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» Nitrogen (N) fertilization decreased the total cover of ground vegetation.

* N fertilization decreased the cover of mosses and dwarf shrubs and increased the cover of
herbaceous plants.

* N concentration of the mor humus layer increased with the N fertilization.

*  The magnitude of these changes depended on the intensity of the N fertilization.

The aim of this study was to investigate the short-term effects of nitrogen (N) fertilization intensity
on the ground vegetation cover and soil chemical properties in two Scots pine (Pinus sylvestris L.)
and two Norway spruce (Picea abies (L.) Karst.) dominated stands on upland forest sites in Eastern
Finland. The fertilizer was applied using a helicopter in the spruce stands and a forwarder in the
pine stands. The distribution and the amount of fertilizer was measured with funnel traps. Cover
of each species of ground vegetation was estimated before fertilization and 3—4 years after it in
pine and 2-3 years after it in spruce stands. Further, the cover observations were aggregated by
plant types. Based on measurements, we analyzed the effects of the funnel-trap-observed amount
of N fertilizer on the cover and plant type composition of ground vegetation and soil N and C
concentration. In addition, we analyzed the impacts of competition caused by trees on the ground
vegetation cover based on competition indices. N fertilization increased the cover of herbaceous
plants and decreased the cover of mosses and dwarf shrubs, and the total cover of ground veg-
etation. Further, it increased the N concentration of the mor humus layer. The magnitude of the
changes increased with the intensity of the N fertilization. The competition caused by trees did
not affect the cover of ground vegetation.
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1 Introduction

Climate change mitigation requires a rapid increase in forest carbon (C) sequestration (Lecocq
et al. 2022). Boreal forests can efficiently sequester and store substantial amounts of C as tree
biomass, understory vegetation and in soil (Makipad 1995; Ilvesniemi et al. 2002). However, in
upland boreal forests the stand growth is strongly limited by nitrogen (N) availability (Tamm 1991).
Thus, N fertilization could increase the C sequestration of forests (Johnson 1992; Makipaid 1995;
Jorgensen et al. 2021) and wood production (Gustavsen and Lipas 1975; Kellomiki et al. 1982;
Sikstrom et al. 1998; Pettersson and Hogbom 2004; Pukkala 2017). N fertilization also increases
soil C stocks due to increasing litter production and decreasing decomposition rate (Carreiro et al.
2000; Marshall et al. 2021). However, fertilization may also cause many adverse environmental
effects, e.g., changes in species biodiversity (Strengbom and Nordin 2008), as well as increase in
nutrient export to water courses (Binkley et al. 1998; Bergh et al. 2008) and soil N,O emissions
(Hedwall et al. 2014; Hékansson et al. 2021).

The effects of fertilization on the species composition, cover, and biomass of ground
vegetation, have received relatively little attention compared to tree growth in previous forest
fertilization studies in Nordic countries (Saarsalmi and Mélkonen 2001; Hedwall et al. 2014).
However, ground vegetation has an important role in C and nutrient cycling in boreal forests
despite its rather small biomass (Helmisaari 1995; Finér et al. 2003). Ground vegetation has high
rates of nutrient uptake because a large part of its biomass is renewed annually and the nutri-
ent concentrations of ground vegetation biomass are high compared to trees (Milkénen 1974;
Helmisaari 1995). This results in nutrient competition between ground vegetation and trees
(Mélkonen 1974). On the other hand, the ground vegetation acts as a buffer, where the nutrients
from the fertilization can temporarily be stored, thus decreasing the risk of nutrient export to
water courses (Palviainen et al. 2005a, 2005b).

Fertilization has both direct and indirect effects on the ground vegetation that can be observed
for decades (Strengbom et al. 2001). The direct effects are due to the increased N availability, which
shifts the species composition towards that of a more fertile site type (Kellner 1993; Turkington
et al. 1998; Rajaniemi 2002). Previous studies have observed an increase in the cover of some
vascular plant types, such as grasses and herbs, and some pteridophytes after N fertilization (van
Dobben et al. 1999; Strengbom and Nordin 2008; Hedwall et al. 2013). However, the direction of
change is not always clear. Fertilization may either decrease or increase the cover of dwarf shrubs
(Mikipaa 1994; Strengbom and Nordin 2008; Hedwall et al. 2010; Jacobson et al. 2020). The
cover of mosses and lichens has generally decreased after fertilization (Olsson and Kellner 2006;
Jacobson et al. 2020), but in some cases fertilization has increased the cover of moss species that
favor litter habitats such as Brachythecium spp. (Strengbom and Nordin 2008; Hedwall et al. 2010).

