Trees (2014) 28:53-64
DOI 10.1007/s00468-013-0929-2

ORIGINAL PAPER

The growth and nutrients status of conifers on ash-treated

cutaway peatland

Karin Kikamigi - Katri Ots - Tatjana Kuznetsova -
Aleksander Pototski

Received: 9 May 2013 /Revised: 14 August 2013/ Accepted: 19 August 2013 /Published online: 7 September 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract

Key message Use of wood ash or a mixture of wood
and oil shale ashes increases the concentrations of P and
K in the assimilation organs of conifers and stimulates
tree growth.

Abstract The effect of fertilization with wood ash (10 and
15 t ha™') and a mixture of wood ash (10 t ha™") and oil
shale ash (8t hafl) on the growth (height, root collar
diameter, biomass, biomass production) and nutrient con-
centrations in subsoil and needles of young Pinus sylvestris
and Picea abies plants on the Puhatu (Northeast Estonia)
cutaway peatland in the first 2 years were studied. After the
second growing year differences in the average height
growth of P. abies and P. sylvestris were statistically sig-
nificantly higher on ash-treated plots than on the control
plots (p < 0.05), being respectively 1.4-1.6 and 1.5-1.7
times greater than height growth of the control trees. The
best results on root collar diameter were observed on mix-
ture ash treatments: the root collars were 1.9 (P. abies) and
2.2 (P. sylvestris) times larger than of the control trees. The
biomass of the two conifer species and the biomass pro-
duction of P. sylvestris in 2012 was the greatest on the
mixture ash treatments. Five months after fertilization with
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ashes the concentrations of P, K, Ca and Mg were higher on
the treated plots than on the control plot. Although the
concentrations of P and K in P. sylvestris needles rose after
the treatment with ash, seedlings suffered from P and K
deficiency. The concentrations of P and K in P. abies nee-
dles were on optimum. The P/N and the K/N ratios in nee-
dles were also improved compared to control trees needles.

Keywords Picea abies - Pinus sylvestris -
Wood ash - Oil shale ash - Cutaway peatland -
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Introduction

Estonia is one of the European regions with large wetland
areas. Peatlands in Estonia cover 1,009,100 ha or 22.3 %
of the territory (Paal and Leibak 2011). Estonia has a long
tradition of peat extraction. Peat was already milled since
19th century for heating and litter (Orru 2008). To date,
9,371 ha of peatland in Estonia has already damaged by
peat milling (Ramst and Orru 2009). The revision of
Geological Survey of Estonia has made recommendations
of re-use in all 81 of Estonian abandoned peat production
areas: afforestation 22, re-use for milling 26, restoration
back to mire 15, cultivating of berries (blueberry, cran-
berry) 8, bring into order 7 and waste management 1 area
(Ramst et al. 2006). Today, these recommendations are not
implemented, and large mined areas are standing aban-
doned without vegetation. A small area is used in scientific
purposes as experimental areas to find options to affores-
tation, bog restoration and growing biomass.

After peat extraction the land is bare of plants and
therefore the residual peat is practically free from seeds
(Curran and MacNaeidhe 1984) and colonisation may take
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several years due to microclimatic and substrate conditions
of the cutaway peatlands (Salonen and Laaksonen 1994;
Tuittila et al. 2000). Peat harvesting interrupts the carbon-
storage to turn peatlands a source of carbon emissions
(Tuittila et al. 1999). Afforestation is expected to be a main
after-use of cutaway peatlands in Finland (Huotari et al.
2009), Sweden (Hanell et al. 1996) and Ireland (Renou
et al. 2006). Forests on abandoned cutaway peatlands can
be established to produce quality timber, pulp and fibre
biomass (Hall and House 1994) and restore CO, binding
and accumulation of carbon in trees (Huotari et al. 2009). It
is important to revegetate these sites to reduce CO, emis-
sion and restore biological diversity.

Cutaway peatland areas are characterised by their vari-
able peat thickness, low pH, high nitrogen concentrations
and low phosphorus and potassium concentrations (Hyto-
nen 1996). As remining peat layer is considerably poor in
nutrient, it needs to be enriched with nutrient prior to
afforestation actions. Ash has long been used to improve
soil fertility. In Finland the use of ash as a forest fertilizer
has increased considerably, and currently ash is spread
annually to nearly 10,000 ha of land, mostly in drained
peatlands (Moilanen et al. 2013). Today in Estonia the
amount of wood ash produced as energy generation waste
is about 20,000 tonnes a year (Pirn et al. 2010). In 1986
more than half of the oil shale ashes was used, but only
3-6 % used in the last decade. In deposition areas 280
million tonnes of oil shale ash has already accumulated and
every year 4-5 million tonnes is added (Kuusik et al.
2012), thus it is necessary to find re-use options to ashes to
mitigate the waste problem.

