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*  Nitrogen fertilization had no significant impact on the cover of any vascular plant or bryophyte
species in the boreal forest stands studied.

*  The cover of many species decreased over the years, regardless of fertilization treatment.

*  The exceptionally warm and dry summer of 2021 may have contributed to the decrease in
the cover of many species.

Abstract

Nitrogen (N) fertilization increases carbon sequestration and wood production in boreal upland
forests and thus supports climate change mitigation. Excess N may, however, alter the cover,
biomass and biodiversity of the ground vegetation. But little is known about how the species
composition and cover are affected by the different intensities of N fertilization. Here, we evalu-
ated the short-term impacts of N fertilization on the cover of vascular plant and bryophyte species
in two Scots pine (Pinus sylvestris L.) -dominated and two Norway spruce (Picea abies (L.) H.
Karst.) -dominated stands in Eastern Finland. The fertilization was done using a forwarder in the
Scots pine stands and a helicopter in the Norway spruce stands, which are typical vehicles for this
work in practical forestry. Funnel traps were used to measure the applied N doses at the plot level.
Each study site also included unfertilized control plots. The percentage cover of vascular plant
and bryophyte species was estimated at the beginning of the experiment, and then twice within
2—4 years after the fertilization. Overall, N fertilization had no significant impact on the cover of
any vascular plant or bryophyte species. The cover of many species also decreased over the years,
both in the fertilized and unfertilized plots. The exceptionally warm and dry summer of 2021 may
have contributed to this result. However, further studies are needed to evaluate long-term responses
in the ground cover and species composition to the N fertilizer doses used in practical forestry.
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1 Introduction

Boreal forests can sequester and store large amounts of carbon (C) in tree biomass, ground veg-
etation and soil (Makipad 1995; Ilvesniemi et al. 2002), having thus an important role in climate
change mitigation (Lecocq et al. 2022). Nitrogen (N) fertilization is a rapid and resource-efficient
method for increasing wood production in upland boreal forests on sub-xeric and mesic sites
(Gustavsen and Lipas 1975; Kelloméki et al. 1982; Sikstrom et al. 1998; Pettersson and Hogbom
2004; Pukkala 2017; Jetsonen et al. 2025), where forest growth may be limited by nitrogen avail-
ability (Tamm 1991). Nitrogen fertilization can also increase C sequestration and C stocks in soil
(Johnson 1992; Mékipéd 1995; Jorgensen et al. 2021) as a result of enhanced litter production and
slower organic-matter decomposition rates (Carreiro et al. 2000; Marshall et al. 2021). However,
N fertilization may also impact the coverage, biomass and biodiversity of ground vegetation,
although these effects remain poorly understood (Saarsalmi and Mélkonen 2001; Hedwall et al.
2014).

In boreal forests, ground vegetation consists of a relatively small number of species and low
biomass, but ground vegetation plays an important role in C and nutrient cycling (Helmisaari 1995;
Finér et al. 2003; Palviainen 2005). This is because ground vegetation nutrient uptake, nutrient
concentrations, and the turnover rates of biomass are high compared to trees (Mélkonen 1974;
Helmisaari 1995). Several ground vegetation species are annual, and a significant proportion of the
biomass is renewed annually leading to a high rate of nutrient uptake. Ground vegetation nutrient
uptake can also buffer the nutrient export to water courses (Palviainen et al. 2005a, 2005b) after
fertilization.

