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Abstract 
Enhanced forest growth may respond to demand of woody resources and contribute to the climate change 
mitigation. Forest soil treatment with fertilizers, as well as drainage and thinning enhance forest growth. The 
analysis of needles is an established method in forest science to identify the nutrient status in the forest stand and 
need for forest soil enrichment with fertilizers. The aim of this research is to estimate the efficiency of forest soil 
enrichment with wood ash and ammonium nitrate in order to eliminate nutrient deficiency in forest stands. Forest 
soil was enriched with wood ash fertilizer or ammonium nitrate in 2016–2017. The current year needles were 
collected from fertilized and control plots, from three trees in each plot. The samples were collected in the period 
2018–2019. Total nitrogen (g kg-1), calcium (g kg-1), magnesium (g kg-1), and potassium (g kg-1) were analyzed 
in the collected samples. The chemical properties of collected needles were compared at the individual object 
level to estimate the impact of fertilizer on forest stand. A statistically significant increase in the concentrations of 
potassium and phosphorus was detected in some plots treated with wood ash and ammonium nitrate. In addition, 
a correlation analysis conducted between the variables of chemical properties of needles and soil showed few 
significant correlations between nutrient content in needles and in soil samples.
Key words: wood ash, ammonium nitrate, nutrients, improvement of forest growth.

Introduction
Forest type and growth conditions characterize 

forest fertility. Forest stands on organic soils are often 
limited in nutrients; therefore, soil improvement with 
wood ash may compensate deficiency of particular 
elements (Jacobson, 2003). Still, the overall guidelines 
may not always be suitable for a particular region due 
to different geochemical and hydrological factors 
(Libiete et al., 2017), and even to a specific forest 
stand because of a particular nutrient availability in 
a stand.

In Latvia, several studies of improvement of forest 
growth conditions and impact of forest management 
practices are carried out. The studies show a positive 
tree growth response in stands fertilized with wood 
ash (Okmanis, Kalvis, & Lazdina, 2018) and a long-
term effect of initial fertilization of Norway spruce 
seedlings on stemwood volume (Jansons et al., 2015). 
Furthermore, studies focus also on environmental 
impacts of treatments, e.g., nutrient concentration 
in soil water, groundwater and surface water – after 
harvesting of coniferous stands (Libiete et al., 2017) and 
after fertilization and planting of a plantation (Bardule 
et al., 2018). In the context of possible fertilization 
induced nutrient leaching and impact on chemistry of 
water, it is essential to estimate the nutrient status of 
forest stands. Chemical analyses of needles or leaves 
alongside with analyses of soil chemistry and visual 
estimation of canopy vitality are commonly used 
methods for the diagnosis of the nutrition status of a 
forest stand (Mandre, 2006). Current year needles are 
considered to be the main indicator of nutrition status, 
but chemical properties of previous year needles may 
also be useful for evaluation (Rautio et al., 2017). 

Nutrient availability in the soil of particular stand also 
has an impact on chemical properties of needles as an 
indicator of nutrient status (Saarsalmi & Mälkönen, 
2001). Analysis of soil is also advisable for estimation 
of nutrient availability in a forest stand. Furthermore, 
it is suggested that nutrient content in soil is site-
specific rather than dependent on a treatment, e.g., 
harvesting (Lībiete et al., 2019).

The forest soil fertilization can compensate the 
nutrient deficiency in forest stand, thus improving 
growth conditions of trees. Wood ash application 
generally increases pH and Ca and Mg concentration 
in forest floor (Ozolincius et al., 2006), but higher 
experimental doses reduce moss layer (Ozolincius, 
Buozyte, & Varnagiryte-Kabasinskiene, 2007).

The chemical parameters of ash, especially the 
content of trace metals, as an impact of the combustion 
process on properties of wood have been a topic of 
interest in studies (Pitman, 2006).  Moreover, the 
mobility and bioavailability (Vincevica-Gaile et al., 
2019) of nutrients released with wood ash fertilization 
are relevant topics of studies. 

