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Abstract. This study evaluated the impact of soil amendments — ammonium nitrate (NHsNOs) and wood ash — on
the chemical composition of tree needles and leaves, focusing on essential macro- and micronutrients (nitrogen
(N), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg)) critical for forest growth. Tree crown
material from Scots pine, lodgepole pine, Norway spruce and silver birch was collected after fertilizer application.
Foliar samples were taken from multiple experimental plots, with three first-stratum trees sampled in each plot,
concentrating on the upper third of the tree crowns. This approach ensured representative data for nutrient
concentration changes over time. The response varied depending on the forest site type and fertilizer type. The
statistically significant differences observed in conifer forests with drained organic soils indicate that NHsNOs
fertilization could affect N concentrations in plant tissues, possibly as a result of the nutrient dilution effect, where
higher biomass may lead to a decrease in N concentration in the needles. Wood ash, either alone or combined with
NHaNOs, had a more pronounced positive effect on K and P in conifer stands, with its impact remaining site-
specific. It also increased Ca concentrations, particularly in conifer forests on dry upland and drained mineral soils,
while its effect in deciduous stands was limited to forests with drained mineral soils. Mg concentrations in fertilized
plots were higher in deciduous stands with drained mineral soils, whereas coniferous stands showed more varied
responses. Given the role of nutrient availability, soil properties, and dilution effects in determining foliar nutrient
concentrations, ongoing monitoring and repeated sampling before thinning are recommended to assess long-term
fertilization impacts and prevent nutrient imbalances.
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Introduction

Nutrients are classified into macronutrients and micronutrients based on the amounts required by
organisms. Nitrogen (N), phosphorus (P), and potassium (K) are considered primary macronutrients
because they are needed by plants in the largest quantities [1]. According to the Law of the Minimum,
formulated by German chemist Justus von Liebig, plant growth is limited by the resource available in
the smallest amount, rather than by the total amount of resources [2]. N limitation is commonly observed
in boreal and temperate conifer forests, whereas phosphorus limitation is more frequent in tropical,
subtropical, and temperate broadleaved forests [3]. In addition to N and P, other nutrients such as
calcium (Ca), magnesium (Mg), and potassium (K) may also be deficient in forest soils, limiting tree
growth and forest productivity. This highlights the importance of considering these nutrients in
fertilization strategies [4-6].

A key advantage of forest fertilization compared to other methods of enhancing stand growth is its
rapid effect — additional growth reaches its peak as early as 2-3 years after fertilization [7]. N fertilizers
and wood ash are commonly used for this purpose. In Norway, forest fertilization is one of the primary
strategies for mitigating climate change in forest management and is funded by the state [8]. In contrast,
in Denmark, forest fertilization is limited due to the need to reduce overall mineral fertilizer consumption
in the country, with priority given to agricultural production [9]. Nutrient supply thresholds have also
been established; for instance, in Finland, the need for fertilization is determined through needle analysis
of trees felled during thinning operation [7].

Foliar analysis is a practical and cost-effective method for assessing forest nutrient status. It directly
reflects nutrient availability in the soil by measuring the nutrients absorbed and utilized by trees, often
providing a more accurate representation of soil fertility than soil measurements alone. Combined with
reference values for foliar and soil nutrient contents, as well as nutrient balance assessments, this
approach can help forest managers determine whether additional fertilization is required [11]. A study
in Finland shows that fertilization of Scots pine stands with N and P mineral fertilizers and wood ash
significantly increased foliar nutrient concentrations over 26 years [12].

The aim of the study was to evaluate the short-term effects of NHsNO; and wood ash fertilization
on foliar nutrient concentrations in coniferous and deciduous forest stands in Latvia by comparing
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control and fertilized plots. In modern forestry, predictive technologies such as forest growth models,
remote sensing, and geographic information systems (GIS) are essential for forecasting forest stand
responses to interventions like soil amendments. By integrating foliar nutrient data into these tools,
forest managers can more accurately predict how nutrient availability will affect tree growth, enabling
better decision-making for fertilization and resource management.