Nitrogen fertilization can impact the ground vegetation both directly and indirectly by
altering overstory canopy and near-ground microclimate, and thus also the competition between
plant groups and species. These impacts can be both short term or last for decades (Strengbom
et al. 2001). By adding available N into the ecosystem, N fertilization can increase plant growth
and shift the species community composition towards species favouring more fertile sites (Kellner
1993; Rajaniemi 2002; Ukonmaanaho et al. 2008). At the plant-group level, N fertilization has
increased the cover of grasses, herbs and some pteridophytes (van Dobben et al. 1999; Strengbom
and Nordin 2008; Hedwall et al. 2013), whereas the bryophyte cover including mosses and liver-
worts has often decreased (Olsson and Kellner 2006; Jacobson et al. 2020; Jetsonen et al. 2024).
However, N fertilization has also increased the cover of some bryophytes in litter habitats, such
as Brachythecium spp. mosses (Strengbom and Nordin 2008; Hedwall et al. 2010). Similarly, the
shrub cover can either increase or decrease after N fertilization (Mékipdd 1994; Strengbom and
Nordin 2008; Hedwall et al. 2010; Jacobson et al. 2020). At the species-level, the cover of Trien-
talis europaea L., Rubus idaeus L. and Brachythecium spp. has increased after fertilization, while
the cover of other species has decreased (Hedwall et al. 2010). Nitrogen fertilization decreases
the presence of Vaccinium myrtillus L. and Vaccinium vitis-idaea L., which are important in
commercial and recreational berry picking in the Nordic countries (Strengbom et al. 2001, 2002;
Strengbom and Nordin 2008; Jetsonen et al. 2024). V. myrtillus also provides food resources for
forest fauna and is therefore considered as a keystone species in boreal forest ecosystems (Dahl-
gren et al. 2007; Hegland et al. 2010). Deschampsia flexuosa (L.) Trin., a common grass species
in boreal forests, has either increased (Kellner and Redbo-Torstensson 1995) or decreased after
N fertilization (Hedwall et al. 2010). Moreover, fertilization can cause species replacement in
bryophytes (Dirkse and Martakis 1992). Due to opposite effects on the different species in plant
groups, the impacts of N fertilisation on the ground vegetation cannot be generalised. Still, the
direct impacts of the N fertilization on the cover or abundance of different ground vegetation
species remain relatively poorly studied.
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Nitrogen fertilization increases the overstorey leaf mass and enhances canopy closure, induc-
ing changes in the near-ground light conditions, temperature and humidity. These changes indirectly
alter the growing conditions for the ground vegetation (Skrindo and @kland 2002; Majasalmi and
Rautiainen 2020). However, the magnitude of indirect impacts can differ depending on the tree
species and the growing stock (Skrindo and @kland 2002; Majasalmi and Rautiainen 2020). This
was reported in hemiboreal forests where N fertilization significantly altered the species richness
and diversity of the ground vegetation in Scots pine (Pinus sylvestris L.) stands, but not in Norway
spruce (Picea abies (L.) H. Karst.) stands (Petaja et al. 2025). Furthermore, N fertilization indirectly
impacts the growing conditions by increasing the litterfall that forms the mor humus layer, which
is the growth medium for ground vegetation.

The aim of this study was to evaluate the short-term species-level responses of the ground
vegetation to N fertilization in Scots pine- and Norway spruce-dominated upland boreal forest
stands. Fertilizations with target levels of 150 and 200 kg N ha~! were set based on Finnish forest
management recommendations and each research site also included control plots that received
no N fertilization. To assess the changes in species abundances and community composition as
responses to realised N fertilizer dose, the percentage cover of each plant species was estimated
visually at every site at the beginning of the experiment and then twice within 2—4 years after the
fertilization. We expected the N fertilization to increase the abundance of grass species, such as
D. flexuosa, and decrease the cover of shrub species, like V. myrtillus, and bryophyte species. We
expected to see short-term changes in the species composition already during the first years after
the fertilization. This study is a follow-up to that of Jetsonen et al. (2024), which evaluated changes
in the ground vegetation cover at the plant-group level based on the same dataset as used here.

2 Materials and methods
2.1 Study sites and experimental design

We conducted the study at four research sites in Eastern Finland, two of which were dominated
by Scots pine and two by Norway spruce (Table 1 and Fig. 1). The stands were thinned 4-8 years
before the fertilization. All the stands were located on medium fertile, mesic Myrtillus-type (MT)
site type (Cajander 1949) in upland mineral soils, with a mor humus organic layer. The long-term
(1990-2020) mean annual air temperature was 2.8-3.5 °C and the mean annual precipitation was
640—670 mm at the study sites (Table 1). During the experimental period (2018-2022 for the Scots
pine stands, 2019-2022 for the Norway spruce stands), the mean annual air temperature was, on
average, 0.8 °C higher, whereas the mean annual precipitation (592—667 mm) was somewhat lower
than the 30-year average (Finnish Meteorological Institute 2023). In particular, June and July were
exceptionally warm and dry in the years 2018 and 2021 (Supplementary file S1, available at https://
doi.org/10.14214/s£.25052).

Our study contained four hierarchical levels: research sites, blocks, circular plots, and circu-
lar subplots. Each research site involved a randomised-block design (Fig. 1) with nine 1-ha-sized
blocks. Each block contained three circular plots (radius 7.98 m, area 200 m?) and within each
circular plot there were three circular subplots (radius 0.4 m, area 0.5 m?) placed systematically
at 6 m distances from the centre of each plot. The tree attributes were measured from the circular
plots with radius (Jetsonen et al. 2024; Muhonen et al. 2025) and the ground vegetation measure-
ments were conducted in the circular subplots

The blocks were fertilized with three target doses (0, 150 and 200 kg N ha™!) and each
fertilization treatment had three replicates (Fig. 1). The target fertilizer doses for each block were
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Table 1. Location and key characteristics of the four research sites in Eastern Finland where the nitrogen (N) fertiliza-
tion experiments were conducted. The mean annual air temperature and precipitation are shown as 30-year averages
from 1990-2020 (Finnish Meteorological Institute, 2023). Table adapted from Jetsonen et al. (2024).