Recycling the ashes, which contains the nutrients, now
mostly disposed of as waste, could be an alternative for
improving the nutritional status in cutaway peatlands.
Ashes are a good fertilizer to acidic peatsoils because they
act as a liming agent, increasing the soil pH. Wood ash is
rich in phosphorus and potassium (Silfverberg 1996),
which are the most growth-limiting mineral nutrients in
cutaway peatlands (Paavilainen and Pdivdnen 1995). Oil
shale ash generally contains only small amounts of phos-
phorus and some micronutrients like boron, copper, man-
ganese, zinc etc., but riches in calcium, magnesium,
potassium and sulphur (Kérblane 1996). As oil shale ash is
relatively poor in P, a mixture of it with P-rich wood ash
could be an alternative to encourage the growth of trees in
cutaway peatlands. Bare oil shale ash with amount
20-25 t ha~' did not show positive effect to trees growth,
fertilized trees were even smaller than control trees, also
frost damage was increased (Seemen et al. 2000). The
positive effect of wood ash to trees in cutaway peatlands
has been noticed in several studies (Hytonen and Saarsalmi
2009; Huotari et al. 2009; Kikamigi and Ots 2010; Hyto-
nen and Aro 2012; Kikamigi et al. 2013 etc.).
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Norway spruce (Picea abies (L.) Karst.) is the main
commercial species recommended on this site type in Ire-
land (Renou and Farrell 2005). Besides P. abies the most
common tree species planted on former agricultural lands
and cutaway peatlands in Finland have been P. sylvestris
and Betula pendula (Aro et al. 1997; Hynonen and Hytonen
1998). In Estonia, Norway spruce is the most productive
tree species in fertile drained peatsoils (Valk 1992) and
Scots pine is a common tree species, which can grow in
very extreme conditions. Therefore, seedlings of P. abies
and P. sylvestris were used in our pilot study to investigate
the effect of wood ash and a mixture of wood ash and oil
shale ash as fertilizers on tree growth on cutaway
peatlands.

In particular, the aim of the study was to investigate the
effect of fertilization with different amounts of wood ash
(10 and 15 t ha~') and a mixture of wood ash (10 t ha™)
and oil shale ash (8 t ha™') on the growth (height, root
collar diameter, biomass, biomass production), survival,
morphology of needles (length of needles, dry mass of 100
needles and density of needles on the branches) and
chemical properties of soil and needles of young P. abies
and P. sylvestris plants on the Puhatu (Northeast Estonia)
cutaway peatland in the first 2 years after fertilization.

Materials and methods
Study site and treatments

The experimental area of Puhatu is located on a cutaway
peat-milling area in Ida-Viru County (Northeast Estonia)
(59°19'N, 27°35'E). The area of the abandoned field at
Puhatu is 1359.80 ha (Ramst et al. 2006). The average
thickness of the well-decomposed peat is 0.9 m (Ramst
et al. 2006). The area is covered with Phragmites peat. The
number of trees on the plots is small. The coverage of
Eriophorum vaginatum is on average 10 %; in lower places
Phragmites australis, Eriophorum angustifolium, Carex
spp. and Equisetum fluviatile are growing. Ditches are half
filled with peat and have rich growth of Eriophorum vag-
inatum, E. angustifolium, Typha latifolia, Carex pseudo-
cyperus, Juncus effuses and J. bufonius. Therefore, some
areas have no functioning drainage systems and are in
places seasonally flooded. The amount of precipitation was
704.2 mm in 2011 and 758.7 mm in 2012; the average
temperature was 6.1 °C in 2011 and 4.5 °C in 2012 (data
from the Estonian Meteorological and Hydrological
Institute).

In April 2011 the following treatments were established:
(1) wood ash 15 t ha—' (WA15); (2) wood ash 10 t ha™!
(WA10); (3) wood ash 10 t ha™' + oil shale ash 8 t ha™"
(WA + OSA) and (4) unfertilized (control). Ash was
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applied just before planting using a square system (1 m?
area around the plants). The ash application amount per
hectare, based on the dry weight of ash, was calculated.
The amount of ash applied in a square was 0.5-1.8 kg ash
per tree. The wood ash generated as production waste
originated from Sonda boilerhouse and is bottom ash. The
oil shale ash originated from energy company Eesti Ener-
gia Narva Elektrijaamad and is cyclone ash. Two-year-old
seedlings of Scots pine (Pinus sylvestris L.) and three-year-
old seedlings of Norway spruce (Picea abies (L.) Karst.)
were hand-planted with planting density 1.2 x 2 m in
9 x 14.5 m plots. The total sample of each treatment
included 50 trees.

Measurements and analysis methods
Sampling

The height of all living seedlings was measured after
planting (Ho) and at the end of the growing season
(October) in 2011 (H2011) and in 2012 (H2012). Survival
(%) of planted trees was calculated as the ratio of the
number of survived trees to the total number of trees x 100.
The root collar diameters were measured in September
2012.

The model trees (n = 3-5) for the determination of
biomass and biomass production of the two-year-old stands
were felled in September 2012 (one average tree from each
row or every second row).

Biomass and biomass production

The model trees were divided into leaves, branches, stem
and roots. Stem and branches were selected by year: cur-
rent year and older (age >1 year). After drying at 70 °C
until constant weight the dry mass of all fractions was
determined.

Average current annual production (kg year™') of a
model tree consists of the annual increment of leaves,
shoots and stem. The current annual production of the
leaves, current-year branches and stem is equal to their
biomass. The production of older branches and stem (age
>1 year) was estimated by dividing branch and stem mass
by their age. Root systems were washed with tap water
until soilfree, dried at 70 °C and weighed to find their
biomass.