Materials and methods

A total of 50 coniferous (Scots pine Pinus sylvestris L., Norway spruce Picea abies (L.) H.Karst.,
Lodgepole pine Pinus contorta Dougl. var Latifolia Engelm.) and 10 silver birch (Betula Pendula Roth)
stands were selected for the study. These stands represented four forest site types: forests with drained
mineral soils, forests with wet mineral soils, forests with drained organic soils and dry upland forests.
The selected forest stands were managed by JSC “Latvia’s State Forests,” the Forest Research Station,
and other landowners. Fertilization treatments involved a one-time application of NH4NO:s at a rate of
0.44 t-ha’*, between December 2016 and July 2017, and wood ash applied from November 2014 to July
2017 at a rate of 3-8 t-ha™™. In seven spruce stands, wood ash was applied alone, while in 10 conifer and
six birch stands, it was applied in addition to NH«NOs. Fertilizers were applied manually or using
agricultural tractors (Valtra P 191 equipped with an Amazone mineral fertilizer spreader, Belarus 952
equipped with a conical mineral fertilizer spreader), depending on the area’s accessibility.

Crown material was collected after fertilizer application. Sampling was conducted in all
experimental plots, with samples gathered from three first-stratum trees in each plot. Samples were
collected from the upper third of the tree crowns, focusing on well-lit branches. In total, 2064 leaf and
needle samples were collected for the study. Climbing equipment was used for sample collection. The
sampling and analysis were performed in accordance with the ICP Forests forest health monitoring
methodology [13]. The analysis methods are summarized in Table 1. Total nitrogen (N:) analysis was
not conducted for deciduous stands in forests with drained mineral soils.

Table 1
Methods of foliar chemical analyses
Parameter measured ISO standard General method description

Total carbon (Cit) concentration ISO 10694 Elemental analysis, Elementar EL
Cube.

Total nitrogen (Nw:) concentration | LVS ISO 13878:1998 | Elemental analysis, Elementar EL
Cube.

Phosphorus (P) concentration LVS EN 14672:2006 | Spectrophotometry, Shimadzu UV-
1900.

Potassium (K), calcium (Ca), ISO 11466 Flame atomic absorption
magnesium (Mg) concentration spectrophotometry, Thermo Fisher
Scientific iCE3500

The Shapiro-Wilk test was used to assess the normality of the data. Since the data did not meet the
assumption of normality, the Wilcoxon rank-sum test with continuity correction (a non-parametric test)
was used to estimate differences between the control and fertilized plots at the individual forest stand
level.

Results and discussion

Conifer stands

When evaluating the average concentration of total carbon (Cw:) in needles following the
application of soil amendments, no significant differences were observed between control and fertilized
plots regardless of the forest site type and fertilizer type (Fig. 1a).

For total nitrogen (N, Fig. 1b), slightly higher average concentrations were observed in NHsNOs-
treated plots compared to control plots in forests with drained mineral soils and dry upland forests, while
in forests with drained organic soils, the opposite pattern was found, with statistically significant
differences (p = 0.0013). For wood ash application, Nw: concentrations were lower in fertilized plots
compared to control plots in forests with drained mineral soils. However, in dry upland forests and
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forests with drained organic soils concentrations were higher in fertilized plots. NH«NOs provides
nitrogen (N) in a readily available form, which may explain the differences in Nyt concentrations in
needles [14], while wood ash could stimulate microbial activity, accelerating organic matter
decomposition and nitrogen release [15]. The lower Ni: concentrations in NHsNOs-treated plots on
drained organic soils may result from differences in initial N availability or the nutrient dilution effect,
where increased biomass leads to a lower concentration of N in plant tissues despite higher total N
availability [16; 17]. When wood ash and NH4NOs were applied together, N concentrations in fertilized
plots were higher than in control plots in both forests with drained mineral and drained organic soils,
possibly due to the combined effects of organic matter decomposition promoted by wood ash and the
direct nitrogen input from NHaNO:s.