Location/key characteristic Liperi Ilomantsi 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
Mean annual air temperature (°C) 3.5 3.0 2.8 34
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 20/07/2020 25-27/07/2019 10/08/2101
Means of application Forwarder Forwarder Helicopter Helicopter
§§§egfk‘;f§h§;3§1§ieg ﬁﬁf;;yfff 110-288 109-369 48441 50-426
Stand density (stems ha™!) 513 687 619 455
Mean diameter at breast height (cm) 23 18 21 21
Initial volume (m? ha!) 167 170 187 159

*In one plot at Ilomantsi and two plots at Savonranta that were intended to be fertilized, the amount of funnel-trap-observed fertilizer
was zero due to problems with the fertilization procedure, and so these values were excluded from the range values.

based on the practical forestry recommendations (Aijili et al. 2019). The Scots pine stands were
fertilized in June 2018 using a forwarder and a centrifugal spreader and YaraBela Metsésalpietari
(NPK 27-0-1, indicating 27% N by mass) fertilizer. The Norway spruce stands were fertilized in
July 2019 using a helicopter and YaraMila Metsdn NP (NPK 25-2-0, indicating 25% N by mass)
fertilizer. The realised N fertilization dose was measured inside each plot using funnel traps
(Muhonen et al. 2025).

Overall, the target fertilizer amounts were better reached at the block and treatment level
(based on used fertilizer amount), than at the plot level based on the funnel measurements according
to Muhonen et al. (2025). The variation in spatial evenness in fertilization was also substantially
larger based on aerial spreading in the Norway spruce stands, than based on ground spreading in
the Scots pine stands. However, differences in how many fertilizer particles are collected by the
textile funnels are affected by the spreading method (e.g. different direction (horizontal versus
vertical) in ground versus aerial spreading), stand structure, and topography. The large variation
in observed realised fertilizer doses between plots made our unique study setup possible, where
realised fertilizer doses are used instead of a categorical target dose.
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Fig. 1. Location of the study sites and the experimental setup. The circles in (a) represent the Scots pine-dominated
research sites and the triangles the Norway spruce-dominated research sites. Each research site (b) had three blocks (of
1 ha) per treatment (0, 150 and 200 kg N ha!), giving nine blocks in total. Each block contained three circular plots
(200 m?) from which the fertilization evenness and tree attributes were derived. Each plot (¢) contained three smaller
subplots (0.5 m?) for determining the ground vegetation cover and species composition.

2.2 Ground vegetation cover and species composition

The projective cover (%) of each vascular plant and bryophyte (mosses and liverworts) species
in the subplots was visually estimated three times during the study period. The vegetation cover
was estimated in all subplots (unfertilized and fertilized) shortly after the fertilization in the Scots
pine stands in August 2018, and in the Norway spruce stands in August—September 2019 to count
for the initial covers before any possible impacts from the fertilization. The second and third
inventories were conducted in July 2021 and July 2022. Because plants can grow on top of each
other, the total plant cover in a subplot can be greater than 100% and having thus no upper limit
the covers were considered as count-like abundances in the statistical analyses. The species con-
sidered in this study represented four plant groups: grasses, shrubs, bryophytes and herbs that also
included pteridophytes (Table 2). We excluded the species that were observed only three times or
less (including five species in the Scots pine stands and 11 species in the Norway spruce stands)
from the statistical data analyses.
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Table 2. Ground vegetation species represented in the different vascular plant and bryophyte species groups under the
Scots pine and Norway spruce stands.

Tree species / ground vegetation group Ground vegetation / vascular plant and bryophyte species

Pine stands / Grasses Agrostis sp., Calamagrostis arundinacea, Calamagrostis phragmitoides,
Deschampsia flexuosa, Poa nemoralis

Pine stands / Herbs Athyrium filix-femina (L.) Roth, Carex brunnescens, Carex digitata, Carex

globularis, Carex ovalis L., Convallaria majalis, Dryopteris carthusiana, Epi-
lobium angustifolium L., Equisetum sylvaticum L., Fragaria vesca, Goody-
era repens (L.) R. Br., Gymnocarpium dryopteris, Hierachium sp., Juncus
effusus, Luzula pilosa, Lycopodium clavatum L., Maianthemum bifolium,
Melampyrum pratense, Orthilia secunda, Oxalis acetosella., Potentilla erecta,
Pteridium aquilinum, Rubus idaeus L., Rubus saxatilis L., Solidago virgaurea,
Stellaria media, Trientalis europaea L., Veronica officinalis, Viola palustris L.