Indirect impacts of N fertilization on ground vegetation are primarily driven by increases
in forest growth and litterfall in Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies
(L.) Karst.) stands, which last for 6-10 years after fertilization (Thomas et al. 1999; Valinger et
al. 2000; Pettersson and Hogbom 2004). Increasing forest growth and canopy closure changes the
understory microclimate and light availability affecting the success of ground vegetation, although
the extent of this varies with stand structure and species (Skrindo and @land 2002; Majasalmi and
Rautiainen 2020). The mor humus layer, which acts as a growth media for the ground vegetation,
is impacted by the cumulative effects of microclimate and species composition through litterfall
(Laurén 1999).

In field experiments, fertilizer can be applied manually to ensure it is evenly distributed.
However, in practical forestry, fertilizer application is often uneven due to large-scale application
using helicopters or forwarders resulting in a variable response in the ground vegetation. So far,
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only a few earlier studies have focused on the responses of ground vegetation to N fertilization in
practical forestry in boreal forests (Strengbom and Nordin 2008; Turkington et al. 1998).

The aim of this study was to investigate the short-term effects of the intensity of N fertiliza-
tion carried out in practical forestry on the ground vegetation and soil chemical properties in two
Scots pine and two Norway spruce dominated upland forest stands in Eastern Finland. Further,
we analyzed the impacts of competition caused by trees on the cover of ground vegetation. The
fertilizer with the target amounts of 150 and 200 kg N ha~! was applied using a helicopter in the
spruce stands and using a forwarder in the pine stands on medium fertile (Myrtillus-type, MT)
upland forest sites. In addition, there were unfertilized control plots (0 kg N ha!). We observed
the distribution of the fertilizer in the sites using funnel traps and used these funnel-trap-observed
fertilizer amounts in the analyses.

2 Material and methods
2.1 Study sites and experimental design

This study was conducted in two Scots pine and two Norway spruce dominated stands on medium
fertile (Myrtillus-type, MT; based on Cajander 1949) upland (mineral) forest sites in Eastern Fin-
land (Table 1, Fig. 1). All the stands were thinned 4 to 8 years before the fertilization. The 30-year
(1990-2020) mean annual air temperature on the sites varied between 2.8 and 3.5 °C and the aver-
age annual precipitation between 640 mm and 670 mm, respectively (Table 1). For the duration of
the experiments (2018-2022 for pine stands and 2019-2022 for spruce stands), the mean annual
air temperature was on average 0.8 °C higher across all sites and the average annual precipitation

Table 1. Description of the research sites where the effects of nitrogen fertilization on ground vegetation were studied.
The research sites were located in Eastern-Finland. The mean annual air temperature and the annual precipitation are
the 30-year average from 1990-2020 (Finnish Meteorological Institute 2023). Stand characteristics were calculated as
averages of 27 plots (200 m?).

Research site Liperi Tlomantsi Juuka Savonranta
Latitude 62,55846 N 62,85543 N 63,066199 N 62,139028 N
Longitude 29,06265 E 30,67705 E 28,874640 E 29,149086 E
Altitude (m a.s.l.) 160 180 170-200 120-140
Dominant tree species Pinus sylvestris Pinus sylvestris Picea abies Picea abies
Pinus sylvestris volume (%) 78 86 0 11.6
Picea abies volume (%) 19.3 12.5 86.6 86.4
Betula spp. volume (%) 2.7 1.5 4.6 2.0
Mean annual air temperature (°C) 3.5 3.0 2.8 3.4
Effective temperature sum (d.d.) 1200-1300 1100-1200 1100-1200 1200-1300
Annual precipitation (mm) 640 644 661 670
Date of N application 27.06.2018 20.07.2018 25.-27.07.2019 10.08.2019
Means of application Forwarder Forwarder Helicopter Helicopter
Stand density (stems ha™1) 513 687 619 455
Mean diameter at breast height (cm) 23 18 21 21
Initial volume (m? ha™!) 167 170 187 159
Range of the N fertilizer dose 110-288 109-369 48-441 50-426

(kg N ha™!) (> 0 in plots*)

*) In Ilomantsi in one plot and in Savonranta in two plots planned to be fertilized the funnel-trap-observed amount of fertilizer was
zero due to problems in fertilizing and they were excluded from range values.
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Fig. 1. The location of the four research sites in Eastern Finland, a schematic presentation of the block-design includ-
ing three replicates of the fertilization treatments (150 kg N ha~! and 200 kg N ha™!) and unfertilized control blocks.
Each block contained three circular plots (200 m?) from where the tree characteristics were measured. Each plot further
contained three subplots (0.5 m2) for measuring the cover and species composition of the ground vegetation. Every plot
(200 m?2) also contained four mineral soil sample points and sixteen mor humus layer sample points.

was lower (592-667 mm) than the 30-year average (Finnish Meteorological Institute 2023). The
soil type in all sites is Haplic Podzol according to FAO/WRB classification. The organic layer
was mor humus, which is typical humus form in medium fertile upland boreal forests in Finland
(Tamminen 1999).

