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Abstract

The radial growth of altogether 105 trees of spruce, pine, birch, aspen, black alder and rowan, growing in an area
subsided due to mining activities in northeast Estonia, was measured. The tree-ring series were cross-dated and averaged
according to tree species, and a possible influence of the surface deformation on tree growth was looked for. For the
same reason, the annual basal area increment was calculated. It appeared that the subsiding event in 1998 has mostly
resulted in an increase rather than a decrease of tree growth.
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Introduction

In northeast Estonia, underground mining for oil
shale has taken place for decades in an area of about
400 km?, of which 220 km? lie underground (Eesti
Pdlevkivi... 2007). Approximately one billion tons of
oil shale has been extracted over more than 80 years.
Oil shale is mined for four large consumers nearby. The
earliest power station at Kohtla-Jarve has operated on
oil shale fuel since 1949. Apart from air pollution due
to burning the oil shale in the power stations, oil shale
mining has caused changes in the landscape and in
its hydrology.

In our study area, the longwall mining method has
been applied to extract oil shale from a depth of about
30 m. Longwall mining is a form of underground min-
ing where a long wall of coal or oil shale is mined in a
single slice (typically 1-2 m thick). The coal is cut from
the coalface by a socalled shearer. As this shearer
removes the coal, the powered roof supports move
forward into the newly created cavity. As mining and
the entire longwall progresses, the roof of the mining
gallery is allowed to collapse (Wikipedia); in the fol-
lowing referred to as ‘subsiding event’. Collapsed
underground cavities have caused a deformed land-
scape surface of fields and forests with lowered rec-
tangular areas separated by stripes of a higher relief
(Reinsalu et al. 2002). The height difference of the land
surface due to this subsidence is 1 - 1.5 m. Sometimes
the surface subsidence changes the hydrology of the
area; some areas become flooded, whereas others be-

come better drained. Some trees on the newly-formed
slopes are tilted. It is not clear whether the influence
of the surface subsidence is favourable to tree growth
or not. A pure visual assessment of the state of for-
est on a subsided mining area may lead to a contro-
versial picture and to wrong conclusions.

According to Alestalo (1971) and Gartner (2007)
a dendrogeomorphological investigation could help to
detect and assess the influence of underground min-
ing to the forest. Dendrogeomorphological methods
(Shroder 1980) were applied, for example, in Poland
(Krapiec and Margielewski 1991) and in the USA
(Yanosky and Kappel 1997). Examples of assessment
of geological hazards like landslides and others using
tree-ring analysis have been shown by Degraff and
Agard (1984).

We studied the growth of trees at a subsided
forest area in the Kohtla mining field in northeast Es-
tonia based on tree-ring widths and basal area incre-
ments.

Study site and trees

Seven years after closing the underground mine
of oil shale at the Kohtla mining field (Figure la, b),
the relief of the landscape looked as portrayed in Fig-
ure lc. Whereas tilted pines and spruces on the new-
ly-formed slopes were studied previously (Ldénelaid
et al. 2009), the current study focuses on trees grow-
ing in a sunken area. In such a subsided forest, three
circular plots with a radius of 10 m each were estab-
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lished. They were located side-by-side in a south-to-
north direction and represented uniform growth con-
ditions for the trees. The vegetation is a mixed forest
of conifers (pine and spruce — species names given
in Table 1) and fine-leaved deciduous tree species
(birch and aspen) on moist soil. Field layers (Vaccin-
ium myrtillus, Rhodococcum vitis-idaea, Pyrola mi-
nor, Luzula pilosa, Trientalis europaea, Maianthe-
mum bifolium) occur only in patches under a thick
spruce canopy. The moss layer (mainly consisting of

Table 1. Number of trees on the sample plots within a ra-
dius of 10 m; total area of all three plots is 942 m?