Pine stands / Shrubs Calluna vulgaris (L.) Hull, Linnaea borealis, Salix sp., Vaccinium myrtillus
L., Vaccinium vitis-idaea

Pine stands / Byophytes Aulacomnium palustre, Brachythecium sp., Bryum sp., Dicranum sp., Hyloco-
mium splendens, Marchantiophyta sp., Pleurozium schreberi, Pohlia nutans,
Polytrichum sp., Ptilium crista-castrensis, Rhodobryum roseum (Hedw.)
Limpr., Sphagnum sp.

Spruce stands / Grasses Agrostis sp., C. arundinacea, Calamagrostis phragmitoides Hartm. Calama-
grostis sp., D. flexuosa, Melica nutans L., P. nemoralis

Spruce stands / Herbs Angelica sylvestris L., C. brunnescens, C. digitata, C. globularis, Carex
sp., C. majalis, D. carthusiana, E. angustifolium, F. vesca, G. repens, G.
dryopteris, Hieracium sp., Lathyrus pratensis L., L. pilosa, M. bifolium, M.
pratense, Melampyrum sylvaticum L., O. acetosella, O. secunda, Platanthera
bifolia (L.) Rich., P. aquilinum, Pyrola minor L., R. idaeus, R. saxatilis, S.
virgaurea, T. europea, Viola canina L., Viola riviniana Rchb., Viola sp.

Spruce stands / Shrubs C. vulgaris, L borealis, V. myrtillus, V. vitis-idaea

Spruce stands / Bryophytes A. palustre, Brachythecium sp., Bryum sp., Dicranum sp., H. splendens,
Marchantiophyta sp., Plagiomnium cuspidatum (Hedw.) T.J. Kop., P. schre-

beri, P. nutans, Polytrichum sp., P. crista-castrensis., R. roseum, Rhytidiadel-
phus triquetrus, Sphagnum sp.

2.3 Statistical analyses

Statistical analyses were performed separately for the Scots pine- and Norway spruce-dominated
stands using R version 4.5.3. We used the realised fertilizer dose measured using the funnel traps
as a continuous variable instead of a categorical target dose (treatment) in the statistical analyses
because the spatial distribution of the fertilizer was found to be uneven across the plots (Muhonen
et al. 2025). To assess the changes in species abundances as response to the fertilization and dif-
ferences between the research sites we tested the effects of measured fertilizer dose, year and site,
as well as their interactions on the relative abundance (cover) of the vascular plant and bryophyte
species useing multivariate generalised linear models (mvabund package, version 4.2.8; Wang et
al. 2012). Because the full interaction of the fertilizer (N) dose x Year x Site was not statistically
significant, it was excluded from the final model.

The multivariate models were fitted to the vegetation cover data, assuming a negative bino-
mial distribution using 999 bootstrap iterations, and reported with log-likelihood ratio statistics.
To consider the nested study design with repeated measurements, we set the variable plot with a
unique code containing information about the research site and block as a stratification variable
(strata) for the permutation tests. The multivariate generalised linear models were followed by
univariate tests that report the p values for the species as adjusted for multiple testing. To elaborate
on the direction of changes a linear mixed-effects model with the same fixed model design was
conducted on the species showing significant (p<0.05) interaction terms using the nlme package
(version 3.1-160; Pinheiro et al. 2014) and the impact of year on species cover at each research
site was tested using Tukey’s pairwise comparison. The nested data structure was factored in the
mixed models by setting the variable subplot within the variable plot as random effects.
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The species composition between the fertilized and unfertilized subplots as well as over the
three years were visualised with non-metric multidimensional scaling (NMDS) using the vegan
package (version 2.6-4) and the Bray—Curtis dissimilarity based on cover data that was logarithmi-
cally transformed (Eq. 1) with the function decostand following Anderson et al. (2006):

log(x) =log b(x)+ 1 (D

where b is the base of the logarithm, x is each non-zero value, and zeros are left as zeros.