Morphometrical measurements

The length (cm) of current-year needles (n = 90-150)
were measured with the software WinSeedle (Regents
Instruments Inc.). The dry mass (g) of 100 needles

(n = 28-30) was weighed. For dry mass determination the
needles were stored in a thermostat at 70 °C until they
reached a constant mass. The density of P. sylvestris and P.
abies needles on the branches (number of needles on a
branch divided by the length of a branch, No. cm™') was
calculated.

Chemical analyses

To determine the concentrations of nutrients in the growth
substrate, peat samples (n = 3) were taken from random
quadrates at depths of 0—10 cm from each treatment and
from the unfertilized control plots in September 2011 and
at depths of 0-10, 11-20, 21-30, 31-40 and 41-50 cm in
September 2012. The needles samples (n = 3) were taken
from each treatment and from the unfertilized plots in
September 2012.

The pHgc; of peat and the concentrations of N, P, K,
Ca and Mg in the peat and plant material were determined
in the Laboratory of Plant Biochemistry of the Estonian
University of Life Sciences. The peat samples were ana-
lysed for their extractable concentration of P (ammonium
lactate; by FiaStar5000 (Flow Injection Analyser), K
(ammonium lactate; Flame Photometric Method), Ca
(ammonium acetate; Flame Photometric Method), Mg
(ammonium acetate; by FiaStar5000 (Flow Injection
Analyser)) and for total concentration of N (Copper Cat-
alyst Kjeldahl Method). The samples of current-year
needles were converted to Kjeldahl digest. N concentra-
tion was analysed by Kjeldahl’s copper catalyst method, P
by the formation of molybdate blue from orthophosphate
in the digest by Fiastar 5000, Ca with o-cresolphthalein
complexone in the presence of 8-hydroxyquinoline to
mask the influence of Mg by Fiastar 5000, and Mg by
means of titan yellow dye by Fiastar 5000, K by flame
photometry.

The chemical analyses for assessing the concentrations
of heavy metals and macroelements in wood and oil shale
ash were made in the Laboratory of the Estonian Envi-
ronmental Research Centre. Homogeneous material of
ashes was subjected to chemical analyses after minerali-
sation with HNOj in a microwave digester Mars 5 (USA).
The concentration of K was determined by flame emission
spectrometry, Ca and Mg by flame atomic absorption
spectrometry and S, B, Cd, Cr, Ni. Pb, Fe, Zn, Cu were
determined with an inductively coupled plasma optical
emission spectroscopy. The pH of ashes was determined
potentiometrically in water solution. To measure N the
method of Kjeldahl was used and P was determined by
ammonium molybdate spectrometric method. The chemi-
cal composition of the wood ash and oil shale ash is pre-
sented in Table 1.
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Table 1 Total concentrations of elements (mg kg™") in ashes used in
study

Element Wood ash Oil shale ash

pH 9.8 12.5

N <1,000 <1,000

P 14,275 658

K 12,200 9,800

Ca 155,000 270,000

Mg 2,040 39,750
1.67 82.5

S 1,100 16,000

Cd 1.67 1.2

Cr 17.6 154

Ni 34.1 11.1

Pb 28.9 20.7

Fe 13,040 24,150

Zn 711 494

Cu 96.1 8

Moisture, % 35 0

Statistical analyses

Averages of analyses and standard errors (average = SE)
for morphological parameters and mineral nutrients were
calculated. The Shapiro—Wilk test was used to check the
normality of the distribution. Levene’s test was used to
check the equality of variances. ANOVA (Tukey’s test and
Tukey’s Unequal N test) were used for the multiple com-
parisons of the averages. Pearson correlation coefficients
(r) between leaf and soil nutrients were calculated. The
Statistica 10.0 software was used, and the significance level
of « = 0.05 was accepted in all cases.

Results
Nutrient concentrations in peat

As wood ash and oil shale ash are alkaline (Table 1), they
act as liming agents, neutralising the acidic peatsoils. After
5 months the soil pHkc in the treated plots was around 7,
while in the control plots the pHgcy was 4 in both P. abies
and P. sylvestris stands in 2011 (Table 2). The pHgc was
decreased on treated plots on the second year, but was still
higher than on control in depth 0-10 cm (Table 2).

Five months after fertilization the P concentration in P.
abies and P. sylvestris stands was 169 and 57 (WA10), 245
and 59 (WAI15) and 7 and 19 (WA + OSA) times higher
than control, respectively (Table 2). The P concentration in
wood ash-treated plots differed significantly (p < 0.001)
from control and WA + OSA treated plots. The P
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concentration was 43 (WAI15), 26 (WAI10), 13
(WA + OSA) times higher from control in the second year
in depth 0-10 cm. Also the K concentration was substan-
tially higher in treated plots, but it differed significantly
(p < 0.05) from control only on WAI1S treatment in 2011
(Table 2). In the second year the K concentration was
noticeably lower than in 2011 but compared with control
plot the concentration of K in 2012 was significantly higher
on WA15 and WA + OSA. The Ca and Mg concentrations
in fertilized plots were significantly higher (p < 0.05) from
control in 2011, but no significant differences was observed
between Ca concentration on different plots in 2012
(Table 2). The concentration of Mg was significantly
higher on WAI15 and WA + OSA from control in depth
0-10 cm in 2012. As ashes are poor in N, treatments did
not increase its concentration, quite the contrary, the N
concentrations were lower on fertilized plots compared
with control plots. The concentration of N on the WA15
and WA + OSA plots of P. abies and WA15, WA10 and
WA + OSA plots of P. sylvestris were significantly lower
than that in control plots (p < 0.05) in 2011 (Table 2). On
the second year, the concentration of N was a little
increased on treated plots at depth 0—10 cm, but compared
to control, no signifincant differences were found
(Table 2).