In the scope of bio-economy and efforts to minimize 
the waste disposal in landfills, the usage of wood ash 
as a forest soil fertilizer to compensate the nutrient 
deficiency could be a rational decision. According to 
The Regulation of the Cabinet of Ministers, No. 506 
(Cabinet of Ministers of Latvia, 2015) wood ash 
can be classified as ‘other liming materials’ if the 
minimal neutralizing capacity as CaCO3 equivalent 
is at least 20% of dry mass. State Plant Protection 
Service can cancel the status of waste if the wood ash 
material produced by a particular plant can fulfill the 
requirements stated by The Regulations No. 506.
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The aim of the research was to evaluate the impact 
of forest soil improvement with fertilizers on tree 
nutrient status by estimating the changes of element 
concentrations in needles.

Materials and Methods
Study sites and treatment

In total, 18 experimental sites were established 
in coniferous forest stands managed by Joint Stock 
Company ‘Latvia’s State Forests’ and the Research 
forest station (Table 1). The experimental sites are 

divided in two groups with different treatment, namely, 
forest stands treated with wood ash and forest stands 
first treated with wood ash and next with ammonium 
nitrate. Each of the research objects has at least 
one control plot and one fertilized plot to evaluate 
the impact of forest soil treatment at the individual 
research object level. The study was conducted in 36 
to 94 years old Scots pine (Pinus sylvestris L.) and 
Norway spruce (Picea abies (L.) H.Karst.) stands, 
including different forest site types. 

Table 1
Description and treatment of experimental sites

Forest site type Dominant tree 
species

Age 
of 

stand

Dose: t WA or 
N ha1

Fertilizer 
spreading Date of treatment

wood ash treatment
Hylocomiosa/ dry mineral soil Norway spruce 54 2 t WA manually 11.2014
Hylocomiosa/ dry mineral soil Norway spruce 54 2 t WA manually 11.2014
Hylocomiosa/ dry mineral soil Norway spruce 50 2 t WA mechanically 05.2017
Myrtillosa mel./ drained mineral Norway spruce 53 3 t WA mechanically 10.2016

Myrtillosa mel./ drained mineral soil Norway spruce 44 3 t WA mechanically 05.2017

Myrtillosa mel./ drained mineral soil Norway spruce 45 6 t WA manually 12.2016

Myrtillosa turf. mel./ drained organic soil Norway spruce 48 *4 and 8 t WA manually 12.2016

Myrtillosa turf. mel./ drained organic soil Scots pine 94 3 t WA mechanically 02.2018

Oxalidosa turf. mel./ drained organic soil Norway spruce 54 2 t WA manually 11.2014

Oxalidosa turf. mel./ drained organic soil Norway spruce 49 2 t WA manually 11.2014

wood ash and ammonium nitrate treatment
Vacciniosa mel./ drained mineral soil Scots pine 66 3 t WA + 

0.44 t N
mechanically 02.2017/07.2017

Vacciniosa mel./ drained mineral soil Scots pine 65 3 t WA + 
0.44 t N

mechanically 02.2017/07.2017

Vacciniosa turf. mel./ drained organic soil Scots pine 59 3 t WA +
 0.44 t N

mechanically 02.2017/07.2017

Myrtillosa mel./ drained mineral soil Norway spruce 38 3 t WA + 
0.44 t N

mechanically 02.2017/07.2017

Myrtillosa mel./ drained mineral soil Norway spruce 36 3 t WA + 
0.44 t N

mechanically 02.2017/07.2017

Myrtillosa turf. mel./ drained organic soil Norway spruce 58 3 t WA +
 0.44 t N

mechanically 02.2017/07.2017

Vacciniosa turf. mel./ drained organic soil Scots pine 60 3 t WA + 
0.44 t N

manually 02.2017/07.2017

Oxalidosa turf. mel./ drained organic soil Norway spruce 54 3 t WA + 
0.44 t N

mechanically 10.2016/07.2017

WA – wood ash
N – NH4NO3
* 4 t ha-1 and 8 t ha-1 spread in two treatment plots
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Collection and analysis of samples
The samples of needles were collected after forest 

