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ABSTRACT

ARTICLE HISTORY

Treatments added to young conifer stands aiming to compensate for the loss of nutrients and
alkalinity associated with whole-tree harvesting for bioenergy purposes have the potential to
aﬀect the growth of competitors to the conifers. Three diﬀerent nutrient compensation treatments
were applied to a young Picea abies (L.) Karst. stand in south-west Sweden, 2 or 3 years following
ﬁnal felling. The treatments were; ﬁne fraction of harvest residues (15 Mg dw ha−1); granulated
wood ash (4.1 Mg dw ha−1); nitrogen-free vitality fertiliser (twice 1.5 Mg ha−1); untreated control.
Root biomass and total biomass of graminoids (mainly Deschampsia ﬂexuosa (L.) Trin) were
signiﬁcantly greater in the wood ash and vitality fertiliser treatments than in the residues and
control treatments. The aboveground and coarse root biomass of naturally regenerated birch
(Betula spp.) and the aboveground biomass of dwarf shrubs (mainly Calluna vulgaris (L.) Hull.) and
bottom layer were not aﬀected by the treatments. Calcium and magnesium concentrations in the
aboveground biomass of graminoids and phosphorus concentration in the biomass of bottom
layer were signiﬁcantly the highest in the vitality fertiliser treatment. Thus, nutrient compensation
with vitality fertiliser or granulated wood ash may increase competition from graminoids in the
establishment phase.
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Introduction
There is growing demand worldwide for renewable energy
sources that can replace fossil fuels. In Sweden and some
other European countries, biofuels originating from forests
comprise an important share of renewables (Forsum et al.
2018; Verkerk et al. 2019). In the future expansion of
biofuel use in Sweden, the largest potential source is
logging residues from tree felling (Börjesson et al. 1997;
Lundmark et al. 2015). However, the exploitation of this
source could have consequences for the environmental
quality and long-term sustainability of forest sites
(Weetman and Webber 1972; Kimmins 1976; Mälkönen
1976; Rothpfeﬀer and Karltun 2007; De Jong et al. 2017;
Akselsson and Belyazid 2018). Since the harvesting of
logging residues is associated with the increased export of
nutrients and alkalinity from forest sites (Akselsson and
Belyazid 2018), diﬀerent ways to compensate for this loss
have been discussed and tested. In south-west Sweden,
where atmospheric deposition of nitrogen (N) is relatively
high, and on N-rich sites elsewhere, N-free amendments
such as wood ash (Andersson and Lundkvist 1989; Akselsson
2005; Levin and Eriksson 2010) or commercial N-free fertilisers may have beneﬁts. Wood ash is of particular interest
in Sweden, which aims to increase the use of wood ash as
a source of nutrients and alkalinity to forest sites subjected
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to whole-tree harvesting (Swedish Forest Agency 2019).
This is also the case in, e.g. Finland and Canada, where
biomass represents an increasing proportion of renewable
energy (Huotari et al. 2015; Hannam et al. 2018). The area
subjected to wood ash recycling in Sweden is currently
approximately 10,000 ha (mainly in southern Sweden),
whereas the area subjected to whole-tree harvesting is
eight-fold higher, indicating great potential for the increased
use of wood ash (Swedish Forest Agency 2019). Where wood
ash recycling is not feasible, an alternative is to separate the
green needles from branches at the forest site prior to the
extraction of branches (Swedish Forest Agency 2019). This
reduces exports of nutrients and alkalinity, since needles
are especially rich in nitrogen (N), phosphorous (P) and
base cations (Olsson and Westling 2006).
The eﬀect of compensatory amendments on conifer
growth is an important factor for the willingness of forest
managers to invest in post-harvesting treatments. It is generally believed that wood ash-based amendments give a positive growth response in conifers growing on sites, where
the humus carbon-to-nitrogen ratio (C/N) is less than approximately 30, and a negative growth response on poor sites with
C/N above this value (Swedish Forestry Agency 2019). This is
based on observations in a series of experiments with wood
ash amendment in 25- to 60-year-old conifer stands in
Sweden (Jacobson et al. 2014). However, if wood ash is to
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be applied at newly harvested sites, it might be important to
consider eﬀects of the treatment on competing vegetation
regarding the net eﬀect on conifer growth.
A number of studies have investigated the eﬀect of wood
ash application on the biomass of diﬀerent plant groups, and
both positive and negative eﬀects have been reported (Kellner
and Weibull 1998; Jacobson and Gustafsson 2001; Arvidsson
et al. 2002; Ozolinčius et al. 2007). Positive eﬀects of wood
ash on the biomass and cover of speciﬁc plant groups may
be due to a direct eﬀect on the availability of growth-enhancing nutrients (e.g. phosphorus (P) and potassium (K)). This has
been observed on peat soils (Huotari et al. 2007, 2009, 2015).
Positive eﬀects of wood ash may also depend on the alkaline
wood ash increasing mineralisation of N and P (Rosenberg
et al. 2010). Negative eﬀects have been attributed to
damage to roots due to high salt concentrations brought
about by the treatments (cf. Arvidsson et al. 2002) or may
depend on lower rates of net N mineralisation or higher
rates of N immobilisation due to wood ash treatment (Jacobson et al. 2014). On newly harvested sites, it is important to
consider its eﬀects on both the competing natural vegetation
and the established conifer crop, since several other species
present could compete for nutrients, e.g. species of birch
(Betula spp.) or grass. Thus, the net eﬀect of a given nutrient
amendment on conifer growth will depend on how competitors respond to the amendment. Therefore, it is of interest to
test diﬀerent types of amendment and the response by competitors in the early stages of forest regeneration.
This study was part of a larger project examining how
whole-tree harvesting and nutrient compensation
inﬂuence young Norway spruce stands (Picea abies (L.)
Karst.) in south-west Sweden. Previous publications within
the project described the eﬀects of nutrient compensation
treatments on spruce growth (Wang et al. 2007) and on soil
and soil solution chemistry (Wang et al. 2010). The aim of
the present study was to test and compare the inﬂuence
of the application of vitality fertiliser, wood ash and the
ﬁne fraction of harvest residues, i.e. green needles and
twigs, on the biomass of naturally regenerated birch and
ﬁeld vegetation in a young Norway spruce stand located
in an area where atmospheric N deposition is relatively
high. Since birch and ground vegetation species are the
main competitors to young Norway spruce trees, we
tested the hypothesis that the positive eﬀect on plant
biomass by the ameliorative treatments is primarily on
fast-growing competitive species, i.e. birch and grass (graminoids) species.