The NMDS was conducted for all the species in the Scots pine and Norway spruce stands,
as well as separately for the species divided into grasses, herbs, shrubs and bryophytes. The effects
of fertilization and measurement year on all species communities in the Scots pine and Norway
spruce stands, i.e., do the centroids of fertilized and unfertilized species communities in the NMDS
ordination differ significantly between the years, were tested using a permutational multivariate
analysis of variance (PERMANOVA, adonis2 function) and the Bray—Curtis distance and 999
permutations. In addition, the multivariate homogeneity of species community dispersions, i.e.,
the spread of the envelopes around the centroids in the NMDS ordination indicating the variability
in species composition (total number of species), was tested using the betadispr function to assess
similarity or dissimilarity between the fertilized and unfertilized plant communities over the years
(beta-diversity). Further data visualisation was performed using the ggplot2 package (version 3.4.0).

3 Results
3.1 Changes in the species cover in the Scots pine stands

Fertilizer dose had no significant effect on the cover of any species in the Scots pine stands as dem-
onstrated by the multivariate generalized linear model and univariate tests (statistically insignificant
interaction term of N dose x Year in the Suppl. files S2 and S3). The NMDS analysis also indicated
that the observations in the fertilized subplots were not distinctly separated from the observations in
the unfertilized subplots over the years and towards the increasing N dose (Fig. 2). The two research
sites had initially different ground vegetation compositions (Fig. 2 and statistically significant effect
of Site in the Suppl. files S2 and S3). Altogether 47 species were found at the Liperi site, which
was dominated by grasses and herbs, whereas the Ilomantsi site was dominated by shrubs and had
only 30 species. Poa nemoralis L., Marchantiophyta sp., Carex brunnescens (Pers.) Poir, Carex
globularis L., Juncus effusus L., Orthilia secunda (L.) House, Oxalis acetosella L., Potentilla
erecta (L.) Raeusch., Veronica officinalis L. and Pteridium aquilinum (L.) Kuhn were only found
at Liperi, which also had a greater cover of Calamagrostis arundinacea (L.) Roth and Sphagnum
sp. mosses than Ilomantsi (Suppl. files S3—S5). Linnea borealis L. was only present at [lomantsi,
whereas Solidago virgaurea L. cover was significantly greater at Liperi (Suppl. files S3—S5).
Some species had initially different covers between the unfertilized and fertilized subplots at
one or both research sites (statistically significant impact of N dose or interaction term of N dose
x Site in the Suppl. file S3). Cover of V. vitis-idaea decreased after 2018 at both research sites,
but the decrease was more pronounced at Liperi in the subplots with a higher fertilizer dose than
in the unfertilized subplots (Suppl. files S3—S5). The cover of Convallaria majalis L. showed a
decreasing trend in all subplots at [lomantsi, whereas at Liperi, only very small covers were reported
in the unfertilized subplots throughout the study and in the fertilized subplots after 2018 (Suppl.
files S3—S5). The cover of the moss Ptilium crista-castrensis (Hedw.) De Not. decreased to close
to zero after 2018 in all subplots at [lomantsi, while at Liperi, it was found only in the unfertilized
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Fig. 2. Non-metric multidimensional scaling (NMDS) for (a) all, (b) grass, (c) herb, (d) shrub and (e) bryophyte spe-
cies in the Scots pine stands. Instead of showing each observation as a separate point, the figure shows centroids (the
mean value) of all observations in each group, and envelopes (the ellipses) that represent the region of all observations
around each centroid. The centroids and envelopes are shown separately for all the observations from the fertilized (F)
and unfertilized (NoF) subplots for each year (2018 with solid circles and dotted lines, 2021 with triangles and dashed
lines, and 2022 with squares and solid lines). The axes display the main dimensions of relative dissimilarity of the data,
so that the closer the observations are to each other the more similar they are. The funnel trap-based fertilizer dose (N)
is marked with a black arrow that shows the direction of increasing fertilizer dose in the ordination space.
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subplots except for two fertilized subplots in 2018 (Suppl. files S3—S5). Apart from one subplot
at [lomantsi, Dryopteris carthusiana (Vill.) H.P. Fuchs was only found at Liperi where it showed
consistently greater cover in the fertilized than the unfertilized subplots, and no trends over the study
years (Suppl. files S3—S5). Furthermore, at Liperi, P. nemoralis was present only in the fertilized
subplots and Fragaria vesca L. and the moss Pohlia nutans (Hedw.) Lindb. were only found in
the unfertilized subplots, while R. idaeus showed consistently greater cover in the fertilized than
the unfertilized subplots. Melampyrum pratense L. and the moss Hylocomium splendens (Hedw.)
Schimp., which were found at both sites, were less common throughout the study years in the
subplots with the highest fertilizer dose compared to the other subplots (this was especially the
case for H. splendens at llomantsi and M. pratense at Liperi).