Tree species Plot1 Plot2 Plot3 Total
Norway spruce 18 18 19 55
Picea abies
Scots pine 1 11 3 15
Pinus sylvestris
Downy birch 5 4 12 21
Betula pubescens
Aspen 3 4 3 10
Populus tremula
Black alder - 2 1 3
Alnus glutinosa
Rowan - - 1 1
Sorbus aucuparia
Total 27 39 39 105

Figure 1. Map of Europe (a), location of the Kohtla mining area (b)
and schematic profile of an abandoned longwall mining field (c); blocks
0f 200 m x 700 m and ca. 30 m thick have subsided after the mining
cavity has collapsed in 1998

Hylocomium splendens) is scarce. In each sample plot,
all trees were cored along the northern and southern
radii at breast height of the trunk, except those with a
perimeter = 25 cm which were only counted. A total of
105 trees of six species were cored during the summer
season of 2005 (Table 1).

Methods

The tree-ring widths of the trees were measured
along two radii with a precision of 0.01 mm using a
Lintab measuring device and archived by program
TSAP (Time Series Analysis and Presentation for Den-
drochronology and Related Applications) (Rinn 2003).
The ring-width series were plotted as semi-logarithmic
graphs and cross-dated on a light table for the detec-
tion of possibly missing rings and measurement errors.
If necessary, the tree-ring series were re-checked on
the cores and corrected. After successful cross-dat-
ing, the tree-ring series along two opposite radii were
averaged for each tree. Next, all such mean tree-ring
series were cross-dated and averaged according to tree
species. Beyond that, the basal area increment (BAI)
for all trees was calculated and added up for three
intervals. As the land subsidence (‘subsiding event’)
very likely took place in 1998, these intervals were
1984-1990, 1991-1997 and 1998-2004.
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All relevant results are visually evaluated based
on their graphical illustration in Figures 2-5.

Results

The tree-ring series of the sample trees provided
the tree ages and the annual radial increment through-
out the lifetime of the trees, including the subsiding
event in 1998. The oldest trees were birches (the long-
est tree-ring series begins in 1901). They are followed
by pine (since 1910), black alder (since 1914), spruce
(since 1923) and aspen (since 1927); the only rowan
tree has 62 rings (since 1943). Spruces make up the
greatest number of trees, 55.

To evaluate the growth patterns of the individual
trees, graphs of their cross-dated tree-ring width series
were drawn (Figure 2a); the average tree-ring width
series per species are shown in Figure 2b. As the tree-
ring widths fluctuated considerably from year to year
along a pronounced decreasing age trend, we also used
the BAI, which is less dependent on the age trend. The
BAI, separated by tree species and by three 7-year in-
tervals (Figure 3), increased notably after the subsid-
ing event, i.e., from 1998-2004, except the rowan tree
which grew slowly during all three periods. The main
increase of the BAI comes from spruce (165 % in com-
parison to the previous period) and aspen (126 %).

We also considered the temporal dynamics of the
number of trees (with a circumference = 25 cm) grow-
ing in the sample plots (Figure 4). Since the beginning
of the 20th century when the oldest trees started to
sprout, the number of trees has increased until 1961-
65 and then stabilized at 105 up to the present. Add-
ing of young trees was most intense from 1941-45 (22
seedlings). These seedlings were mostly spruces. Be-
sides, there are 13 spruces in the sample plots of a
perimeter = 25 cm which were not cored; extrapolat-
ing their age from the age/perimeter relationship of
spruces (Figure 5), these trees are about 50 years old
and hence appeared at the site around and after 1955.
Thus, regeneration occurred in the middle of the 20th
century and ceased afterwards. There were no fresh
stumps of cut trees on the sample plots. However, we
cannot exclude that some trees may already have died
decades ago. The owner of the forest (personal comm.)
has logged some of them.

Discussion and conclusions

Much research has been conducted throughout
the world regarding the restoration of abandoned
open-cast mines (e.g., Reintam and Kaar 2002). Al-
though there are methods for the investigation of for-
est decline and environmental assessment (e.g., Eck-

stein 1985, Kairitikstis et al. 1992, Ladnelaid 1994, Sch-
weingruber 1996, Kuzmin and Kuzmina 2000, Stra-
vinskiene 2000), the vegetation on abandoned under-
ground mines has not been studied thoroughly (Rull
et al. 2005). This may be due to the assumption that
underground mining does not harm the landscape ly-
ing above it what may be true for deep underground
mines.