Materials and methods
Site description
The experimental area is situated in Skogaby in south-west
Sweden (56°33’N, 13°13’E; WGS84), about 16 km from the
coast and 95–115 m above sea level. The climate is characterised as maritime-wet, with mean annual precipitation of
1100 mm and mean annual air temperature of 7.5°C. The
growing season is about 200 days, from early April to early
November (Bergholm et al. 1995).
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The Skogaby site received high atmospheric deposition of
sulphur (S, 16–20 kg ha−1 yr−1) and N over the last few
decades of the twentieth century (Bergholm et al. 1995).
From 1989 to 1997, mean wet deposition of N was 16.1 kg
ha−1 y−1, and throughfall of N was 16.6 kg ha−1 y−1 (Bergholm
and Berggren 2001).
The bedrock at the site is gneissic, with a low base mineral
content. The soil is a deep (>2 m) sandy loamy till, and the soil
type is a poorly developed Haplic podzol. The pH (H2O) of the
humus layer is approximately 3.8, but pH increases to about
4.5 at 10–20 cm depth in the mineral soil. The base saturation
of the mineral soil is low (Bergholm et al. 1995).
The present stand is the third generation of coniferous
forest on former Calluna heathland. The previous stands
were Scots pine and then Norway spruce (Bergholm et al.
1995). The bottom layer of the ground vegetation was dominated by bryophyte species. The ﬁeld layer had frequent
wavy hair-grass (Deschampsia ﬂexuosa (L.) Trin) and other graminoids. There were also patches of heather (Calluna vulgaris
(L.) Hull.) and bilberry (Vaccinium myrtillus L.).

Experimental design and treatments
Root cuttings of four diﬀerent clones of Norway spruce (Picea
abies (L.) Karst) were planted in one block each in 1989, after
whole-tree harvesting in winter 1988–1989 of the 25-year-old
former Norway spruce stand. Each block consisted of four
plots. Diﬀerent clones of Norway spruce were used to
reduce the inﬂuence of genetic variability within blocks, but
at the same time enable calculations of averages based on
several clones. Each plot (10 m × 10 m) was planted with
100 root cuttings, which implied a denser spacing (1 m
apart) than normally is used. A ﬁfth clone was planted in a
1-m-wide border zone between the plots. The initial height
of spruce (measured 1991) diﬀered systematically between
the clones used. In addition to genetic variability, this diﬀerence was also expected to reﬂect variability in soil quality
between plots. “Initial height of spruce” was a good predictor
of spruce height at a later sampling of spruce in 1995 (Wang
et al. 2007). The experimental treatments were (1) granulated
wood ash (Ash), applied at a dose of 4150 kg dry weight (dw)
ha−1, (2), the N-free fertiliser “SkogVital” (Vitality), applied in
two doses six months apart, each of 1500 kg ha−1 and (3)
the ﬁne fraction of harvest residues (Residues), applied at
15,000 kg dw ha−1. A control that received no amendment
(Control) was also included. The wood ash was obtained
from a municipal heating plant at Eskilstuna and was well
combusted, with loss on ignition of 4.5% at 550°C. To make
the wood ash safer and easier to handle, it was stabilised (hardened) by the addition of water and a small amount of
cement (4%) and granulated in a rotating drum (for more
information, see Wang et al. 2007, 2010). The Vitality fertiliser
was a commercial product (manufactured by Yara, Landskrona, Sweden) containing dolomite (Ca, Mg) and sulphates,
with P in the form of apatite (50%) and superphosphate
(50%), and K in the form of KCl (Table 1). The Residues treatment consisted of the nutrient-rich, ﬁne fraction of Norway
spruce biomass left on-site at harvest. It was produced by
separating the green needles and small-diameter branches
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Table 1. Time of application of compensatory nutrient treatments (Residues, Ash and Vitality), duration of the treatments before ground vegetation (Veg.) and
birch was sampled, and amounts of elements applied in the treatments. Note: Duration is not identical to full growing seasons since vegetation was sampled in
October/November 1995 and birch was sampled in September 1997.
Treatment
Residues
Wood ash
Vitality 1
Vitality 2