The experiment was originally established using randomized block design. In every research
site three (one hectare) replicate blocks for different fertilization target levels (0 kg N ha™!,
150 kg N ha!, and 200 kg N ha!) were established. These fertilizer amounts correspond to the
recommendations in practical forestry (Aijéla et al. 2019). Scots pine dominated stands were ferti-
lized by using YaraBela Metsdsalpietari (NPK 27-0-1, indicating 27% N of mass) and the Norway
spruce dominated stands by using YaraMila Metsan NP (NPK 25-2-0, indicating 25% N of mass).
Scots pine sites were fertilized in June 2018 using a forwarder and a centrifugal spreader. Norway
spruce sites were fertilized by helicopter in July 2019.

Before fertilization, three circular (radius 7.98 m, 200 m?2) plots were established in every
replicate block. Diameter at breast height (DBH) and tree height of all trees (with DBH > 8 cm)
were measured by tree species and status (living/dead) for all trees before fertilization (in 2018 for
pine and 2019 for spruce) and thereon at the end of each growing season until autumn 2022. The
location of living trees relative to the plot center were also measured in autumn 2022, to evaluate
effects of competition caused by neighboring trees on ground vegetation cover. In the llomantsi
research site, thinning was done in summer 2022, and therefore DBH of harvested trees was esti-
mated based on DBH in 2021 and diameter growth of stem base in 2022.

We observed the spatial distribution of the fertilizer by using funnel traps. Each plot con-
tained three (apart from six in [lomantsi) fertilizer funnels (0.5 m diameter) located at three meters
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distance from the plot center. Immediately after the fertilization the fertilizer grains captured by
the funnels were weighed and the measured mass was converted to units of kg N ha™!. The funnel
trap data revealed that the fertilizer was spatially unevenly distributed across the area (Table 1 and
Fig. 3). Therefore, instead of factorial analysis of randomized block experiment, we used funnel-
trap-observed fertilizer amount as a continuous variable in the analysis.

To study the response of the ground vegetation, three circular sub-plots (radius 0.4 m, 0.5 m?)
were established in each plot (200 m?). These subplots were set systematically 6.0 m from the
center point of the main plot (Fig. 1). Every plot (200 m?) also contained four mineral soil sample
points and sixteen mor humus layer sample points.

2.2 Measurements of ground vegetation sub-plots

In each subplot ground vegetation was studied by visually estimating the percentage cover of each
plant species in the plot area. Due to vertically overlapping layers of ground vegetation the total
cover can exceed 100%. Additionally, the cover of coarse woody debris was evaluated visually
from the subplots, all the pieces of woody debris from needles to fallen branches were included
into the cover. The first vegetation inventories in Scots pine dominated sites were conducted in
August 2018 and in Norway spruce dominated sites in August—September 2019. The second ground
vegetation inventory was done in July 2021 and the third one in July 2022 across all sites.

2.3 Measurements of soil chemical properties in study plots

From every study plot (200 m?), four mineral soil samples and sixteen mor humus layer samples
were collected in September 2022 using a cylindrical soil corer (diameter 2.5 cm). One of the
mineral soil sampling points was located at the center of the plot and the three others 4 m from the
center point in the direction of the subplots (Fig. 1). The mor humus samples were collected next to
the mineral soil sampling points (Fig. 1). The mineral soil samples were collected from the upper
20 cm layer, which were then divided by depth into 0—10 cm and 10-20 cm layer samples. The
thickness of the mor humus layer was measured from the cores. Soil samples were oven-dried at
40 °C for 48 hours. Dry samples were weighed and passed through a 2 mm sieve. The fraction of
<2 mm was used for further chemical analyses. Soil pH was measured in water suspension (1:2.5)
using Mettler Toledo SevenCompact S210 pH meter. Soil C and N concentrations were analyzed
with varioMAXcube analyzer.