The P and K concentratios were noticeably decreased in
the directions of deeper layer, the Ca and Mg concentra-
tions on the contrary were increased (Table 2). The con-
centrations of K and Mg were significantly higher on
WA + OSA plot compared to control on layers 11-20,
21-30, 31-40 and 41-50 cm (p < 0.05). The concentration
of P was significantly higher on WA10 plot compared to
control on layers 21-30 and 3140 cm layers (Table 2).

Tree growth parameters and survival

In the first year after planting and treating with ashes the
average height of P. abies and P. sylvestris was almost
equal (p > 0.05) on all plots (Fig. 1). In the second year the
average height of P. abies and P. sylvestris was already
significantly higher (p < 0.05) on ash-treated plots than
those on control, being, respectively 1.4 and 1.7 times
(WA10), 1.6 and 1.8 times (WA15) and 1.4 and 1.5 times
(WA + OSA) greater (Fig. 1). While WA15 was the most
effective on average height, the WA 4+ OSA treatment
gave the best results on root collar diameter, which was 1.9
(P. abies) and 2.2 (P. sylvestris) times larger than in control
trees (Fig. 2). Root collar diameter differed significantly
(p < 0.05) from the control plots in all treatments.

The largest biomass of P. abies and P. sylvestris was
resulted on the WA + OSA treatment, as well as the bio-
mass production of P. sylvestris in 2012 (Table 3). The
biomass production of P. abies was the greatest on the
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Table 2 Values of peat pH and concentration of total N and extractable P, K, Ca and Mg (average £ SE) in the Puhatu cutaway peatland in

different peat layers

1

Treatment Depth pH N % P mg kg~! K mg kg~! Ca mg kg~ Mg mg kg~

2011

Picea abies

WALS5 0-10 6.88 4 0.11° 240 +£0.03°  601.11 + 35.41° 2218.80 & 212.72°  11442.07 + 200.06> 1552.37 + 107.71°
WAL10 0-10 7.07 4+ 0.23°° 246 £ 0.10°  585.18 + 82.60° 1836.55 & 248.66*  12229.20 + 493.96° 1705.92 + 229.61°
WA+OSA  0-10 7.72 £0.19° 1.83 £ 0.11*  191.50 & 14.30° 1933.42 + 784.87°  10403.40 & 388.97° 1886.51 + 183.23"
Control 0-10 4.39 4+ 0.05* 2.89 + 0.01° 10.27 + 4.15° 61.19 + 8.78" 8197.17 + 438.68"  549.62 + 70.51*
Pinus sylvestris

WALS 0-10 7,25+ 0.16°% 240 + 0.05*® 74571 + 82.17C 4131.96 & 1293.74® 11541.37 + 210.60® 2157.33 + 351.10®
WAIL0 0-10 6.89 + 0.06° 2.66 £ 0.01®  513.86 + 12.48% 2127.52 4+ 452.38"B  11718.63 £ 106.24%  1448.47 + 53.44®
WA+OSA  0-10 7.41 +£0.19° 222 +0.11* 20.50 + 0.27%  454.01 + 14.90* 12501.07 + 489.48%  1724.12 + 46.30®
Control 0-10 430 & 0.04* 2.89 £ 0.04°¢  3.04 £0.17" 38.45 + 0.82% 7888.20 & 412.62*%  513.46 & 42.22%
2012