soil fertilization, in 2018–2019. Current year needles 
were collected from three trees at each plot, from the 
upper part of the canopies, or from five trees if the 
experimental site had only one control plot and one 
treated plot. In addition, soil samples were collected 
for the reference level before the fertilization of trial 
plots. Samples were taken from mineral soil level at the 
depths: 0–10 cm, 10–20 cm, 20–40 cm and 40–80 cm.

The needles were dried in an oven at the temperature 
of 70 ℃ and ground to a fine, homogeneous powder. 
The soil samples were air-dried, homogenized and 
sieved with 2 mm sieve according to standard ISO 
11465:1993. To determine the nutrients Ca (g kg-1), 
Mg (g kg-1), K (g kg-1) and P (g kg-1), both samples 
were microwave digested (Mars 6 iWave, CEM) 
with 65% HNO3. Needles’ extracts were analyzed 
with Inductively Coupled Plasma Spectrophotometer 
(ICP-OES, iCAP 7200 Duo, Thermo Fisher Scientific) 
and soils extracts – with Flame Atomic Absorption 
Spectroscopy (FAAS, AAnalyst 200, Perkin Elmer).
Statistical analysis

We used Wilcoxon rank sum test with continuity 
correction (non-parametric test) to estimate differences 
between the control and the treated plots at the individual 
forest stand level. To characterize the impact of nutrient 
status in the soil on the chemical properties of needles, a 
Spearman correlation analysis was conducted between 
the same nutrients in needles and soil samples. The tests 
were conducted at a 95% confidence level, in program 
R (R Core…, 2018). In addition, the results were 
compared with the deficiency and optimum values of 
elements in needles of Norway spruce determined by 
Nollendorfs (2008) and used in Latvia (Table 2).

The concentration of nutrients in needles collected 
from Scots pine stands was compared with the optimal 
values (% of dry mass) determined by Kaposts and 
Sacenieks (1981): Ca 0.25–0.30%; Mg 0.09–0.10%; 
K 0.50–0.60%; P 0.14–0.15%.

Results and Discussion
Differences in nutrient concentration between 
fertilized and control plots

The mean values of nutrient concentration in 
needles collected from control and fertilized plots are 

summarized in Table 4 and Table 5. Table 4 presents 
differences in chemistry of needles at the individual 
object level fertilized with wood ash.

At the individual research object level, there were 
elevated concentrations of calcium and magnesium 
in wood ash treated plots if compared with control 
plots. This tendency was observed also for potassium 
and phosphorus but to a lesser extent. In this trial  
group no statistically significant differences were 
detected; however, the tendency of elevated nutrient 
status in current year needles collected from wood ash 
treated plots was observed in a part of experimental 
objects.

If compared with the values given by Nollendorfs 
(2008), the calcium level in Norway spruce stands 
is optimal or even high without any deficiencies 
observed. However, the analysis of current year 
needles indicated low concentrations of magnesium 
and even deficiency of this element in particular stands. 
Similarly, in a part of Norway spruce stands potassium 
and phosphorus levels in the needles were optimal, 
but in several stands deficiency of these elements was 
detected. Still, needle nutrient level below optimal 
does not necessarily indicate that the tree growth is 
limited by this element (Jacobson, 2003).

The nutrient status in current year needles 
was above the optimum in the 54-years-old Scots 
pine stand, except for potassium. However, the 
concentration of potassium was optimal in wood ash 
fertilized plot, compared with the control plot, ‘where 
there’ was a deficiency of the element observed.