2.4 Evaluation of the implications of ground vegetation cover to nutrient balance

To link the measured ground vegetation cover to the nutrient cycling of the forest ecosystem, we
converted the cover values to biomass. We used the observed ground vegetation cover and Equa-
tions 1 and 2 from Muukkonen et al. (2006) and the parameter values were taken from Tables 3
and 4. The calculations were done separately for Scots pine and Norway spruce forests. The bio-
mass values were multiplied by the average N concentration values reported by Palviainen et al.
(2005b) to obtain the amount of N in kg ha~!. For mosses we used N concentration of 1.2% (of
dry mass), for dwarf shrubs 1.1%, and 1.8% for herbaceous plants. In addition, we calculated the
amount of N in the mor humus layer (kg ha™!) and estimated the N in tree biomass (kg ha™!) using
volume-based equations presented by Palviainen and Finér (2012).
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2.5 Statistical analyses

For statistical analyses the ground vegetation species were divided into three groups: herbaceous
plants (grasses, herbs, and pteridophytes), dwarf shrubs, and mosses and lichens (lichens had <0.1%
cover). In addition, cover of two dwarf shrub species, Vaccinium myrtillus L. and Vaccinium vitis-
idaea L. were studied individually because of their commercial importance. The cover of each
plant type in a subplot was obtained by summing up the cover of species belonging to the group.
The sub-plot level data was used in the statistical analyses. The cover values were arcsine-square-
root transformed before the linear regression analyses to meet the normal distribution of the data.
Changes in ground vegetation cover during the experiment were calculated by subtracting the cover
in 2018 (pine stands) / 2019 (spruce stands) from the cover measured in 2021 and 2022. Changes
between 2021 and 2022 were also calculated. The observed changes in ground vegetation cover
within the research site were explained by the funnel-trap-observed amount of fertilizer. Because
the fertilizer was unevenly distributed, we used the funnel-trap-observed amount of fertilizer as
a continuous variable in the linear regression analysis instead of the factor design (Eq. 1, Fig. 3).
The fertilizer impact was considered statistically significant if the p-value of the slope parameter
was < 0.05. The statistical analyses were made with R 4.2.2 (R Core Team 2022). The package
stats, which is part of R, was used to execute the regression analyses.

Linear regression model was fitted for every plant type group in every research site (Eq. 1).

y=P0+BINt+z U

where y is the arcsine-square-root transformed ground vegetation cover change component, NVt is
the funnel-trap-observed amount fertilizer amount in the study plot (kg N ha™!), 40 is an intercept
and f1 is a slope describing the ground vegetation cover change per amount of funnel-trap-observed
N. We used the significance of the f1 term as a measure of the fertilizer impact.

Eq. 1 was applied to test the effect of funnel-trap-observed N fertilizer amount on the N
concentration and C:N ratio in the mor humus layer. We also tested the effect of competition caused
by nearest trees on the changes in the vegetation cover. For this purpose, we calculated competition
indices (C;) for every subplot center using the following equation:

d,
C;=>" t : , 2
Z"l[arc an[z dist; n 2)

where d; is the diameter at breast height (1.3 m) of a living tree 7 (m) measured in autumn 2022
and dist; is the distance of tree i from the sub-plot center point (m). Trees inside a 2 m radius from
the subplot center were accounted for, and 7 is the number of stems within this area.

3 Results
3.1 Vegetation cover and fertilization intensity

Before N fertilization, mosses and lichens (28-54%) (Fig. 2) had the highest cover of all plant types.
The pre-treatment covers of dwarf shrubs varied from 15 to 31% in the pine-dominated sites, and
from 3 to 9% in the spruce-dominated sites (Fig. 2). V. myrtillus and V. vitis-idaea were the main
dwarf shrub species in all research sites. The cover of the herbaceous plants in the pine-dominated
research sites was 21-37% in Liperi and 6—17% in Ilomantsi before fertilization (Fig. 2). In the
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Fig. 2. The development of mean cover of mosses and lichens, dwarf shrubs and herbaceous plants in unfertilized con-
trol plots (left) and in fertilized plots (right) during the study period. Standard deviations are presented in parenthesis.
The plots were fertilized in 2018 (Liperi, [lomantsi) and 2019 (Juuka, Savonranta). An asterisk in the year 2022 indi-
cates statistically significant change in the mean cover from 2018 to 2022 (Liperi, [lomantsi) and from 2019 to 2022
(Juuka, Savonranta).

spruce-dominated research sites, the cover of herbaceous plants varied between 9-18 and 14-16%
in Juuka and Savonranta, respectively.