Application
July-92
July-91
Oct-91
June-92

During (years)
Veg.
3
4
4
3

Birch
5
6
6
5

from the stems and coarser branches, followed by chipping of
the ﬁne fraction (physical dimension up to approx. 5 cm). The
aim was to obtain a fraction as similar as possible to that available in a practical situation, where ﬁne and nutrient-rich fractions of chips are separated from pure woodchips during
chipping in the ﬁeld (Wang et al. 2007).
The nutrient load applied in the Residues treatment corresponded approximately to the nutrient content in residues
following the ﬁnal felling of Norway spruce stands in the
region, i.e. site T103, Tönnersjöheden, in Björkroth and
Rosén (1977). The doses in the Ash and Vitality treatments
were designed to compensate for ash and nutrient removal
through whole-tree harvesting, based on ash and element
contents in the harvested biomass (e.g. Eriksson 1998).
Thus, the wood ash dose (4150 kg dw ha−1) exceeded the
current oﬃcial recommendation of a maximum of 2000–
3000 kg wood ash per ha over a 10-year period (Swedish
Forest Agency 2019). However, for most nutrients (K, Ca,
Mg), the dose was within the range extracted during intensive harvesting at a productive site (Olsson and Westling
2006). Total amounts of macronutrients and micronutrients
added in each treatment are shown in Table 1.
The granulated wood ash was applied as uniformly as
possible by hand to each plot in July 1991 two years after
replanting. The vitality fertiliser was applied by hand on
two occasions, in October 1991 and June 1992. The
chipped residues were uniformly applied by hand on top of
the ground vegetation in July 1992, one year after the application of wood ash in the Ash treatment (Table 1). The
amount of residues applied was 1.5 kg d.m. m−2. The
diﬀerent timing of the treatments was due to practical
constraints.

N

P

K

Ca

Mg

S

B

185
0
0
0

15
33
75
75

46
166
45
45

65
581
315
315

16
62
72
72

15
5
120
120

0.3
1.3
1.5
1.5

and foliage was thus not included. In each plot, one birch
tree was randomly selected from each diameter class for
destructive sampling. The sample tree was cut at the soil
surface, and height was recorded. Two branches, one from
the upper half of the crown and the other from the lower
half, were taken for dry weight determination (see below).
All branches were then cut from the stem, and the fresh
weight was recorded. Three stem discs (length 5 cm) were
taken from the stem, at 10%, 50% and 90% of the distance
from the base of the tree, for the determination of dry
weight, and the fresh weight of the remaining stem was
recorded. For a selection of the sample trees, the stump,
including coarse roots, was extracted and fresh weight was
determined. Subsamples from the stump and coarse roots
were taken for the determination of dry weight. Branches,
stem discs and subsamples of the stump and coarse roots
were dried at 85°C for at least 48 h to obtain dry weight.
To calculate the total dry mass of birch per unit area, it was
assumed that all trees recorded in each diameter class had
the same dry weight biomass as the sample tree. Thus, by
multiplying the biomass of the sample tree from each diameter class by the number of trees in that class, the total
biomass of birch in each diameter class in each plot was calculated. The total biomass of birch in 1997 in each plot was
then obtained by adding up the biomass from each diameter
class.
An allometric relationship was used to describe the
biomass of diﬀerent parts of birch trees following the procedure of Claesson et al. (2001). The dry mass (g) of each
biomass (B) fraction was described using Equation (1),
where H (cm) is tree height, DB (cm) is diameter at stem
base, and a and b are the constant and coeﬃcient:
ln(B) = a + bln(D2B H).

(1)

Birch biomass sampling and preparation
Birch (Betula spp.) dominated among tree species that established spontaneously following clear-felling in winter 1988–
1989. Both Betula pubescens Ehrh. and B. pendula Roth.
occurred at the site, but were not separated by species in
this study. The number of birch seedlings varied among
plots at the time of replanting (1989). In September 1997,
the diameters of all stems of birch trees taller than 1.3 m
were recorded by cross-callipering at stem base (0.1 m, DB)
and breast height (1.3 m, D) above the soil surface. In each
plot, the dataset of birch was then divided into diameter
classes (n = 6) based on the average diameter (D). These
classes were <0.4 cm, 0.5−1.4 cm, 1.5–2.4 cm and X + 0.1 to
X + 0.9 cm, where X is the upper limit of the previous class.
Destructive sampling of birch was carried out in April 1998,