Interestingly, in the 45 and 48-years-old Norway 
spruce experimental objects treated with wood ash 
dose 6 t ha-1, and 4 t ha-1 in one trial plot and 8 t ha-1 in 
another trial plot – in the second stand, respectively, 
a tendency of elevated concentrations of calcium, 
magnesium and phosphorus were observed, although 
no statistically significant differences were detected. 
This suggests that the nutrient uptake is limited by 
the capacity of trees. However, doses of 6 t ha-1 may 
be recommended for plantations, where the wood ash 
enhances the growth of hybrid aspen (Bardule et al., 
2013).

The Table 5 represents differences in chemistry of 
needles at the individual object level, fertilized first 
with wood ash and next with ammonium nitrate.
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Table 2
The content of nutrients in needles of Norway spruce, % of dry mass

Nutrient Deficiency Low Optimal High Plentiful

Ca <0.20 0.20-0.30 0.30-0.50 0.50-0.80 >0.80
Mg <0.10 0.10-0.15 0.15-0.30 0.30-0.40 >0.40
K <0.40 0.40-0.60 0.60-1.20 1.20-1.60 >1.60
P <0.15 0.15-0.20 0.20-0.40 0.40-0.50 >0.50
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In this experimental group, the most pronounced 
impact of wood ash on the chemistry of current year 
needles was revealed in elevated concentrations of 
potassium and phosphorus, if control and fertilized 
plots were compared. The elevated concentrations 
of calcium and magnesium were detected in 
comparatively smaller number of experimental 
objects. However, there was a statistically significant 
increase in the content of potassium and phosphorus 
in some of the Norway spruce and Scots pine stands, 
while in literature significant increase of potassium 
has been observed in coniferous stands on mineral soil 
(Jacobson, 2003).

According to the nutrient values given by 
Nollendorfs (2008), the calcium level is high in 
most Norway spruce stands, and magnesium level 
is determined as optimal in these objects. The 
chemical composition of current year needles showed 
diminished concentrations or even deficiency of 
potassium. It could be explained with antagonism 
between calcium and potassium (Mandre, 2006). 
Deficient status of phosphorus was detected in 
54-years old Norway spruce stand on drained organic 

soil, but in the most part of Norway spruce stands the 
potassium content was optimal. 

The detected nutrient levels in the needles are 
optimal or even above the optimum level in the 
trial objects of Scots pine. In comparison with the 
trial objects of Norway spruce, the concentration of 
calcium in needles of Scots pine was relatively lower, 
similarly to the 94-year-old Scots pine experimental 
objects treated with wood ash (Table 4).

It must be noted that part of the nutrients that were 
detected in needles, may have been accumulated on 
needle surface. The needles collected in this research 
were not washed with distilled water before drying. 
However, according to the ICP Forest Guidelines 
on Sampling and Analysis of Needles and Leaves 
(Rautio et al., 2017), only samples collected from 
polluted areas or from regions near the sea should be 
washed. Moreover, the design of this research focuses 
on estimation of the impact of wood ash treatment by 
comparing differences of control and treated plots at the 
individual research object. So the chemical properties 
were compared for the samples collected from relatively 
similar conditions, except for the fertilization.
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Table 4
Nutrient concentrations in needles from control and wood ash treated plots  

(mean values ± standard error of the mean) 

Forest type Tree 
species

Stand 
age Plot Ca Mg K P

Hylocomiosa/ dry mineral soil
NS 54 C 4.3±1.9o 1.0±0.5↓ 4±2↓ 1.5±0.7↓

WA 5±2o 1.3±0.6↓ 5.2±2.3↓ 1.8±0.8↓

Hylocomiosa/ dry mineral soil
NS 54 C 6.0±0.6↑ 1.33±0.9↓ 5.2±0.7↓ 1.2±0.2↓

WA 4.9±0.8o 1.36±0.9↓ 5.4±0.7↓ 1.58±0.09↓

Hylocomiosa/ dry mineral soil
NS 50 C 5.1±0.3↑ 1.41±0.05↓ 6.3±0.4o 1.37±0.06↓

WA 5.9±0.5↑ 1.52±0.08o 6.0±0.5o 1.42±0.07↓
Myrtillosa mel./ drained mineral NS 53 WA 3.5±0.2o 0.99±0.03↓ 4.3±0.2↓ 1.05±0.04↓
Myrtillosa mel./ drained mineral 
soil