In northeast Estonia, however, the oil shale ore
layer lies at depths of only a few dozen meters. The
exhausting of ore from that depth is followed by a
collapse of the underground cavity which in turn is
followed by a deformed land surface. In the case of
mining in a depth of 30-36 m there will be no surface
fissures; the rate of subsidence is 30 mm/h in the first
1.5 hours and reaches nearly zero during three months
(Allik 1958, cit. Reinsalu et al. 2002). No doubt that
such change is also reflected in the water regime and
vegetation of the area. The geomorphic disturbances
due to ground subsidence in the Kohtla mining area
are associated with ground instability and changed
water availability. Banks (1991, 1992) has characterised
such disturbances according to whether their persist-
ence in the ecosystem is of short- or long-term dura-
tion; the effect of most uni-seasonal disturbances,
such as soil displacement, is transitory, whereas the
influence of water table fluctuations may persist for
longer periods. Kaiser and Kaiser-Bernhard (1987) have
studied the effect of the Alaska earthquake in 1964 on
tree growth. This earthquake caused ground subsid-
ence by 1.37 m with a possible change in the soil-water
balance that produced a persistent growth reduction
in Sitka spruces. Another study deals with effect on
tree growth by movements on the San Andreas Fault
in Northern California (LaMarche and Wallace 1972).

Liblik and Punning (2005) carried out geodetic and
geologic research on abandoned mining areas with
sunken surfaces. The influence of underground mines
on agricultural fields has been assessed by Pdlevkivi...
(2003) and Soovik (2004) and on forests has been
shown in expert reports (Soovik 2003, Toim and Vel-
strom 2003).

The growth of spruce and pine on an abandoned
underground mining area at Kohtla has been studied
earlier by Léénelaid et al. (2009); the sample trees were
conifers on three types of sites — a slope formed along
a subsiding surface, a subsided area above the mine,
and unchanged land between subsided areas (as a con-
trol). After a short “shock” by the land movement, the
spruces on all three types of sites recovered fast and
mostly formed tree rings even wider than before, while
the radial increment of pines did not change notably
after the subsiding event. By the subsiding of the land
surface, many trees became tilted which in turn induced

I 2010, Vol. 16, No. 2(31) NN (SsN 1392-1355

182



BALTIC FORESTRY
I TREE GROWTH IN AN AREA SUBSIDED DUE TO MINING ACTIVITIES/.../ I ~. | AANELAID, D. ECKSTEIN N

15 pines on 942 m plot

1920 1930 1940 1950 1960 1970 1980 1990 2000
21 birches on 942 m’ plot 10 aspens on 942 m” plot

1920 1930 1940 1950 1960 1970 1980 1990 2000 1930 1940 1950 1960 1970 1980 1990 2000

14 selected spruces on 942 m’ plot

3 black alders on 942 m* plot

1940 1950 1960 1970 1980 1990 2000 1920 1930 1940 1950 1960 1970 1980 1990 2000

b
450 450
400 400
E 350 A A T 350 } /\
B ol I VY SEA IS
S o 1Y} . N /’I/V ‘\\ / 7~
:g 200 V \ Tw . % 200 [\ 1% ining evert
o
i \%M fmiy %M\ J&
~ 100 A £ 100 Y
W W‘v—‘
50 50 Vo
01920 1930 1940 1950 1960 1970 1980 1990 01910 1920 1930 1940 1950 1960 1970 1980 1990
250
200 | »
\ Birch %0 l\ Aspon J

T

0 T T T T T T T T T

N AW\’#WMQA A
gall VWV\/

Tree-ring width [0.01 mm]

Tree-ring width [0.01 mm]
@
o

1910 1920 1930 1940 1950 1960 1970 1980 1990 1930 1940 1950 1960 1970 1980 1990
300 200
_ 20 - I
E \ A Black alder E 10 A /\ Rowan  minng event
g i - ARV |
sl NNy I —
: peerny B A A . T C
i 100 AN N £ : ! V\/\ AV W\
} W i £e INAVIN
5° ' A
2 7
0 0
1910 1920 1930 1940 1950 1960 1970 1980 1990 1940 1950 1960 1970 1980 1990