Ground vegetation biomass sampling and
preparation
Ground vegetation was sampled in October/November 1995
four years after wood ash application and three years after
the addition of Vitality fertiliser and residue treatments. In
each plot, eight square subsamples (20 cm × 20 cm) were
taken at even spacing along the diagonals of the plot, with
the restriction that no subsample was taken closer than
30 cm to a spruce tree. Thus, all ground vegetation biomass
data are for the plot area (72%), where the area close to
spruce has been excluded. All aboveground ﬁeld- and
bottom-layer vegetation were sampled. The vegetation
materials from the eight small squares were pooled to one
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composite sample per plot. In the laboratory, the samples
were ﬁrst sorted into six types of vegetation, i.e. Calluna vulgaris, Vaccinium myrtillus L., herbs, graminoids, mosses and
lichens. For further analyses, ground vegetation plants were
pooled into three groups: bottom-layer (mosses and
lichens), dwarf shrubs (whole aboveground plant), graminoids. The bottom-layer category was dominated by
mosses, since lichens only occurred with small cover.
Samples of C. vulgaris and V. myrtillus were lumped together
as “dwarf shrubs”, where C. vulgaris was the dominant fraction. “Graminoids” were dominated by D. ﬂexuosa. Since the
biomass of herbs was generally low and herbs were only
detected in seven of the 16 plots, herbs were not considered
further in the study. The samples were weighed to determine
the fresh weight of each fraction on the basis of area, and
subsamples were then dried at 70°C for 48 h to determine
the dry weight of the material.

Root sampling and preparation
Beside the sampling of stumps and coarse roots of birch, ﬁne
roots from all species were sampled by coring in October/
November 1995, i.e. the year of the ground vegetation assessment. In each plot, 16 soil cores (diameter 4.5 or 6 cm), which
included the organic horizon, were sampled at regular intervals along the diagonals of the plots. Each soil core was cut
into four 5-cm sections: 0–5 cm, 5–10 cm, 10–15 cm and
15–20 cm. The samples from each soil horizon were pooled
per plot, and the soil cores were then transported to the laboratory and stored at −20°C until preparation. Roots from
each composite soil horizon sample were sorted according
to four categories: “Norway spruce live roots”, “graminoid
roots”, “dwarf-shrub roots” and “unidentiﬁed roots”. Birch
ﬁne roots were not actively discerned and were assumed to
be contained in the group “unidentiﬁed roots”. Moreover,
the “dwarf-shrub roots” category was expected to contain a
large proportion of birch ﬁne roots, due to the similar appearance. The groups “dwarf-shrub roots” and “unidentiﬁed roots”
were therefore combined to form the group “unidentiﬁed
woody roots”. Root samples were washed free from soil,
sorted, dried at 70 °C for 48 h and weighed.

Chemical analysis
Chemical analyses were performed on milled aboveground
parts of the dwarf shrubs, graminoids and bottom-layer
groups. Subsamples of 400 mg (dry weight) of each group
were digested in an HNO3:HCLO4 solution (10:1), and the
digest was then analysed using inductively coupled plasma
spectroscopy (ICPS) (Elan 5000, Perkin Elmer, Norwalk, CT,
USA). The N contents in the diﬀerent fractions were analysed
with a Carlo-Erba element analyser (Modell, P-E 2400, Perkin
Elmer, CT, USA).

Statistical analysis
The eﬀect of nutrient compensation treatment on birch and
ground vegetation biomass and on nutrient concentrations
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in biomass was analysed using the general linear model in
MINITAB (version 19), with nutrient compensation treatment (4 levels) as the independent variable. The continuous
variable “initial height of spruce” (Wang et al. 2007) was
used as a co-variable in the analysis. To test whether
allometric regression functions diﬀered between treatments, the analysis of co-variance was done, where
treatment was used as a categorical variable and DB 2H
used as co-variate. In the calculations, DB and H were
expressed in cm. The Tukey pairwise comparison test was
used to test whether means diﬀered signiﬁcantly (α =
0.05) (Tukey 1949).