Potassium (K), along with phosphorus (P), calcium (Ca) and magnesium (Mg), is a key element
contained in wood ash. In conifer stands, K concentrations were higher in fertilized plots treated with
combined soil amendments or NH4sNOs alone compared to controls. However, when wood ash was
applied alone, K concentrations varied by the forest site type: they were slightly lower in fertilized plots
compared to controls in forests with drained mineral and organic soils but slightly higher in fertilized
plots in dry upland forests (Fig. 1c). This variation can be attributed to differences in the forest site
properties, nutrient leaching, and plant uptake. In forests with drained mineral and organic soils,
fertilization may have altered soil pH and microbial activity, potentially increasing K leaching or
affecting its retention. Plant nutrient leeching from wood ash has been described in several studies [18].
The nutrient dilution effect could also help explain the lower K concentrations observed in fertilized
plots. Conversely, in dry upland forests, lower moisture levels might have reduced K mobility, allowing
it to accumulate more in fertilized plots. A study on Scots pine stands on peat soils demonstrated that
wood ash application can help mitigate K deficiency for up to nine years after application [19].

P has lower solubility than other nutrients, affecting its availability to plants [20]. When wood ash
was applied alone, P concentrations in fertilized plots were higher than in control plots in forests with
drained organic soils and dry upland forests (Fig. 1d), but lower in forests with drained mineral soils.
When combined with NHsNOs, the effect on P concentrations reversed: in forests with drained mineral
soils, P concentrations were higher in fertilized plots, indicating enhanced P availability, while in forests
with drained organic soils, concentrations were lower. Surprisingly, when NH4NOs was applied alone,
P concentrations in fertilized plots were higher across all forest site types. This could be attributed to
indirect effects on root growth and microbial activity, as nitrogen fertilization can stimulate root
development, improving the plant’s ability to access P [21].

Ca is another element whose deficiency can be mitigated by applying wood ash. In dry upland
forests and forests with drained organic soils, Ca might be more limited, therefore trees responded
positively to wood ash application, leading to increased Ca concentrations in needles in fertilized plots
compared to control plots (Fig. 1e). However, in forests with drained mineral soils, the opposite effect
was observed, with slightly lower Ca levels in treated plots. When wood ash was applied together with
NH.NOs, Ca concentrations in fertilized plots were slightly lower than in control plots, though the
difference was minimal. When NHiNO: was applied alone, Ca concentrations were lower in the
fertilized plots. This can be explained by the fact that NH4sNOs releases ammonium (NH4"), which
competes with Ca?* for uptake by plant roots. This competition reduces Ca absorption [22].

Mg showed variable effects depending on the forest site and fertilizer type (Fig. 1f). When NH4NO:s
was applied alone, Mg concentrations in fertilized plots were lower in forests with drained organic soils
and dry upland forests, likely due to competition between ammonium (NH4") and Mg ions (Mg*") for
root uptake [23]. In forests with drained mineral soils, Mg concentrations in fertilized plots were slightly
higher than in control plots, potentially due to soil properties or natural variation. When wood ash was
applied alone, Mg concentrations were higher in fertilized plots of forests with drained organic soils and
dry upland forests, likely due to the direct source of Mg and improved soil pH. In contrast, fertilized
plots in drained mineral soils had lower Mg concentrations, likely reflecting the absence of Mg
limitation. In forests with both drained mineral and organic soils, Mg concentrations were lower in
fertilized plots when wood ash and NH4sNOs were combined. In dry upland forests, however, Mg
concentrations were higher in fertilized plots, suggesting stronger Mg limitation or site-specific factors
that enhanced Mg uptake.
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Fig. 1. Element concentration in conifer needles depending on forest site type and fertilization
treatment: Ci:— total carbon; Ny — total nitrogen; DM — forests with drained mineral soils;
DO — forests with drained organic soils; DU — dry upland forests; WA — wood ash;
NH;NO3; — ammonium nitrate
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In silver birch stands differences in foliar Ci,: concentrations across treatments and forest site types
were negligible (Fig. 2a). For foliar Nw: (Fig. 2b), NHaNOs-treated plots had slightly higher
concentrations in forests with wet mineral soils and slightly lower concentrations in dry upland forests
compared to controls, possibly due to site-specific factors such as moisture levels and soil properties. In
drained mineral soils, Nt concentrations in fertilized plots were slightly lower when NHsNOs and wood
ash were applied together, potentially due to nutrient competition or changes in nutrient balance. A
dilution effect may have also contributed if increased biomass in fertilized plots led to lower N
concentrations in birch leaves. When wood ash was applied alone in dry upland forests, differences
between fertilized and control plots were minimal, suggesting limited effects on N cycling.