The cover of some species differed between the study years, regardless of the fertilizer dose
(Fig. 2 and statistically significant impact of Year or interaction term of Year x Site in the Suppl.
files S2 and S3). This was also clearly visible in the NMDS, where the unfertilized observations
moved in the same direction in the ordination space as the fertilized observations over the years,
despite the direction of the increasing N dose (Fig. 2). The covers of Luzula pilosa (L.) Willd.,
D. flexuosa as well as the mosses H. splendens, Pleurozium schreberi (Willd. ex Brid.) Mitt.and
of genus Dicranum decreased at both sites during the study years (Suppl. files S3—S5). Similarly,
the covers of C. vulgaris as well as L. borealis and Marchantiophyta sp., which were only found
at Liperi, decreased or completely disappeared after 2018 (Suppl. files S3 and S5). The cover of
T. europea decreased at both sites and almost disappeared after 2018. Additionally, the covers of
some species showed different changes over the years between the two Scots pine stands (Suppl.
files S2—S5). The covers of C. arundinacea (L.) Roth and M. pratense decreased at Ilomantsi
(Suppl. files S3 and S4). Also, the cover of Maianthemum bifolium (L.) F.W. Schmidt decreased at
Ilomantsi, but showed an increasing trend at Liperi (Suppl. files S3—S5). Moss genus Brachythecium
almost disappeared from Ilomantsi after 2018 and also decreased during the study years at Liperi.
The moss Aulacomnium palustre (Hedw.) Schwigr. appeared at llomantsi in 2021 and remained
going forward, whereas at Liperi, its cover was small throughout the study years. Another obscure
species — Stellaria media (L.) Vill. — appeared at Liperi in 2021 and remained. A small cover of
S. media was observed at [lomantsi in 2021, but it disappeared thereafter (Suppl. files S3 and S5).
Small covers of Calamagrostis phragmitoides Hartm. appeared and then disappeared over the
study years with no clear pattern at Liperi (Suppl. files S3 and S5), and it was also found in only
three fertilized subplots at [lomantsi in 2022.

3.2 Changes in the species cover in the Norway spruce stands

The N fertilizer dose had no significant effect on the cover of any species in the Norway spruce
stands based on the univariate tests (statistically insignificant interaction term of N dose x year in
the Suppl. files S2 and S6). This was visible in the NMDS, where observations of the fertilized
subplots were not separated by a large distance from the observations from the unfertilized subplots
over the years (Fig. 3). Both stands had initially relatively similar ground vegetation, but there
were still several species that were only found, or showed significantly higher covers, at one of the
research sites (see the test results for the impact of Site in the Suppl. files S2 and S6). Overall, 45
different species were found at Savonranta, whereas 34 species were found at Juuka. O. acetosella,
P. aquilinum, L. borealis and Carex sp. were only found at Savonranta (Suppl. files S6—-S8). Also,
C. arundinacea, Carex digitata L., C. majalis, L. pilosa, M. pratensis, Agrostis sp. and A. palus-
tris had larger covers at Savonranta than at Juuka, while the covers of Gymnocarpium dryopteris
(L.) Newman, D. carthusiana, and Dicranum sp. were higher at Juuka than Savonranta (Suppl.
files S6-S8).
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Fig. 3. Non-metric multidimensional scaling (NMDS) for (a) all, (b) grass, (c) herb, (d) shrub and (e) bryophyte species
in the Norway spruce stands. Instead of showing each observation as a separate point, the figure shows centroids (the
mean value) of all observations in each group, and envelopes (the ellipses) that represent the region of all observations
around each centroid. The centroids and envelopes are shown separately for all the observations from the fertilized (F)
and unfertilized (NoF) subplots for each year (2019 with solid circles and dotted lines, 2021 with triangles and dashed
lines, and 2022 with squares and solid lines). The axes display the main dimensions of relative dissimilarity of the data,
so that the closer the observations are to each other the more similar they are. The funnel trap-based fertilizer dose (N)
is marked with a black arrow that shows the direction of increasing fertilizer dose in the ordination space.
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We observed a significant effect of fertilization dose alone or in interaction with site on the
covers of some species that was due to initially different covers between the unfertilized and fer-
tilized subplots (statistically significant impact of N dose or interaction term N dose X Site in the
Suppl. files S2 and S6). At Juuka, D. carthusiana was more abundant and S. virgaurea was only
found in the unfertilized subplots (Suppl. files S6 and S7). L. borealis and Viola canina L. were
found only in the unfertilized subplots at Savonranta (Suppl. files S6 and S8). Furthermore, the
covers were consistently higher in the unfertilized than fertilized subplots at both sites for Hiera-
cium sp. and M. bifolium as well as for mosses H. splendens, Plagiomnium cuspidatum (Hedw.)
T.J.Kop., and Rhodobryum roseum (Hedw.) Limpr. especially at Juuka and for Polytrichum sp. at
Savonranta (Suppl. files S6-S8).