WALS5 0-10 4.71 4 0.003° 2.85 + 0.06° 118.75 + 10.95%  193.69 & 13.45° 7259.03 + 55.90° 679.04 + 19.83°
WAL10 0-10 4.52 4+ 0.04° 2.81 + 0.07° 72.81 £ 5.12° 93.98 + 4.07* 7342.52 4+ 22725  604.40 + 10.04%
WA+OSA  0-10 4.76 + 0.04°  2.78 £ 0.06 36.15 + 5.32° 145.09 + 16.10° 7348.57 & 304.07°  883.27 £ 36.24°
Control 0-10 4.29 + 0.01* 2.87 + 0.04° 277 £ 0.70° 63.17 &+ 1.62* 6978.63 & 123.03*  511.98 & 21.89°
WAI15 1120 4.51 £ 0.02° 255 + 0.06° 435 £+ 1.20° 2431 &+ 1.35° 8099.76 + 239.10°  804.79 + 14.53°
WAL10 11-20  4.54 £0.02° 272 + 0.05° 6.20 + 0.91* 23.53 + 0.47° 8853.81 + 251.67°  860.09 + 16.75°
WA+OSA 11-20 4.57 £ 0.02> 270 &+ 0.07* 3.09 + 1.08% 104.32 + 3.44° 7978.81 + 287.33*  818.52 & 5.94°
Control 11-20 4.44 +0.01°  2.64 + 0.08" 2.89 + 0.95° 26.52 + 0.08* 7732.82 + 331.53*  708.95 + 10.20°
WALS5 21-30 4.55 £ 0.02°  2.90 + 0.07° 0.61 £+ 0.17° 20.85 + 1.54 9050.40 + 265.09°  966.53 + 32.32%
WAL0 21-30 4.58 £ 0.02°® 2.81 + 0.07° 3.48 + 0.80" 19.37 &+ 1.60° 9387.89 + 122.81°  996.19 =+ 26.95%
WA+OSA 21-30 4.65 + 0.02° 277 + 0.06* 1.23 + 0.24° 101.46 + 0.26° 9168.94 + 334.93*  1033.78 £ 5.70°
Control 21-30 4.58 £+ 0.01*™® 2.77 £+ 0.07* 0.55 £ 0.02° 30.79 4 0.94° 9183.78 =+ 385.84*  909.74 =+ 2.02°
WAIS5 31-40 4.67 £ 0.03* 273 + 0.07* 0.58 £ 0.15° 17.78 4+ 0.98* 9388.49 =+ 354.49°  1085.56 & 22.73"
WAL10 31-40 4.68 £ 0.02°  2.96 & 0.09* 3.30 + 0.77° 21.15 £ 0.74° 9319.06 & 173.54*  1058.69 + 30.61°
WA+OSA 31-40 4.75 £ 0.03% 277 4+ 0.04* 0.57 £ 0.06° 61.51 & 0.86" 9659.70 + 305.26*  1203.58 + 14.38"
Control 31-40 4.68 + 0.01° 2.87 &+ 0.07* 0.51 + 0.06° 20.77 & 0.13* 0838.30 & 409.12*  1044.36 + 12.91°
WALS5 41-50 4.75 £ 0.05°® 2.70 + 0.05° 0.46 + 0.06° 22.92 4+ 0.73° 9471.94 + 158.03*  1072.78 =+ 44.89°
WAL0 41-50 471 £0.01°  2.95 + 0.08 293 + 1.07° 24.65 &+ 1.04° 9283.93 + 67.38°  1063.17 £ 46.00°
WA+OSA 41-50 4.89 + 0.04°>  2.88 & 0.04*° 0.47 £ 0.03* 51.31 & 0.24° 10219.16 + 233.80°  1334.10 + 11.16°
Control 41-50 4.79 £ 0.02®® 3.06 + 0.10° 0.50 £ 0.07%° 17.80 & 0.01* 10064.82 + 347.44>  1128.65 + 8.84°

Different letters indicate a statistically significant difference between treatments within tree species (small letters indicates to P. abies in 2011
and to both species in 2012 and capital letters to P. sylvestris) in the Tukey test p < 0.05

60 cm c

50
40
30
20
10

WA15

HEHo © H2011 b|:|H2012 A
C

WA10 WA+OSA Control

50

Fig. 1 Height (average + SE) of P. abies (A) and P. sylvestris (B) on
the ash-fertilized plots and on the unfertilized plot (Control). Different

letters indicate a

statistically

significant

difference between

cm M Ho
C

Bc

WA15

¥ H2011 OH2012 B

WA10 WA+OSA Control

treatments within tree species (small letters indicates to P. abies
and capital letters to P. sylvestris) in the Tukey test p < 0.05
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Fig. 3 Biomass allocation (%) HRoots DOStem

of P. abies (A) and P. sylvestris 100% -

(B) on the ash-fertilized plots 80%

and on the unfertilized plot

(Control) 60%
40% -
20% -

0% - !
WA15

(Fig. 4). The needles of P. sylvestris was 2.4 (WAI1S5 and
WAI10) and 3.2 (WA + OSA) times longer and 3.8
(WAI10), 4.9 (WA15) and 7.3 (WA + OSA) times heavier
than of those in the control plot (Fig. 4). The density of
needles on the branch of P. abies and P. sylvestris seed-
lings was significantly smaller (p < 0.001) on the ash-
treated plots than on the control plots (Fig. 4).

Concentration of chemical elements in needles

The concentration of N in P. abies needles on all plots were
average out optimal and did not differ significantly from
each other (p > 0.05) (Fig 5). The concentration of N in P.
sylvestris needles was significantly lower on ash-treated
plots than on the control (Fig. 6). The concentrations of P
in P. abies and P. sylvestris needles on ash-treated plots
were 2-2.6 and 1.5-1.7 times higher than on the control
plots, respectively; the differences were statistically sig-
nificant (p < 0.01), except on P. abies WA10 plot in which
no significant differences were found (Figs. 5 and 6). The
concentration of K was almost the same on all plots
(p > 0.05), and the highest for P. sylvestris needles was on
WA + OSA treatment and for P. abies needles was on
WAI1O0 treatment (Figs. 5 and 6). The concentration of Ca
in P. abies and P. sylvestris needles did not differ between
ash-treated plots and control (p > 0.05) (Figs. 5 and 6).
The concentration of Mg in P. abies needles on ash-treated
plots did not differ from control either (p > 0.05) (Figs. 5
and 6). The concentration of Mg in P. sylvestris needles on
WA10 was 1.4 times significantly higher (p < 0.05) from
control.