K concentrations in birch leaves suggest improved K availability in fertilized plots of forests with
drained mineral and organic soils treated with NHaNOs and wood ash together, as well as in forests with
wet mineral soils treated with NHsNOs (Fig. 2¢). However, in dry upland forests where wood ash was
applied alone, K concentrations were lower in fertilized plots. Due to the small number of replicates,
conclusions about wood ash effects should be drawn with caution. Additionally, NHsNOs did not lead
to higher K concentrations in dry upland forests or drained mineral soils.

For P, the combined application of NHsNOs and wood ash resulted in a response similar to K but
less pronounced (Fig. 2d). When applied separately, both fertilizers were associated with lower foliar P
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concentrations in fertilized plots, possibly due to a dilution effect, where increased biomass led to lower
P concentrations in foliage.
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Fig. 2. Element concentration in deciduous (silver birch) leaves depending on forest site type and
fertilization treatment: Ci — total carbon; N — total nitrogen; DM — forests with drained mineral

soils; DO — forests with drained organic soils; DU — dry upland forests; WM — forests with wet
mineral soils; WA —wood ash; NHsNOs — ammonium nitrate

For Ca, NH4NOs, whether applied alone or with wood ash, was associated with higher foliar
concentrations in forests with drained mineral soils, while differences between control and fertilized
plots were minimal in drained organic soils (Fig. 2e). In dry upland forests, neither treatment caused
notable differences in foliar Ca concentrations, likely due to soil properties, initial nutrient availability,
pH changes, and cation competition. A dilution effect may have occurred with wood ash application,
while NHaNO:s does not directly supply Ca.

For Mg, a response was observed only in forests with drained mineral soils (Fig. 2). In forests with
drained organic soils and dry upland forests, differences between control and fertilized plots were
minimal, possibly due to nutrient competition or limited Mg availability. Foliar Mg concentrations can
also be influenced by leaf position and light exposure, which may explain why wood ash did not
consistently increase Mg concentrations [24]. Overall, differences in foliar nutrient concentrations
between fertilized and control plots were not statistically significant.

Conclusions

Our findings suggest that fertilization effects on foliar nutrient dynamics are site- and tree type-
specific. In coniferous stands, NHasNOs-treated plots in forests with drained organic soils had
significantly lower Ny concentrations compared to controls (11.26 +1.15 g-kgt vs. 12.84 +
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0.29 g-kg?, p=0.0013), likely due to a dilution effect or differences in initial availability. The
combination of NH4NOs and wood ash resulted in higher N concentrations in fertilized plots compared
to controls. Use of combined fertilizers also resulted in higher K concentrations compared to controls,
while wood ash alone had variable effects. NH4NOs-treated plots had higher P concentrations than
controls, but wood ash effects both alone or combined with NHsNOs were again more variable.
Fertilization with wood ash resulted in higher Ca concentrations in dry upland forests and forests with
drained organic soils, while NHsNOs application resulted in lower Ca concentrations compared to
controls. Plots treated with wood ash alone had higher Mg concentrations than controls, except in forests
with drained mineral soils, while the combined application of wood ash and NH4NOs resulted in slightly
lower Mg concentrations than controls. In deciduous stands, Ny concentrations showed high variability,
with no consistent differences between fertilized and control plots. K concentrations were higher in
fertilized plots of forests with drained mineral and organic soils treated with NHsNOs and wood ash but
lower in dry upland forests treated with wood ash alone. The combination of NH«NOs and wood ash had
a similar effect on P concentrations, though less pronounced than for K. All fertilization treatments
resulted in higher Ca concentrations compared to controls in forests with drained mineral soils but had
minimal effects in other site types. Positive Mg responses were limited to forests with drained mineral
soils. These results highlight the need for ongoing monitoring and pre-thinning sampling to assess long-
term impacts of fertilization, particularly in underrepresented deciduous stands.
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