Results
Eﬀects on biomass
For the time of application, duration and dose of elements in
the treatments, see Table 1. Note that the sampled area is a
subset (72%) of the total plot area since the area within
0.3 m from spruce trees was excluded.
An ANCOVA test of Equation (1) revealed no signiﬁcant
diﬀerence between treatments in the allometric relationship
for birch. Therefore, for all treatments we used the following
constants and coeﬃcients in Equation (1) for branch biomass:
a = −2.42, b = 0.922 (R 2 = 93.4%), and stem wood biomass: a
= −1.20, b = 0.864 (R 2 = 97.7%).
The total biomass of birch ranged 100–400 g m−2, where
mean values were the lowest in the Ash treatment and the
highest in the Vitality treatment. However, there was no signiﬁcant eﬀect of treatments on the aboveground biomass,
coarse roots or total biomass of birch (Figure 1(a)). No signiﬁcant treatment eﬀect was revealed for birch tree density and
DB, D and DB 2H (Table 2).
The eﬀects of treatment on graminoid root biomass (p =
0.005) and total biomass (p = 0.010) were statistically signiﬁcant. The biomass of these fractions was the greatest in the
Ash treatment and the smallest in the Control (Figure 1(b)).
Furthermore, graminoid aboveground biomass was the
greatest in the Vitality treatment and the smallest in the
Control (Figure 1(b)). However, aboveground graminoid
biomass was smaller than the root biomass, reﬂecting the
fact that sampling was conducted in autumn when aboveground shoots were partly senescent. There were no signiﬁcant treatment eﬀects on the biomass of dwarf shrubs and
the bottom layer (Figure 1(c)).
The biomass of unidentiﬁed woody roots captured by
coring down to 15 cm soil depth was 73 g.m−2 in the
Control, 67 g.m−2 in the Residues, 61 g.m−2 in the Ash and
111 g.m−2 in the Vitality treatments. The majority of root
biomass was concentrated to the 0–5 cm soil layer (O/Ahorizon). The proportion of roots in the top 0–5 cm as a percentage of the total mass of roots to 15 cm is shown in
Figure 2, where the ﬁne root (<2 mm) biomass of spruce
is given as reference. The root biomass in the 15–20 cm
layer was generally very low or negligible except in one
plot, which had the main proportion of roots in the 15–
20 cm layer. However, only roots to 15 cm depth were considered in the study.
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Figure 1. (a) Aboveground biomass, biomass of coarse roots and stumps and total biomass of birch (Betula spp.); (b) aboveground biomass, biomass of ﬁne roots
and total biomass of graminoids (Deschampsia ﬂexuosa) and (c) aboveground biomass of dwarf shrubs and the bottom layer. Error bars show standard error. Means
marked with diﬀerent letters are signiﬁcantly diﬀerent according to Tukey’s pairwise test.

Discussion

Eﬀects on element concentrations in aboveground
biomass
The concentration of nutrients in biomass varied between the
diﬀerent plant groups and the eﬀect of treatment was statistically signiﬁcant in a few cases: phosphorous (P) in the bottom
layer, and calcium (Ca) and magnesium (Mg) in graminoids
(Table 3).
The concentration of P in the bottom-layer biomass was
signiﬁcantly higher in the Vitality treatment than the Ash
and Control treatments (Table 3). The Vitality treatment also
resulted in signiﬁcantly higher Ca concentrations in graminoids compared to Ash and Control, and higher Mg concentrations than in Ash treatment. Compared to other
treatments, the mean Ca concentration in the bottom-layer
biomass of the Vitality treatment was higher; this diﬀerence
was close to statistically signiﬁcant (p = 0.063). The concentrations of N, sulphur (S), zinc (Zn) and boron (B) in biomass
did not depend on treatment for any plant group or plant
fraction (Table 3).

The most signiﬁcant response by natural vegetation to the
nutrient compensation treatments tested in this study was
a positive eﬀect of the Ash and Vitality treatments on graminoid biomass. Birch biomass and height were unresponsive to
all treatments. At the same forest site, Wang et al. (2007) also
found that spruce height growth had not responded to any of
the treatments.
It has frequently been reported that liming and wood ash
applications lead to increases in pH in acid forest soils, and
associated increases in Ca concentrations, and that growth
and abundance of D. ﬂexuosa were simultaneously enhanced
by these treatments (Hallbäcken and Zhang 1998; Arvidsson
et al. 2002; Bergholm et al. 2015; Kindtler et al. 2019). At
our study site, the Vitality treatment was the only treatment
associated with signiﬁcant increases in pH and concentrations of Ca and Mg in the humus compared with the
Control (Table 4). The C/N ratio of the humus layer did not
depend on treatment (Table 4). However, the actual range

Table 2. Birch (Betula spp.) data from sampling in September 1997 after 5(6) years of treatment duration (see Table 1). Average diameter of birch (sample trees) at
ground level (0.1 m) and at 1.3 m, tree height, birch density and diameter squared times height (co-variable in the ANCOVA) in compensatory nutrient treatments
(Residues, Ash, Vitality). Birch biomass data are for winter conditions with no foliage. Spruce data are from sampling 1995 (Wang et al. 2007). All values shown are
means (n = 4), with standard deviations given in brackets. n.s. = not signiﬁcant (p > 0.05).

Control
Residues
Ash
Vitality

DB (0.1 m) (mm)

D (1.3 m) (mm)

Birch data
H (cm)

N (stems ha−1)

DB 2H

Spruce data
Height (cm)

26.1 (3.4)
29.4 (2.7)
25.4 (4.9)
29.1 (3.6)
p = n.s.

10.2 (1.8)
12.8 (1.9)
11.0 (3.7)
12.4 (2.1)
p = n.s.

220 (24)
230 (19)
241 (64)
226 (18)
p = n.s.

4530 (1700)
3950 (1300)
4250 (2100)
7120 (3100)
p = n.s.

3680 (5500)
4440 (6100)
5290 (13000)
4610 (6900)
p = n.s.

162 (19)
155 (22)
155 (24)
152 (28)
p = n.s.
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Figure 2. Fine root biomass in the top 0–5 cm soil layer as a percentage of total
ﬁne root biomass.

of humus C/N has been associated with several positive (but
also negative) average responses, relative to control plots, in
terms of stem volume increment after wood ash addition to
conifer stands in Sweden (Jacobson et al. 2014). Thus, the
positive eﬀect of the Vitality treatment on the biomass of
D. ﬂexuosa (Figure 1(b)) is in line with previous studies in
the present stand (Table 4) and other studies of eﬀects of
soluble wood ash and lime amendments.