Foliar N concentrations of P. abies were positively
correlated to the soil nitrogen content (r = 0.72,
p = 0.009) and foliar P concentration positively correlated
to the soil phosphorus content (r = 0.82, p = 0.001) of
layer 0—10. There was also relation between foliar and soil
P and Ca content of P. sylvestris (r = 0.87, p = 0.000;
r = 0.62, p = 0.033, respectively). There was no rela-
tionships between foliar and soil K content of P. abies and
P. sylvestris.

It is also important to show nutritional balance in nee-
dles. The P/N, K/N, Ca/N and Mg/N ratios on ash-treated
plots were improved compared to control. However,

Branches

WA+OSA Control

WA10

O Needles Roots [IStem Branches [INeedles B

WA15 WA10 WA+OSA Control

20 M Picea
abies

15 Opinus
sylvestris

10 -

0

WA15  WA10 WA+OSA Control

w

50
40
30
20

fhhhh

WA15 WA10 WA+OSA Control

DNS, tk cm™?

307 pmof100

25 needles,

2.0

1.5

1.0

b e
0.0

WA15 WA10 WA+OSA Control

Fig. 4 Needle length (L, cm), density of needles on branches (DNS,
No. cm™!) and dry mass of 100 needles (DM of 100 needles, g)
(average + SE) of P. abies and P. sylvestris. Different letters indicate
a statistically significant difference between treatments within tree
species (small letters indicates to P. abies and capital letters to P.
sylvestris) in the Tukey test p < 0.05

considering the optimum ratios suggested by Ingestad
(1987), the P/N and K/N ratios were below optimum
(Table 4).

Discussion

It is difficult to estimate the nutritional suitability of cut-
away peatlands for growing trees because chemical prop-
erties are often quite complex (Renou-Wilson and Farrell
2007). Also the chemical composition of ashes can vary a
lot. Therefore, it is necessary to experiment with different
amounts of ashes to find out the most favourable amounts
of ashes to trees.

The imbalance of nutrients or their occurrence in
unfavourable ratios can have a negative impact on the
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Fig. 5 Concentration of
mineral elements

(average + SD) in needles of P.
abies on the Puhatu cutaway
peatlands. From above
continuous line to dashed line
indicates the optimum level and
below to dashed line the range
of moderate deficiency
suggested by Ingestad (1962).
The letters a, b and ¢ indicate a
statistically significant
difference between treatments
in the Tukey test p < 0.05

Fig. 6 Concentration of
mineral elements

(average + SD) in needles of P.
sylvestris on the Puhatu cutaway
peatlands. From above
continuous line to dashed line
indicates the optimum level and
below to dashed line the range
of moderate deficiency
suggested by Ingestad (1962).
The letters a, b and ¢ indicate a
statistically significant
difference between treatments
in the Tukey test p < 0.05

timber quality (Kaunisto and Aro 1996). The benefits of
ash fertilization in terms of optimising tree growth are
maximal on peatland soils rich in nitrogen (Silfverberg
and Moilanen 2000). However, a high N concentration in
soil and/or acidity may eventually induce P deficiency in
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plants (Clarholm 1998) and P will become a growth-
limiting factor in ecosystems (Koerselman and Meuleman
1996). Trees need N and P in the ratio of 100/10-13
(Hanell et al. 1996; Kaunisto and Aro 1996; Aro 2000). In
our study the N/P ratio of peat was improved by wood ash
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Table 4 The mineral elements

Picea abies Pinus sylvestris

ratios in needles of P. abies and Treatment
P. sylvestris on the ash- WALS
fertilized plots and on the
unfertilized plots WAIO
WA + OSA
Control

Optimum level by Ingestad (1987)

100N:11P:40K:49Ca:5Mg
100N:8P:49K:52Ca:5Mg
100N:8P:37K:37Ca:4Mg
100N:4P:35K:45Ca:6Mg
100N:16P:50K:5Ca:5Mg

100N:10P:36K:30Ca:8Mg
100N:9P:41K:40Ca:9Mg
100N:7P:37K:25Ca:7TMg
100N:3P:22K:14Ca:4Mg
100N:14P:45K:6Ca:6Mg

fertilization which was 100/>18. As wood and oil shale
ashes are alkaline, they act as liming agents neutralising
the acidic peat soils. Liming and fertilization might
increase long-term biomass production of trees due to
increases in the resistance of trees to extreme tempera-
tures, drought, pathogens and pests (Raid 1986). Peat with
a higher Ca content (i.e. higher pH) or ash application
may allow for faster microbial activity to decompose peat
and release organically bound N (Renou-Wilson and
Farrell 2007). Shortage of P and K is considered to be
growth limiting in peat soils (Hytonen 2003). High con-
centrations of P and K in ash are of great importance,
improving preconditions for the uptake of N and thus for
successful forestation of cutaway peatlands (Hytonen
1995; Hytonen and Saarsalmi 2009). Five months after
fertilization with ashes the concentrations of P and K, and
also Ca and Mg in peat were higher on the treated plots
than on the control plot. After year the concentrations of
P, K, Ca and Mg were significantly lower that year before.
Phosphorus in peat soil has a low sorption capacity (Ni-
eminen and Jarva 1996). P leaching signs could be noticed
only in WA10 plot (the P content in lower layers was
significantly higher than in control). In addition, K and
Mg content in WA + OSA plot was higher in lower
layers than in control plot. Other leaching signs were not
observed.