Figure 2. Cross-dated tree-ring series of the study trees; a., single tree-ring series, separated by species, b., mean tree-ring
series, averaged by species
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Figure 3. Basal area increment (BAI) of all tree species
during three 7-year periods before and after the subsiding
event in 1998; alder and rowan as comprising the smallest
BAI are not named in the figure

The present study gave us the opportunity to
follow the increment history of all trees in a forest
throughout their lifetime. After the subsiding event,
the annual radial increment of all tree species as well
as their BAI increased, but with species-specific dif-
ferent intensities, the strongest increase is with spruce;
the sole rowan tree is not considered here.

Due to the known history of mining and the re-
sults of our observations, we can hypothetically out-
line the development of the forest in that area. Before
the onset of the mining activities in the beginning of
the 20" century, the area was a nearly treeless mire
covered with scattered birches (the oldest trees in the
sample plot) (Sokman, pers. comm.). The irrigation
system established for the mining lowered the water
table and hence brought along an intense melioration
of the area, so that the regeneration of trees (mostly
spruces) actually meant an afforestation of the mire.
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Figure 4. Cumulative number of trees in the sample plots over time (upper curve) and the addition of new tree
individuals (lower curve); dead and felled trees could not be taken into account

the formation of compression wood — going along with
wider tree rings — on the lower side of the leaning stems;
this phenomenon has been repeatedly described earli-
er (e.g., Haller 1935, Westing 1965, Alestalo 1971,
Scurfield 1973, Heikkinen 1994, Géirtner 2007). Howev-
er, the formation of compression wood does not explain
all the increment enhancement of the spruces.

The onset period of most of the present trees, espe-
cially spruces, was between 1926 and 1945. The amount
of oil-shale mining.increased rigorously after the 2nd
World War until the 1970s (Reinsalu 2006). However,
since the 1960s, the germination of new trees was
seriously hindered because the spruces have mean-
while grown up to a closed canopy forest. After the
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subsiding event in 1998, the irrigation system was not
maintained any more. This would have meant a dete-
rioration of the growing conditions of the trees un-
less ground fissures along the fault lines had occurred.
Such fissures may have improved the aeration of the
soil and also lowered the ground water table. The
duration of such a favourable growth period due to
improved aeration and lowered ground water is not
clear. In any case, the composition of the forest seems
to have been left nearly unchanged after the subsid-
ing event.

This consideration does not purport to be forest
management research. Our aim rather was to establish
whether or not the subsiding event in 1998 damaged
forest growth.
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IPUPOCT JEPEBBEB B 30HE ITPOBAJIA BBIBIIEN IAXTHI B CEBEPO-

BOCTOYHOI YCTOHUA

A. JIsnenaiin n JI. Ixwmraiin

Pesrome

B 30He npoBana ObiBiIei mraxTel KoxTiia B ceBepo-BOCTOYHOH DCTOHHHU OBIIO M3MEpEH TO0BOH IPHPOCT €U, COCHEI,
Gepesbl, YepHOil onbXK U psAOuHEL, Bcero 105 mepeBbeB. Psabl MIMPHH TOJOBBIX KoJel ObUTH NEPEKPECTHO JaTHPOBAHBI U
YCPEIHEHBI MO BHJaM JICPEBbEB C LIEIbIO BBIABICHUS BO3MOXKHOTO BIHUSHHUS OCAJKU TpyHTa. [y 3TOro ObUI paccynTaH
IUIOIa{HON TONOBOI MPUPOCT Ha BBICOTE onpoOoBaHus - 1,3M. B pesynsrate ycraHoBieHO, yTo npoucieanas B 1998 rony
ocajiKa rpyHTa, CKOpee BCEro, yBeJIMYHMBalia paldalbHbIi PUPOCT JIEPEBbEB, HEXKEIN YMEHbIIANA.

KiioueBble ciioBa: MMPHHA TOTOBBIX KOJIEI, INIOMATHOH NMPHPOCT, Ocagka TPyHTa, pa3paboTka MEeCTOPOXKICHUH,

CEeBEpO-BOCTOYHASI DCTOHHS
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