NS 44 C 6.8±0.4↑ 1.7±0.2o 6.7±0.7o 1.4±0.1↓
WA 7.2±0.4↑ 1.65±0.08o 6.7±0.3o 1.20±0.08↓

Myrtillosa mel./ drained mineral 
soil

NS 45 C 4.2±0.5o 1.24±0.05↓ 7.2±0.4o 2.2±0.1o
WA 4.1±0.2o 1.28±0.03↓ 7.7±0.8o 2.1±0.1o

Myrtillosa turf. mel./ drained or-
ganic soil

NS 48 C 4.3±0.2o 1.19±0.05↓ 6.4±0.4o 1.6±0.1↓
WA 5.4±0.6↑ 1.2±0.1↓ 6.6±0.3o 1.61±0.09↓

Myrtillosa turf. mel./ drained or-
ganic soil

SP 94 C 3.9±0.7↑ 1.25±0.05↑ 4.8±0.1↓ 1.8±0.1↑
WA 3.9±0.3↑ 1.26±0.04↑ 5.1±0.2o 1.82±0.04↑

Oxalidosa turf. mel./ drained or-
ganic soil

NS 54 C 7.9±0.6↑ 1.39±0.06↓ 2.3±0.3↓ 1.33±0.09↓
WA 8.6±0.7↑ 1.38±0.05↓ 2.1±0.2↓ 1.14±0.03↓

Oxalidosa turf. mel./ drained or-
ganic soil

NS 49 C 6.1±0.7↑ 1.24±0.02↓ 2.4±0.2↓ 1.49±0.08↓
WA 6.9±0.5↑ 1.1±0.1↓ 2.3±0.2↓ 1.2±0.2↓

NS – Norway spruce
SP – Scots pine
C – control plot
WA – wood ash treated plot

o – optimal concentration of element
↑ – concentration of element exceeds the optimum level
↓ – concentration of element is below the optimum level
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Correlation between chemical parameters of needles 
and soil

Only statistically significant correlations are 
summarized in Table 6. Correlations between nutrient 
concentrations in needles and soil among fertilized 

plots were found for P, in particular for those plots on 
drained mineral soil. These relationships also for Ca at 
Norway spruce stand and for Mg at Scots pine stand 
characterizes nutrient availability in these trial objects 
and accessibility for trees.

Table 5
Nutrient concentrations in needles from control and combined wood ash and  

ammonium nitrate fertilized treated plots

Forest type Tree 
species

Stand 
age Plot Ca Mg K P

Vacciniosa mel./ drained 
mineral soil

SP 66 C 3.7±0.4↑ 1.13±0.08↑ *5.8±0.1o 1.7±0.2↑
WAN 3.0±0.3o 1.07±0.06↑ *6.6±0.2↑ 2.28±0.09↑

Vacciniosa mel./ drained 
mineral soil

SP 65 C 3.4±0.1↑ 1.33±0.05↑ 5.5±0.2o 2.13±0.06↑
WAN 3.0±0.2o 1.18±0.07↑ 6.1±0.2↑ 2.30±0.08↑

Vacciniosa turf. mel./ 
drained organic soil

SP 59 C 2.6±0.2o 1.47±0.08↑ 5.7±0.2o *2.09±0.03↑
WAN 2.8±0.6o 1.37±0.04↑ 5.9±0.3o *2.28±0.07↑

Myrtillosa mel./ drained 
mineral soil 

NS 38 C 7.3±0.5↑ 1.72±0.08o 3.4±0.3↓ 2.2±0.2o
WAN 6.1±0.7↑ 1.6±0.1o 4.6±0.5↓ 2.2±0.1o