Good nutritional status is critical for an optimum wood
production but also increases resistance against stress from
both biotic and abiotic agents (Renou-Wilson and Farrell
2007). Tree average height after the first growing year did
not differ between ash-treated and control plots, which may
be due to stress after planting, as the plants adapt with the
new habitat and growth conditions. Besides, Norway
spruce grows slowly for the first year after planting on
cutaway peatlands (Renou and Farrell 2007). After the
second growing year the differences of tree average height
and root collar diameter between the ash-treated and con-
trol plots were significant. According to Seemen et al.
(2000) application of 20-25 tha~' oil shale ash to a
4-year-old spruces showed no effect on the height growth
of trees: 4 years after the fertilization the height of treated
trees was 77 cm and control trees 80 cm. The height
increment and root collar diameter of trees observed in a
study performed in Ireland, with different stock types of

Norway spruce in a cutaway peatland (Renou-Wilson and
Farrell 2008), after two growing seasons, are comparable
with our control tree parameters, which shows the necessity
to fertilize such sites to assure normal growth of trees.
Numerous studies show a positive effect of fertilization
with ashes on tree growth (Huotari et al. 2008; Sikstrom
et al. 2010; Hytonen and Aro 2012; etc.), which depends on
ashes as well as fertilizer amount, site type, tree species,
etc. Most studies are focused on growing deciduous trees
(birches, willows) on cutaway peatlands or fertilizing older
conifer stands. Comparable data on early development of
stands in cutaway peatlands are scare. The growth and
biomass estimation in chronosequences give additional
data about stand development and with this data it is pos-
sible to complement the growth dynamics of the cutaway
peatland forests.

Silfverberg (1996) observed that an ash dose of less than
2000 kg ha™' usually results in small or negligible
increases in tree growth. Promising results in managing site
nutrition have been achieved by wood ash fertilization,
where applied amounts have been 4000-5000 kg ha™'
(Aro 2008). Early development of seedlings should be
ensured by spot fertilization with a low application rate of
potassium and phosphorus (P and K 3-5 g/seedlings),
using of larger amount of fertilizer will increase the mor-
tality of seedlings. In peatland fertilization, wood ash is
currently recommended only for fertile sites (Moilanen
et al. 2013). Puhatu cutaway peatland, the area of our
experiments with wood ash and oil shale ash, is one the
most nutrient-rich (especially N and Ca) peatlands in Es-
tonia. We achieved the best results in height increment
with the wood ash dose of 15 t ha™'. The best results in
root collar diameter were observed in the treatment with
wood ash 10 t ha~! mixed with oil shale ash 8 t ha™!,
although the difference between WA15 and WA + OSA
was not statistically significant. Cutaway peatland forests
could have an important productive potential for timber
and biomass, as well as for providing a valuable amenity
for recreation and a contribution to regional biodiversity
(Renou and Farrell 2005). Because of the high nitrogen
availability in the soil, the planting density for P. sylvestris
should be 3000-5000 seedlings/ha to ensure good quality
timber (Aro 2008). In our study 3831 pine and spruce
seedlings per hectare were planted.
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P. sylvestris has been the main subject of study in the
afforestation of cut-away peatlands in Finland (Hytonen
2003, 2005; Moilanen et al. 2013). P. abies is very sensi-
tive to early summer frosts and needs shelter trees on cut-
away peatlands located at lower elevation than their sur-
roundings (Aro 2008). Therefore, P. abies has not been
used in afforestation in Finland, but it may be possible to
grow spruces as the second tree generation after birch or
pine. On the other hand, spruce is the safest choice in field
afforestation: it can be planted on peat fields as long as one
avoids sites low in fertility and sites with an especially high
risk of early summer frost damages (Hytonen 2008).
Spruce has only a few slightly serious agents of damage,
and it tolerates competition from weeds better than other
tree species (Hytonen 2008). P. abies appeared to be the
more productive species: a tree grew on average 65.5 g
biomass on the WA1S5 plot in the second growing year after
fertilization, that is 251 kg ha~' year™'. The production of
two-year-old stand of P. sylvestris was 95.9 kg ha™'
year™' on the WA + OSA plot. According to Kuznetsova
et al. (2011), the aboveground biomass production in
reclaimed oil shale mining areas on two-year-old P. syl-
vestris stand was 2.04 kg ha™' year™'. The ashes increased
the biomasses and biomass production of conifers in
peatland, better results were observed when wood ash was
mixed with oil shale ash. Hytonen and Kaunisto (1999)
found a very good response to wood ash application in pine
stands, and the response lasted longer compared to PK-
fertilization. Ferilization with wood ash and PK-fertilizer
increased the growth of P. sylvestris in peatland, particu-
larly the number of trees and the higher growth rate of
individual trees increased, compared with the control (Si-
kstrom et al. 2010). Increased needle length, what is good
indicator of changes in the growth environment, can be
considered as primary signs of a positive effect of ash
fertilization. The needles dry mass and length increased
significantly on the ash-treated plots compared with control
trees. Drainage, cultivation and fertilization are practices
often required for the satisfactorily establishment of trees
on these sites (Renou and Farrell 2005). The high mortality
of P. sylvestris on the WAI10 plot in the first growing
season may be due to stress after planting, or the plants
may have suffered excessive moisture, which was caused
by no functioning drainage systems.