The cover of several species changed significantly between the study years, regardless of
the fertilizer dose according to multivariate and univariate tests (statistically significant impact
of Year or interaction term of Year x Site in the Suppl. files S2 and S6). This was visible in the
NMDS, with the observations of both the fertilized and unfertilized subplots shifting in the same
direction in the ordination space (Fig. 3). The covers of P. nemoralis and M. pratense generally
increased during the study years, as did the cover of M. bifolium after 2019 (Suppl. files S6-S8).
Following the common trend of the bryophytes, the covers of Dicranum sp. and P. schreberi
decreased across both sites over the years, and also the abundance of Brachythecium sp. mosses
decreased after 2019 (Suppl. files S6-S8). Similarly, the A. palustre cover decreased during the
study years at Savonranta, while at Juuka it was observed only in 2021 (Suppl. files S6—S8). The
Marchantiophyta sp. cover also showed a decreasing overall trend, but it was observed mostly
in the unfertilized subplots and only in 2021 in the fertilized subplots (Suppl. files S6-S8). The
Agrostis sp. cover decreased after 2019 at Juuka, where it was mainly found only in the unferti-
lized subplots (Suppl. files S6 and S7). At Savonranta, Agrostis sp. cover increased in 2021 but
decreased in 2022 (Suppl. files S6 and S8).

3.3 Changes in species community compositions and dispersions

In the Scots pine stands, the species composition changed in the fertilized subplots significantly
during the study period as shown by the pairwise comparisons of the multivariate homogeneity
of species community dispersions (Suppl. file S9 and Fig. 2). The species composition in the
unfertilized subplots was also significantly different in 2022 compared to the earlier study years
(Suppl. file S9 and Fig. 2). The unfertilized and fertilized subplots had initially similar species
compositions, but these differed from each other in 2021 (Suppl. files S9 and S10 and Fig. 2).
However, in 2022, the species compositions between the unfertilized and fertilized subplots were
no longer significantly different (Suppl. files S9 and S10 and Fig. 2), with the unfertilized plant
community dispersion (variability in species composition) shifting to the same direction as the
fertilized plant community dispersion according to the PERMANOVA results (Suppl. file S10). In
the Norway spruce stands, the variability in species composition changed significantly in the ferti-
lized subplots after the fertilization, whereas the species compositions in the unfertilized subplots
did not significantly differ between the study years (see statistically significant interaction term of
N dose x Year in the Suppl. file S2, pairwise comparisons of the multivariate homogeneity of spe-
cies community dispersions in the Suppl. file S11 and Fig. 3). Species community composition in
the fertilized subplots was significantly different from the community composition in unfertilized
subplots throughout the study years (Suppl. files S11 and S12 and Fig. 3).

11



Silva Fennica vol. 60 no. 2 article id 25052 - Mannisto et al. - Short-term impacts of nitrogen fertilization on ...

4 Discussion

In our study, use of N fertilization did not significantly change the cover of any ground vegetation
species within the 2—4 year period after the fertilization in the Scots pine and Norway spruce stands.
This was despite the realised fertilizer dose varied greatly and, in many plots, was substantially
higher than recommended in practical forestry (Aijili et al. 2019; Muhonen et al. 2025). The lack
of change in the ground vegetation species cover after N fertilization was unexpected because
most previous studies have reported changes in both the vegetation cover and species composition
(Kellner 1993; Turkington et al. 1998; van Dobben et al. 1999; Olsson and Kellner 2006; Sulli-
van and Sullivan 2018). In boreal forests, the abundance of herbs has generally increased after N
fertilization, whereas bryophytes and shrubs have declined or shown a mixed response (Sullivan
and Sullivan 2018). However, most previous studies have reported on the long-term effects (630
years) of repeated N fertilizations or have emulated atmospheric N deposition.