Myrtillosa mel./ drained 
mineral soil 

NS 36 C 6.6±0.9↑ 1.59±0.03o *4.5±0.6↓ *1.95±0.07
WAN 7.0±0.7↑ 1.52±0.07o *5.7±0.7↓ *2.3±0.1

Myrtillosa turf. mel./ 
drained organic soil

NS 58 C 7.5±0.4↑ 1.76±0.05o 2.5±0.2↓ 2.3±0.1o
WAN 7.6±0.6↑ 1.65±0.07o 3.2±0.3↓ 2.00±0.07o

Vacciniosa turf. mel./ 
drained organic soil

SP 60 C 3.6±0.3↑ 1.31±0.07↑ 5.5±0.1o NV
WAN 3.3±0.4↑ 1.4±0.1↑ 6.8 ±0.9↑ 2.2±0.3↑

Oxalidosa turf. mel./ 
drained organic soil

NS 54 C 4.4±0.7o 0.95±0.07↓ 1.60±0.07↓ 1.30±0.05↓
WAN 4.7±0.3o 1.05±0.07↓ 1.9±0.2↓ 1.22±0.07↓

NS – Norway spruce
SP – Scots pine
C – control plot
WAN – wood ash and ammonium nitrate treated plot
o – optimal concentration of element

* – statistically significant differences between control plot 
and treated plot (p<0.05)
↑ – concentration of element exceeds the optimum level
↓ – concentration of element is below the optimum level
NV – no value

Table 6
Significant Spearman rank correlation (p<0.05) between nutrient concentration in needles and soil

Soil Forest type Dominant tree 
species

Stand 
age Plot Ca Mg K P

Wood ash treated objects
Dry mineral soil Hylocomiosa Norway spruce 50 C -0.84

Drained mineral soil
Myrtillosa mel. Norway spruce 53 WA 0.52
Myrtillosa mel. Norway spruce 44 C -0.88 0.88

Wood ash and ammonium nitrate treated objects

Drained mineral soil

Vacciniosa mel. Scots pine 65 WAN 0.64
Vacciniosa mel. Scots pine 59 WAN 0.88
Myrtillosa mel. Norway spruce 38 WAN 0.69
Myrtillosa mel. Norway spruce 36 C 0.88 -0.88 0.88

Drained organic soil Vacciniosa turf. mel. Scots pine 60 WAN -0.74
C – control plot
WA – wood ash fertilized plot
WA+N – wood ash and ammonium nitrate fertilized plot
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For the most part, the calculated correlations 
between needle and soil properties of the trial plots 
are positive, although a few negative relationships are 
found mostly for the control plots. Considering these 
results, it is planned to analyze nutrient concentrations 
in soil and litter samples collected after forest soil 
treatment from both – control and fertilized plots.

Conclusions
1.	 There were statistically significant differences only 

in the concentrations of potassium and phosphorus 
in the samples of needles collected from the forest 
stands fertilized first with wood ash and next with 
ammonium nitrate. 

2.	 For the most part, elevated potassium concentrations 
in needles were detected in comparison to the 
control plots, and this tendency was observed in 
all experimental objects of both tree species and 
all growth conditions. A similar tendency was 
detected for calcium and to a lesser extent also for 
magnesium and phosphorus, thereby, indicating the 
impact of forest soil fertilization with wood ash.

3.	 For the most part the nutrient content of needles was 
optimal or more than optimal in the experimental 

objects of Scots pine stands, but optimal or even 
high content was detected mostly for calcium and 
magnesium in the current year needles collected 
from Norway spruce stands.

4.	 No general pattern of nutrient concentration in the 
needles was detected for forest types, dominant 
tree species or stand age, except for calcium, which 
was detected in relatively higher concentrations in 
Norway spruce stands.

5.	 We found only few correlations between nutrient 
content in needles and in soil samples collected 
before the forest soil fertilization.
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