Eﬀects on nutrient concentrations
The observed increases in the concentrations of Ca and Mg in
graminoids and P in mosses in the Vitality treatment (Table 4)
reﬂect the relatively high solubility and high concentrations
of these elements in the N-free fertiliser used (“SkogVital”).
Similar ﬁndings have been made in previous studies of
needle and ﬁne root chemistry at the same study site
(Table 4). In the present case, it should be noted that late
autumn sampling of graminoids (early November) meant
that leaf senescence and resorption of nutrients (and leaching
in the case of K) had been initiated. Leaf senescence is associated with the loss of mass and thereby an increase in leaf
nutrient concentrations (e.g. Ca), whereas resorption leads
to a decrease in nutrient concentrations, especially for N
and P. The nutrient concentrations given in Table 4 should
therefore be considered in light of those facts.

Eﬀects on graminoids
Graminoid biomass was dominated by D. ﬂexuosa, which is
often the dominant ground vegetation species on acid,
well-drained forest soils following clear-cutting in southern
Sweden (e.g. Hedwall et al. 2013; Bergholm et al. 2015). The
late autumn sampling of D. ﬂexuosa probably meant that
aboveground biomass and, to some extent, root biomass
were lower than in summer conditions (cf. Aerts et al.
1992). The biomass of D. ﬂexuosa in the Ash and Vitality treatments (Figure 1) was comparable to that in situations where it
is considered a major competitor to conifers (cf. Nilsson and
Örlander 1999). Unpublished data on shoot:root ratio from
a ﬁeld study of D. ﬂexuosa suggest a value of 1.3 in late
summer (August) when only leaves are accounted for, compared with a value of 3 when the biomass of fertile shoots
(straw) is included (Bergholm et al. 2015; Bengt Olsson,
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pers. commun. April 2021). However, taking the biomass of
D. ﬂexuosa in the control plots as a reference, the relatively
low ﬁgure indicated that shading from spruce had become
important (cf. Strengbom et al. 2004). At the time of sampling
of vegetation, spruce height was on average of 1.6 m (Table
2). In addition, spruce planting distance in the trial (1 m)
was denser than commonly used in practical forestry.
The positive treatment eﬀect on the biomass of D. ﬂexuosa
in the Ash treatment was unexpected, since the granulated
wood ash did not have any observable eﬀects on humus
pH or Ca concentrations in humus (Table 4). Other studies
have shown that less soluble wood ash types, e.g. granulated
wood ash, indeed have short-term eﬀects on relevant soil
chemistry, e.g. ammonium-N (NH4-N) concentrations in the
topsoil (Nieminen et al. 2012). In a short-term pot experiment
studying the eﬀects of wood ash on growth and cadmium
uptake in D. ﬂexuosa in plant–soil microcosms, Kindtler
et al. (2019) found that wood ash markedly stimulated the
growth of D. ﬂexuosa. In that study, shoot biomass of grass
in the wood ash treatment was almost twice that in a lime
treatment to which the wood ash had been adjusted to
give the same acid-neutralising capacity, and thus the same
soil pH. Those authors concluded that the greater eﬀect of
the wood ash was due to its capacity to enrich the soil with
growth-limiting nutrients, although eﬀects on N mineralisation and nitriﬁcation were not measured (Kindtler et al.
2019). In addition to direct eﬀects of nutrients in compensatory treatments on growth, it should be noted that N mineralisation could be enhanced by both addition of limiting
nutrients and increases in pH (Persson and Wirén 1995;
Staaf et al. 1996). Increases in pH also favour the formation
of nitrate (NO3-N), but Wang et al. (2010) found that the concentrations of NO3-N in diﬀerent soil layers did not diﬀer
between treatments at our study site. Soil water was also
sampled in the study by Wang et al. (2010), but not in the
ﬁrst season, so initial eﬀects of the treatments on the N
cycle, including NO3-N, would have been missed. It is likely
that D. ﬂexuosa has a competitive advantage over species
in the other plant groups included in this study as regards
the utilisation of any initially formed nitrate (Troelstra et al.
1995). However, the ability to assimilate nitrate is also
present in birch, heather and spruce (Friemann et al. 1992;
Troelstra et al. 1995; Heiskanen 2005). Another mechanism
to consider as regards possible reasons for the positive
eﬀects of the Ash and Vitality treatments on D. ﬂexuosa is
that seedling establishment in acid humus (<pH 4) is
enhanced even by a small increase in soil pH (Balsberg-Påhlsson 1995). Wood ash did not aﬀect humus pH at the study site
(Table 4), but the ash might have created favourable conditions in terms of pH on top of the humus. To summarise,
the eﬀect of Vitality and Ash on graminoid biomass can be
an eﬀect that occurs by higher N mineralisation and/or
improved site conditions for seedling establishment.