An important indicator of tree productivity is needle
mass, which is affected by photosynthesis, metabolism and
growth processes (Kuznetsova and Mandre 2006). The
nutrient content of the needles may cause differences in the
productivity of the needles (/&gren 1996). The fertilization
with ashes increased conifers’ needles parameters. The
average length of needles of P. sylvestris was 5.3-6.9 cm
on the ash-treated plots, which is about the same as their
average length in Estonia (Laas 2004), while the length of
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needles on control trees was only 2.2 cm. The needle
length of P. abies on the ash-treated plots (1.3—1.6 cm) was
also in the range of their average length in Estonia (Laas
2004). The higher density of needles on branches in poorer
areas is due to adaptation to adverse environmental con-
ditions, which retard the branches length growth, while
trees try to maintain their assimilation surface (Ots 2000).
The density of needles on branches was higher on control
plots than on ash-fertilized plots.

The ash application increased also the nutrition content
in needles. The results of experiments in Finland showed
also that higher doses of wood ashes significantly increase
P, K and Ca concentrations in P. sylvestris needles
(Moilanen et al. 2013). Analysis carried out on 1-4-year-
old seedlings after 5-year of application with hardened
wood ash (3 t ha_l) showed an increase of P, K and Ca in
current and 1-year-old needles in Norway spruce stands
(Arvidsson and Lundkvist 2002). Foliar P content of P.
abies and P. sylvestris was strongly correlated with soil P
content, which shows that P is important element to tree
growth in cutaway peatlands. In ash-treated plants, the P
content, as well as K and N content in P. abies needles was
optimal. To the contrary the N, P and K content in P.
sylvestris needles was under optimum. As the P. abies is
more nutrient demanding than P. sylvestris (Miller 1995)
and physiological condition (greater hight, diameter, nee-
dles length and mass etc.) of P. sylvestris is good in fer-
tilized plots, it can be say that P and K content in needles
was adequate to P. sylvestris in cutaway peatland. The
reduced N concentrations in P. sylvestris needles in the
treated plots may be a dilution effect due to excellent
growth previous years. Similar results with P. sylvestris
have been observed in other studies in cutaway peatlands
and drained mires (Silfverberg and Moilanen 2008; Si-
kstrom et al. 2010; Kaunisto 1987). Interaction of different
mineral elements in plant tissues and their balance are of
great importance for tree growth and survival under stress
conditions (Ingestad and Agren 1988; Marschner 2002;
Portsmuth et al. 2005). Plants growing in natural conditions
can regulate nutrient concentrations and, therefore, sustain
quite a constant ratio between N and other nutrients (In-
gestad 1979; Linder 1995). The ratios of P/N and K/N in
the current-year needles of P. abies and P. sylvestris were
improved on the ash-treated plots but stayed under the
optimum suggested by Ingestad (1962). The optimum N
and P relationship means that plant growth is regulated in
the same way by both these elements. Giisewell (2004)
supported the use of N/P ratio to predict nutrient limitation
and proposed a broader range of ratios, with N/P ratio <10
for N limitation and >20 for P limitation. Koerselman and
Meuleman (1996) suggested that foliar N/P values >16 are
critical for P limitation in wetlands. Analyses of the N/P
ratio indicated that the growth-limiting factor on the
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control plot was P as the N/P ratio was 32 (P. sylvestris)
and 25 (P. abies). In Finland Moilanen et al. (2013) found
in needles of Scots pine the N/P ratio of 10 (dose of wood
ash 5 Mg hafl) and 22 (dose of wood ash 15 Mg hafl). In
our experiments the N/P ratio of P. sylvestris needles on
WAI10 and WA15 was 11 and on WA + OSA was 14,
which shows that after fertilization P was not any longer a
growth-limiting factor to trees on ash-treated plots in the
cutaway peatland. If P is limiting, increased N deposition
does not stimulate plant growth but rather reduces it (Go-
telli and Ellison 2002). The deficiency of P seems to have a
more negative impact than N deficiency on long-term plant
performance, for example through increased mortality.

Conclusions

Afforestation is a most promising and sustainable recovery
option for cutaway peatlands as it creates renewable energy
sources and restores the biological diversity and aesthetic
value of these areas. Use of ashes (wood ash, oil shale ash)
as fertilizers is beneficial in restoring the fertility of peat
and thereby stimulating the tree growth. In the plots treated
with wood ash or a mixture of wood and oil shale ashes a
considerable increase in the concentrations of P and K,
which are growth-limiting elements in cutaway peatlands,
was observed in the peat substrate but also in the assimi-
lation organs of trees. Fertilization with nutrient-rich ashes
notably increased tree growth (biomass, height, root collar
diameter). The best results were registered on the WA1S5
and WA + OSA treatments. As the tree growth parameters
between these two treatments did not differ significantly, it
can be said that both ashes were good fertilizers to conifers
on the cutaway peatland. P. abies was the more productive
species on the Puhatu cutaway peatland. However, because
of the short experimental time the effect of wood and oil
shale ashes on the growth of conifers on cutaway peatlands
needs further investigations.
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