The total cover of ground vegetation decreased across all sites in the years following the
establishment of field experiments (Fig. 2). The fertilization intensity affected the ground vegetation
cover. Generally, the moss and lichen cover decreased with the increasing fertilization intensity,
but this change was statistically significant only in Juuka (spruce) site (Table 2, Fig. 3).
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Table 2. The change in the ground vegetation and coarse woody debris cover expressed as slopes (A1, Eq. 1) from

linear regression analysis. The slope describes the arcsine-square root transformed cover change per amount of fun-

nel-trap-observed N (Mg ha™). If the slope is negative the cover is reduced by the fertilization and if the slope is posi-

tive the cover increases. Statistically significant slope values (p < 0.05) are shown as bold text.

Vegetation cover Liperi (Pine) Ilomantsi (Pine) Juuka (Spruce) Savonranta (Spruce)
2018- 2018 2021- 2018~ 2018- 2021- 2019- 2019- 2021- 2019- 2019-— 2021-
2021 2022 2022 2021 2022 2022 2021 2022 2022 2021 2022 2022
Tree seedlings 0.01 -0.05 -0.06 0.17 052 024 000 0.03 0.03 005 0.13 0.08
Herbaceous plants 0.11  0.04 -0.08 0.56 036 -0.08 0.12 021 0.09 039 050 0.11
Grasses -0.42 -0.50 -0.08 035 0.19 -0.08 034 040 007 0.17 023 -0.06
Herbs -0.08 0.18 026 032 0.28 002 -0.18 -0.07 0.08 006 0.10 0.07
Pteridophytes 048 027 -0.21 0.03 -0.02 -0.02 -0.08 -0.08 0.00 0.22 0.38 0.16
Dwarf shrubs -0.25 -0.39 -0.15 0.00 0.01 0.18 -0.04 -0.02 0.02 -0.05 -0.18 -0.12
Vaccinium myrtillus  —0.18 -0.33 -0.15 0.09 032 036 -0.01 -0.03 -0.01 -0.04 -0.13 -0.09
Vaccinium vitis-idaea —0.15 -0.11 0.04 0.02 -0.06 -0.09 -0.03 -0.02 0.01 0.01 0.00 -0.01
Mosses and lichens -0.39 -0.23 0.13 -0.55 -0.57 0.11 -0.60 -0.29 0.30 -0.08 -0.29 -0.21
CWD 0.52 0.13 -039 -028 038 0.62 023 041 0.18 -0.04 0.17 0.21
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Fig. 3. The relationship between funnel-trap-observed N amount (in plots with area of 200 m?) and vegetation cover

change (%) of the mosses and lichens, dwarf shrubs and herbaceous plants in vegetation sub-plots between 2018
(Liperi, Illomantsi) or 2019 (Juuka, Savonranta) and 2022. The points indicate the measured change in cover with cor-
responding funnel-trap-observed N amount.
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Table 3. Concentration of nitrogen (N) (% of dry mass) and
carbon to nitrogen (C:N) ratio in the mor humus layer three to
four years after fertilization in unfertilized control plots and
fertilized plots.

N C:N
Research site Control Fertilized Control Fertilized
Liperi (Pine) 1.1 1.3 26 23
Ilomantsi (Pine) 0.9 0.9 29 32
Juuka (Spruce) 1.2 1.5 26 24
Savonranta (Spruce) 0.9 1.2 27 25

The cover of dwarf shrubs decreased significantly with the increasing fertilization intensity
only in Savonranta (spruce) research site (Table 2, Fig. 3). The cover of V. myrtillus increased
significantly with the fertilization dose in the Illomantsi (pine) research site.

The cover of herbaceous plants increased significantly with the increasing fertilization
intensity (Table 2, Fig. 3). Within the herbaceous plants the cover of herbs and pteridophytes
increased significantly after fertilization in some research sites, whereas grass cover either increased
or decreased. The tree seedling cover was small (0.5-4%) and did not change significantly after
fertilization (Table 2).

3.2 Changes in soil chemical properties and fertilization intensity

The average concentration of N in the mor humus layer varied between 0.9 and 1.2% in unfertilized
plots and 0.9 and 1.5% in fertilized plots three to four years after fertilization (Table 3). The C:N
ratio varied between 26 and 29 in unfertilized control plots and between 23 and 32 in the fertilized
plots. Mor humus layer N concentrations increased with an increasing fertilization intensity (Fig. 4).
However, there was a large variation in N concentrations both in the unfertilized control plots and
the fertilized plots. The decrease in C:N ratio in the mor humus layer reflected the increase in the
mor humus layer N concentrations.