Eﬀects on the bottom layer
The lack of treatment response by bottom-layer species in
this study conﬁrmed earlier ﬁndings that less soluble types
of ash have no negative eﬀect on mosses (cf. Arvidsson
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Table 3. Autumnal nutrient concentrations in aboveground parts of graminoids, bottom-layer biomass and dwarf shrubs in the compensatory nutrient treatments (Residues, Ash, Vitality). All values shown are means (n = 4), with
standard deviations given in brackets. Signiﬁcant diﬀerences (p < 0.05) between treatments according to Tukey’s test are indicated by diﬀerent letters (a, b). n.s. = not signiﬁcant.
N
Graminoids
Control
Residues
Ash
Vitality
Bottom layer
Control
Residues
Ash
Vitality
Dwarf shrubs
Control
Residues
Ash
Vitality

P

15
14
12
13
p = n.s.

(2.1)
(2.9)
(1.2)
(0.5)

1.2
1.2
0.97
1.3
p = n.s.

17
18
16
15
p = n.s.

(1.6)
(3.1)
(0.2)
(1.4)

1.1
1.3
1.0
1.5
p = 0.002

11
13
10
10
p = n.s.

(2.5)
(1.2)
(1.1)
(1.2)

0.80
1.0
0.76
0.80
p = n.s.

K
(mg g−1)

Ca

Mg

(0.39)
(0.14)
(0.05)
(0.04)

10
10
8.5
7.9
p = n.s.

(4.1)
(1.5)
(2.2)
(2.2)

0.88
1.3
1.1
1.9
p = 0.005

(0.08)a
(0.05)ab
(0.07)a
(0.53)b

(0.17)a
(0.25)ab
(0.05)a
(0.19)b

5.8
5.6
5.2
6.7
p = n.s.

(0.45)
(0.89)
(1.1)
(0.14)

2.2
2.6
2.3
3.4
p = 0.063

(0.19)
(0.35)
(0.19)
(0.98)

(0.23)
(0.17)
(0.12)
(0.13)

3.7
4.3
3.8
3.9
p = n.s.

(0.74)
(0.33)
(0.35)
(0.60)

3.8
4.1
3.4
2.7
p = n.s.

(1.8)
(1.3)
(0.95)
(0.70)

0.68
0.73
0.58
0.82
p = 0.017

S

Zn
(µg/g−1)

B

(0.12)ab
(0.07)ab
(0.06)a
(0.07)b

1.1
1.0
0.90
0.98
p = n.s.

(0.16)
(0.14)
(0.02)
(0.06)

49
43
47
44
p = n.s.

(8.5)
(2.6)
(11)
(4.0)

3.8
3.0
3.5
3.0
p = n.s.

1.1
1.1
1.0
1.4
p = n.s.

(0.09)
(0.20)
(0.20)
(0.21)

1.4
1.3
1.3
1.3
p = n.s.

(0.16)
(0.20)
(0.03)
(0.09)

58
53
53
50
p = n.s.

(4.1)
(12)
(6.4)
(5.6)

4.2
4.4
3.4
3.4
p = n.s.

1.0
1.2
1.0
1.1
p = n.s.

(0.10)
(0.13)
(0.14)
(0.24)

0.91
1.0
0.95
0.96
p = n.s.

(0.18)
(0.10)
(0.04)
(0.22)

22
28
26
16
p = n.s.

(8.0)
(8.6)
(7.1)
(0.1)

12
13
13
12
p = n.s.
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Table 4. Data on element concentrations in current-year needles and ﬁne roots (top 0–5 cm) of Norway spruce compiled from Wang et al. (2007) and organic soil
chemical data from Wang et al. (2010).
Norway spruce tree data from Wang et al. (2007)

Needles C0
Control
Residues
Ash
Vitality
Fine roots (<1 mm) in top 0–5 cm
Control
Residues
Ash
Vitality

N
mg g−1

P

K

Ca

Mg

Al

9.45
10.45
8.70
9.18

1.00b
1.22
0.98b
1.61a

3.30
4.45
4.23
4.70

2.69a
3.08
3.85
4.12b

0.74
0.87
0.83
0.88

12.02
12.4
11.28
10.98

0.95
1.00
0.86
1.00

0.26
0.28
0.48
0.39

3.18b
3.47b
3.96b
5.96a

0.61b
0.67
0.80
0.92a

NH4-N

NO3-N

C/N
cmolc kg−1 d.m.

K

Ca

Mg

Al

6.5b
36.2a
8.2b
10.8b

0.19
0.54
0.37
0.85

28.0
28.2
29.2
34.9

2.68ab
2.51ab
3.99a
2.37b

10.0ab
10.06ab
7.25b
21.35a

4.47
3.88
4.04
6.98

0.33
0.54
0.57
0.35

4.89
4.88
4.79
5.19

17.8
10.1
3.7
13.9

0.00
0.23
0.00
0.14

28.8
27.5
27.8
27.9

0.74
0.70
0.77
0.74

10.12b
10.44b
8.52b
27.83a

3.98b
4.08b
3.11b
6.76a

2.71b
2.41b
3.16b
0.68a

3.76b
3.94b
4.02ab
4.59a

0.51b
0.38
0.31
0.27a

Soil data from Wang et al. (2010)

