing
as the trees are growing older (Ivanovski and Riste-
vski 1986; Briffa et al. 1998). Older trees in DHIM
had also slower growth rates.

In general, the highest values for the concentra-
tion of heavy metals were noticed in the oldest tree
rings (pith), then in the cambial rings, and the lowest
values in the middle-aged tree rings (Fig.12). Some
deviations from this pattern can be found in the lit-
erature: Wathmough & Hutchinson (1996) noticed
the highest concentrations of Zn, Cu, Fe, and Mn in
the youngest tree rings of Acer pseudoplatanus near
Liverpool, England; Nagj et al.(1987) found higher
values for Zn, Fe and Mn in the youngest tree rings
of Quercus cerris, and for the Cu, S, V, Pb in the old-
est tree rings; Pennickx et al. (2001) found higher
values for Mn in the youngest tree rings of Quercus
robur in the Ardens in Belgium, etc.

In our case, there were individual variations
(Fig. 12). Control group had the highest values in the
oldest rings (the core), while the test group showed
highest concentration values in the youngest tree
rings. Very similar results were reported by Hris-
tovski & Melovski (2010) for the beech forest trees,
from National Park Mavrovo, especially in the case
of Zn and Fe.

The radial distribution of the elements, in the
tree rings of different tree species is mainly a result
of the processes of xylem translocation (Hegemeyer
and Schifer 1995; Poulson et al. 1995; Elhani et al.
2003). Meisch et al (1986), Penninckx et al. (1999,
2001) and partly Elhani et al. (2003) proposed that
some variations can be attributed to the ecological
factors (climate, air pollution, soil acidity, mineral
maters accessibility). However, the rainfall and the
temperature had insignificant impact on the distri-
bution of the measured elements in the tree rings in
DHIM, except in two cases. Hristovski and Melovs-
ki (2010) found very significant relation between the

[\ [3*) (%) w s
S 4.2 a3
‘? Mgfin tré? rmé% (mgagg )‘?

I

)
S

wn
(=}

temperature and rainfalls, and the radial distribution
of elements in beech trees.

One should be careful when ascribing the dif-
ferences of elements’ content in the test and control
groups of trees to the pollution effect of the iron mine
because the two groups grow in different ecological
conditions although the climate does not have sig-
nificant impact. For Zn and Cu we found higher val-
ues in the tree rings of the test trees compared to the
control group. These results indicate that iron mine
had some impact. However, in the case of K, Mg
and Mn we noticed that the values are higher in the
control group of trees. Nagj et al. (1987) had sim-
ilar conclusions during their research on Pinus sp.
near the thermo-electric power plant (Istra, Croatia).
They classified the elements into three groups:

1. A group of elements whose concentra-
tions has increased after the start up of
the power plant. This group includes
(S, V, Cr, Cuand P).

2. The elements that were not affected by
the plant operation, this group includes
elements (K and Ti).

3. The third group includes elements (Ca,
Mn, Fe and Zn) whose concentrations
decreased in comparison with older
rings.

Mining activities impact on Pinus ponderosa
was studied by Sheppard & William (1975, in: Pa-
dilla & Anderson 2002). They concluded that chro-
mium concentration was correlated to the mining in-
tensity.

Statistical analyses showed no obvious relation-
ship between annual ore production in the DHIM
and elements’ concentrations in the tree rings. On-
ly in the case of Mg in T-II there was strong cor-
relation between the concentration and annual ore
production according to the simple regression mod-
el (Fig. 13). The Mg concentration in tree rings in-
creased with the ore production (p<0.05). The case
of Mg shows that the impact of DHIM on tree ring

4 5 6 7 8

T T T T 1

Anpmual ore productiorn gmilions qfitones) 14

Fig. 13 Simple linear regression model of the relationship between Mg concentration in the tree rings of T-11
(Turkey oak) and annual ore production of the Demir Hisar iron mine (p<0.05).
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radial patterns of individual elements might be ex-
pected. However, only 15 pairs of values were ana-
lyzed because of the insufficient information on ore
production, as well as due to the small age of the
test trees.

Dendrochronological results showed that the
periods of the 80s and 90s of XX century are char-
acterized by higher growth of trees. Dendrochemical
analyses showed that Cu and Zn concentration in the
test group tree rings is higher compared to control
trees, while K, Mg and Mn showed higher values in
the control group. The radial distribution of the ele-
ments was determined by the trees physiology. Tem-
perature and rainfalls have no significant influence
on the radial distribution of heavy metals in the tree
rings. Positive correlation was proved for Mg con-
centration in the tree rings and annual ore production
in the Demir Hisar iron mine suggesting that min-
ing activities might have broader impact on the trees
dendrochemistry.
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