3.3 Competition between vegetation and trees

The competition indices calculated for the subplots (Eq. 2) did not explain the cover of any
plant type group. The competition indices did not explain the changes in the vegetation between
2018-2022 (pine stands) or 2019-2022 (spruce stands) or the short-term change between 2021 and
2022. However, there was a statistically significant confounding effect of the fertilizer amount and
competition index that increased the cover of pteridophytes in Savonranta. The higher competition
index increased the coarse woody debris cover to some extent in all sites.

3.4 Implications of the ground vegetation cover to nutrient balance

In our study, the estimated total above ground biomass of ground vegetation tended to decrease
with increasing fertilization intensity. The N stored in the mosses and lichens, and dwarf shrubs
decreased, whereas N increased in herbaceous plants compared with unfertilized control plots
(Table 4). The total amount of N stored in the ground vegetation decreased with increasing ferti-
lization intensity. The amount of N in the mor humus layer also increased significantly with the
fertilization intensity (Fig. 4, Tables 3 and 4). The N fertilization increased the N stock of the
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Fig. 4. Nitrogen (N) concentration (% of dry mass (d.w.)) and carbon to nitrogen (C:N) ratio in the mor humus layer in
unfertilized and fertilized study plots (200 m?) as a function of the funnel-trap-observed N fertilizer dose.

whole forest stand even when the trees were not included in the calculations (Table 4). Amount
of N stored in the ground vegetation and mor humus layer was higher in Scots pine stands than in

Norway spruce stands in both fertilized and unfertilized plots (Table 4).

Table 4. The estimated amount of nitrogen (N) in the ground vegetation and mor humus layer kg ha™! in 2022, three
to four years after the fertilization. Statistically significant (p < 0.05) differences between the means of the unfertilized

control plots and the fertilized plots within the research site are shown as bold text.

Research site Treatment Herbaceous Dwarf Mosses and All ground Mor humus All
plants shrubs lichens vegetation layer
Liveri Control 2.3 5.2 5.2 12.7 813.9 826.6
P Fertilized 4.9 4.0 1.2 10.1 1117.0 1127.1
. Control 0.2 4.7 3.1 8.0 404.2 411.6
Ilomantsi o
Fertilized 0.3 4.2 1.9 6.4 447.5 453.5
Control 3.2 1.2 7.4 11.8 683.2 695.0
Juuka o
Fertilized 2.2 0.8 7.1 10.1 752.8 762.8
Control 2.8 1.4 7.5 11.8 489.1 500.9
Savonranta n
Fertilized 3.6 0.6 53 9.5 588.5 598.0
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We calculated that approximately 180 kg N ha~! was stored in the pine sites and 300 kg N ha™!
in the spruce sites before fertilization. In the unfertilized control plots the amount of N in tree bio-
mass increased 6-10 kg N ha! and in the fertilized plots 7-13 kg N ha! in one growing season.
Based on our estimation, the N fertilization increased the amount of N stored in tree biomass by
1-5 kg N ha!in a year and this could be seen as 1-2 m3 ha™! increase in the annual volume growth.

4 Discussion
4.1 Vegetation cover and fertilization intensity

We found that N fertilization decreased the cover of mosses and lichens and increased the cover
of herbaceous plants, which is in accordance with previous studies (Dirkse and Martakis 1992;
Turkington et al. 1998; van Dobben et al. 1999; Strengbom and Nordin 2008). The decrease in
the moss and lichen cover (decrease of 21-36% in 3—4 years) was in the same order of magnitude
as previously found in boreal forests (Kellner 1993; Turkington et al. 2002; Hedwall et al. 2010).
Initially mosses and lichens had the highest cover of all plant groups in the ground vegetation, but
they suffered from N fertilization. In other studies N fertilization has also directly decreased the
moss cover (Hedwall et al. 2010), because high N levels interfere with the physiology of mosses
including Hylocomium splendens (Hedw.) Schimp. and Pleurozium schreberi (Willd. ex Brid.)
Mitt. (Dirkse and Martakis 1992; Salemaa et al. 2008) that were the dominant moss species in our
sites. Mosses are susceptible to high ion concentrations because they uptake nutrients efficiently
through their entire surface area (Glime 2007).

In previous studies, N fertilization increased shading by the herbaceous plants, which leads to
reduced light availability for mosses (Bergamini and Pauli 2001; van der Wal et al. 2007). Britton
et al. (2018) argues that the addition of N reduces the C:N ratio of the moss litter thereby enhanc-
ing the rate of mineralization. Increased decomposition of moss litter alters the growth medium,
thus opening growing space and making it favorable for more competitive plants, such as grasses
and herbs, to grow.