Litter layer
Control
Residues
Ash
Vitality
Humus layer
Control
Residues
Ash
Vitality

et al. 2002). The more soluble Vitality fertiliser had no eﬀect
on the biomass of the bottom layer but was apparently a
source of P, as indicated by the higher concentrations of P
in the bottom-layer biomass (Table 3). The observed N concentration of 17.4 g kg−1 in the biomass of bottom layer in
Control plots in the present study (Table 3) conﬁrmed that
the Skogaby site receives N loads above the European
average (cf. Schröder et al. 2010). It has been demonstrated
that P fertilisation increases P concentrations in mosses in
N-enriched environments (Arróniz-Crespo et al. 2008). In our
case, the bottom layer was the only plant group that
responded to nutrient compensation (Vitality treatment) in
terms of increases in P concentrations in biomass (Table 3).
The Ash treatment did not aﬀect the P concentration in the
bottom layer, probably because the P content of the wood
ash used was considerably lower than that of the Vitality fertiliser (Table 2) and the wood ash dose was not large enough
to act as a direct source of P. It should also be noted that hardened wood ash has a low rate of dissolution (Eriksson 1998;
Steenari et al. 1998, 1999).

Eﬀects on dwarf shrubs
The dwarf shrub (Calluna vulgaris (L.)) dominated markedly
over V. myrtillus in the present study, and the results on
dwarf shrubs therefore essentially represent eﬀects on
C. vulgaris. This species occurs naturally on base-depleted
soils, but it is often absent from environments where Ca availability is high (Gimingham 1960; Leake and Read 1989). In a
study examining the eﬀects of crushed self-hardened wood
ash on vegetation cover, Arvidsson et al. (2002) found that
the two wood ash treatments used, which diﬀered in origin
and chemical composition, had diﬀerent suppressive eﬀects
on the cover of heather. Those authors attributed this to

pH(H2O)

the diﬀerent salt content of the ashes. In the present study,
the aboveground biomass of dwarf shrubs was particularly
low in the Vitality treatment (non-signiﬁcantly), possibly indicating a non-optimal increase in soil pH and Ca availability (cf.
Leake and Read 1989) (Figure 1(c)).

Eﬀects on birch
Birch (Betula spp.) is early successional species adapted to a
wide range of site conditions and may rapidly colonise
forest sites subjected to catastrophic disturbance by windthrow or forest ﬁre. The rapid growth of birch in early successional stages requires it to be competitive for soil nutrient
resources. Birch has been found to respond to wood ash
amendments on peat soils (Huotari et al. 2015), but there
are few studies on mineral soils. However, the nutrient compensation treatments tested in the present study did not
aﬀect birch height, birch biomass or distribution of birch
biomass in this time frame. Thus, our hypothesis was not supported in the case of birch. The observed diﬀerence between
birch and D. ﬂexuosa in terms of response in growth was
probably not due to diﬀerences in root distribution, since
ﬁne roots were generally concentrated to the topsoil (0–
5 cm layer) (Figure 2) and treatment eﬀects regarding nutrient release or indirect eﬀects on N mineralisation could be
expected to be strongest in the top part of the humus
layer. The category “unidentiﬁed woody roots” most likely
contained the main part of birch ﬁne roots, suggesting that
also birch ﬁne roots and nutrient uptake were concentrated
to the surface (cf. Brandtberg et al. 2000; Curt and Prévosto
2003; Brandtberg et al. 2004; Kalliokoski 2011).
The Residues treatment did not lead to any signiﬁcant
eﬀect on the biomass of birch or of any other plant group
in this time frame. The NH4-N concentration in the litter
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layer was signiﬁcantly higher in the Residues treatment than
in the other treatments three years after application (Table 4),
indicating that this layer had reached a stage of net N release.
The lack of response for all plant groups in this study (Figure
1) indicates that nutrient release from the Residues in the
shorter term was quantitatively unimportant for the growth
of the plants included in this study. However, long-term
eﬀects are plausible.
It should be noted that D. ﬂexuosa is often established at
forest sites before clear-felling, since it can survive even in
dense forests. Birch, on the other hand, mostly establishes
through seeds shed by trees in the vicinity (Granström
1986). Therefore, the existing D. ﬂexuosa plants may have a
competitive advantage over birch as regards soil resources
provided by nutrient compensation treatments in the initial
phase after clear-felling.

Conclusions
Over the study period of 3–6 years, both granular hardened
wood ash and commercial N-free vitality fertiliser enhanced
the growth of graminoids (D. ﬂexuosa), but not that of birch
(Betula spp.), in a newly established spruce stand on podzolic
mineral soil in an area of Sweden aﬀected by atmospheric N
deposition. Green forest residues had no signiﬁcant eﬀect on
the growth of birch or graminoids in the short term. None of
the three amendments tested had any signiﬁcant eﬀects on
the growth of dwarf shrubs (e.g. heather (C. vulgaris)),
which are native plants best adapted to acidic soil conditions.
Thus, competition from naturally regenerating D. ﬂexuosa can
increase in the short term when using nutrient amendments
such as vitality fertiliser or the less soluble granulated
wood ash.
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