We found that dwarf shrub cover decreased after N fertilization, which has been similarly
observed in several prior studies (Makipdd 1994; Strengbom and Nordin 2008; Hedwall et al.
2010). This decrease has been attributed to a simultaneous increase in the cover of fast-growing
grasses (Aerts and Berendse 1988). Furthermore, Strengbom et al. (2002, 2006) suggested that the
decreased dwarf shrub cover after the N fertilization may be explained by increased occurrence of
the parasitic fungus Valdensia heterodoxa Peyronel, which causes defoliation and decreases leaf
growth (Witzell and Shevtsova 2004). The mechanism behind the increased infections is possibly
related to the decrease in the defense-related secondary metabolism or increase in the presence of
amino acids in V. myrtillus leaf tissues which increases the risk of infection (Strengbom et al. 2002;
Witzell and Shevtsova 2004). Surprisingly, in the Ilomantsi (pine) site, the cover of dwarf shrubs
tended to increase with increasing fertilization intensity, but the effect was not statistically signifi-
cant. Jacobson et al. (2020) obtained similar results from their fertilization study. Same time we
observed an increase in cover of herbaceous plants contradicting the results of Aerts and Berendse
(1988). As a consequence of N fertilization, we observed a decrease in the cover of V. myrtillus
and V. vitis-idaea, which may imply reduce in the berry production (Miina et al. 2009; Turtiainen
et al. 2013; Granath and Strengbom,2017).

We found a significant increase in the cover of herbaceous plants (grasses, herbs, and
pteridophytes) after N fertilization, which is similar to what other studies have reported (Heil and
Diemont 1983; Aerts and Berendse 1988; Jonasson 1992; Kellner 1993; van Dobben et al. 1999;
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Strengbom and Nordin 2008, 2012; Hedwall et al. 2013). In general, grasses and herbs grow faster
than dwarf shrubs and mosses, which gives them a competitive advantage (Grime et al. 1990).
Hester et al. (1991) found that the grass species Deschampsia flexuosa (L.) Trin. and Agrostis
capillaris L. are able to outcompete V. myrtillus when resources become more abundant after fer-
tilization. However, a variable response to N fertilization has been observed among the grasses and
herbs. Some species are favored, and other species suffer following fertilization (Turkington et al.
1998), reflecting the different functional traits of the species (Grainger and Turkington 2013). The
increased vascular plant cover we observed was less than the increase found after clear cutting,
in response to increased nutrients and light (Palviainen et al. 2005b). This was because the closed
canopy reduces the light availability (Strengbom et al. 2004).

Our study is among the few studies done on ground vegetation examining the effects of N
fertilization intensity that was applied using a forwarder or helicopter, which is typical in practi-
cal forestry. The very unevenly distributed fertilizer dose over the research areas was one reason
for the large variation in the response of ground vegetation to fertilization within the study plots
(Fig. 3). In the sites fertilized by helicopter, the fertilizer tended to be more unevenly distributed
than with ground-based fertilization. The uneven distribution of fertilizer caused higher fertiliza-
tion intensities in the spruce sites, and it can be seen also as a more notable increase of the cover
of herbaceous plants. Gilliam (2006) argued that N fertilization may decrease the heterogeneity of
the soil N availability, which causes changes in the ground vegetation. The decreased heterogeneity
may favor some grasses and herbs and result in a decrease of the species diversity in the fertilized
ecosystem (Strengbom and Nordin 2008).

Before the fertilization, differences in ground vegetation between the pine- and spruce-
dominated sites were likely caused by the differences in microclimate (e.g., light conditions),
growth media and nutrient cycling (Laurén 1999; Palviainen et al. 2004; Ukonmaanaho et al.
2008; Palviainen and Finér 2012; Majasalmi and Rautiainen 2020). Furthermore, all sites were
thinned 4-8 years before the experiment, and in the [lomantsi site also in summer 2022. Thinning
temporarily increases the light, water and nutrient availability in the ground vegetation and may,
therefore, also change species composition and coverage. However, in previous studies it has been
observed that the effect of fertilization on the ground vegetation is greater than that of thinning
(Hedwall et al. 2013).

The spruce sites were dominated by mosses and lichens, whereas the vegetation cover in
the pine sites was more evenly distributed between dwarf shrubs, herbaceous plants, and mosses
and lichens. Similar to previous studies (Kellner 1993; Turkington et al. 1998; Olsson and Kellner
2006), the only notable difference in the fertilization response between the pine and spruce sites
was that the cover of herbaceous plants increased significantly in the spruce sites, whereas the
increase was not significant in the pine sites. Also, total vegetation cover decreased more on the
pine sites, whereas the increase of the vascular plant cover compensated for the loss of the moss
and lichen cover in the spruce sites. This may also be caused by the higher fertilizer amounts in the
spruce stands. Notably, there was recent (in 2021) snow and wind damage present on the spruce
site in Juuka. This likely changed the light conditions to some extent, leading to increased growth
of grasses and herbs.

4.2 Implications to nutrient balance
Even though the biomass of ground vegetation is small in boreal forests, it is an important part of
the nutrient cycle, because a large fraction of the biomass of ground vegetation is renewed annually

resulting in high nutrient uptake (Milkonen 1974; Helmisaari 1995). We calculated that the total
biomass and the N stocks of the ground vegetation decreased with increasing fertilization inten-
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sity. The biomass and N stock of herbaceous plants increased, but this increase was not enough to
compensate for the decrease in dwarf shrubs and moss biomass. Similar observations have been
described by Mékipdd (1994). These changes alter N cycling because N concentrations in mosses
and dwarf shrubs are lower than those in grasses and herbs, and a smaller share of their biomass is
renewed annually (Palviainen et al. 2005b). Consequently, the N demand of mosses is lower than
that of herbaceous plants, and therefore, mosses do not benefit from the fertilization to the same
extent as the herbaceous plants.

Only a small fraction of the N from fertilizer is typically retained in the ground vegeta-
tion. Melin and Nommik (1988) observed that 1% of 150 kg N ha™! accumulated into the ground
vegetation, whereas 48% of the applied N was accumulated in the soil and around 33% in the tree
biomass. We calculated that after the fertilization the amount of N in the tree biomass increased
7-13 kg N ha'! in one growing season after N fertilization. This increase in the N amount cor-
responds to 1-2 m? ha™! increase in the annual volume growth, which is aligned with previous
studies (Valinger et al. 2000; Pukkala 2017).

Large quantities of N are stored in the mor humus layer and mineral soil in boreal forests;
therefore, soil is an important part of the nutrient cycle (Merild et al. 2014). In our study, the
amount of N in the mor humus layer increased significantly with the fertilization intensity. In
the previous studies, the amount of N stored in the mor humus layer has been shown to increase
after the N fertilization (Melin and Nommik 1988; Mékipda 1994; Ladanai et al. 2007; Meril4 et
al. 2014). Indirect increases of the N content in the mor humus layer can be caused by increased
litterfall and a decreased decomposition rate following the N fertilization (Prescott et al. 1992).
In coniferous trees a large share of the added N is allocated to the annual growth of needles and
shoots (Melin et al. 1983), which leads to increased litter fall (Miller et al. 1976).

Although a large amount of the fertilizer N is retained in the soil, trees, and ground veg-
etation, a fraction of the excess N leaches to groundwater and water courses (Preston and Mead
1994; Eriksson et al. 1996; Binkley et al. 1998; Bergh et al. 2008). In unmanaged boreal forests,
annual N export to water courses is 1-2 kg N ha™! (Kortelainen et al. 2006). In previous studies,
the leaching losses have been observed to be 6-24% of the applied fertilizer N (Melin et al. 1983;
Melin and Nommik 1988). The increased N export after the fertilization is highest during the first
years and decreases with time (Bergh et al. 2008). The risk of N leaching is highest in saturated
ecosystems, whereas in N limited boreal forests where much of the fertilizer N is retained in the
forest (Kortelainen et al. 1997; Binkley et al. 1998).

5 Conclusions

The unevenness of commercial fertilization done by helicopter or forwarder creates a gradient of
different fertilization intensities. In our study, the N fertilization decreased the cover of mosses
and lichens, and dwarf shrubs and increased the cover of herbaceous plants shortly after the N
application. The funnel-trap-observed fertilizer amount affected the magnitude of the vegetation
response, and the changes in the vegetation cover were more pronounced in areas with higher fer-
tilizer dose. Mor humus layer was found to retain a significant amount of the applied N, which may
be reflected in vegetation composition and tree growth in delay. Long-term vegetation monitoring
is needed in various conditions because we found that vegetation responses might depend on tree
species, lighting conditions and soil chemical properties and the different application methods
of the fertilizer. We can conclude that changes in ground vegetation species composition and the
decreased C:N ratio in mor humus layer alter the nutrient cycling.
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