Only a few previous studies have reported ground vegetation response to N fertilization
doses of similar magnitude and range as used in this study (Strengbom and Nordin 2008; Jacobson
et al. 2020; Qkland et al. 2022; Jetsonen et al. 2024). In previous studies, an increase in the covers
of grass and herb species has been observed with lower fertilization intensities (Strengbom and
Nordin 2008; Jetsonen et al. 2024), along with mixed responses in dwarf shrub and bryophyte
species covers (Jacobson et al. 2020; Jetsonen et al. 2024). In our study, the cover of several bryo-
phyte species tended to be lower in the fertilized subplots than in the unfertilized control subplots,
but similar decreasing trends in bryophyte species covers were observed both in fertilized and
unfertilized subplots and thus could not be linked to the fertilization. The decreasing response
of bryophyte cover to N fertilization has previously been attributed to the slow growth rate and
weak competitive ability of bryophytes compared to other plant groups, and to the lack of cuticle,
which makes bryophytes sensitive to direct toxic effects from the fertilizer (Hedwall et al. 2010).

Although none of the species’ covers showed a significant response to the N fertilization,
the changes we observed in the whole species community composition could be attributed to
fertilization in the Norway spruce stands, where the community composition changed after the
fertilization in 2019 as indicated by the multivariate and PERMANOVA analyses, but this was not
the case in the Scots pine stands. The variability in species composition in the fertilized subplots
at the Scots pine stands momentarily shifted apart from the unfertilized subplots’ species com-
position that changed to the similar direction with the fertilized subplots the following year. In
some studies, N fertilization has been observed to change the species composition of the ground
vegetation community (Strengbom and Nordin 2008). However, contradictory findings have also
been reported (Sullivan and Sullivan 2018). In our study, the different community responses
between the research sites with different dominant tree species could have been affected by the
larger variation in the magnitude and unevenness of the N fertilization dose between the plots,
which was observed especially in the Norway spruce stands (Muhonen et al. 2025). Even though
we considered unevenness by using fertilizer dose as a continuous variable in the data analyses, it
may still have accounted for different responses between the Scots pine and Norway spruce stands.
In addition, the inherently different growing conditions and therefore different plant communities
in the Scots pine and Norway spruce stands (Ukonmaanaho et al. 2008; Petersson et al. 2019;
Majasalmi and Rautiainen 2020) could have resulted in different responses to the N fertilization
at the community level. The growth response in Scots pine with a lower number of needle-age
cohorts starts faster after N fertilization than in Norway spruce (Kukkola and Saramiki 1983;
Jalkanen et al. 1995; Niinemets and Lukjanova 2003). Therefore, immediately after N fertiliza-
tion, there could have been more N available in the Norway spruce stands for use by the ground
vegetation compared to the Scots pine stands. Furthermore, the stand volume in Norway spruce
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stands was on average lower in unfertilized versus fertilized plots, especially in Juuka but also to
some degree in Savonranta, which affects ground vegetation growing conditions and could have
contributed to the change in species community composition that we observed in the fertilized
plots but not in the unfertilized ones. It is also noteworthy that some species covers differed
already before the fertilization between fertilized and unfertilized subplots in both Norway spruce
and Scots pine stands, which may have played a part in different species community composition
responses among the research sites and treatments.

We found that the cover of many species often changed similarly in both the fertilized and
unfertilized subplots during the study years, which suggests that environmental factors likely
had a stronger impact than fertilization. In our study, the decline of several bryophyte species in
particular was notable across all research sites. An exceptionally warm and dry June and July in
2021 could partly explain the observed changes in the species’ covers. Bryophytes are particularly
susceptible to drought (He et al. 2016; Koelemeijer et al. 2024; Zhang et al. 2025), which could
explain the steep decline in the bryophyte covers in our study. Also, the mean growing season
temperature in 2018 was even higher than in 2021 compared to the 30-year average. The previous
hot and dry growing seasons may have already contributed to the changes in the species covers,
and therefore the changes were more visible and enhanced in 2021, with the new drought. It is
possible that the weather conditions also hampered the detection of fertilization impact on species
covers. Drought and heatwaves are predicted to become more frequent in the future in the boreal
region due to climate change (IPCC 2023) and will likely cause changes in the species covers and
their compositions (Archaux and Wolters 2006; Braziunas et al. 2024).

In addition to weather conditions, the forest management history could partly explain the
uniform changes in ground vegetation species covers between plots with different fertilizer doses, all
the research sites having been thinned 4—8 years before the N fertilization. Overall, thinning could
be expected to increase the growth resources both for the trees and ground vegetation (Lieffers et
al. 1999). Also, Jetsonen et al. (2024) did not find any effect of growing stock competition on the
cover and plant-type composition of the ground vegetation in the same fertilized or unfertilized
plots used in this study.

The initial differences observed in the species compositions and diversity of the ground
vegetation between and within the research sites highlight the influence that variations in the
microclimate and nutrient and water availability had (De Frenne et al. 2021; Buness et al. 2025).
Because of these small-scale variations, there is a need to conduct longitudinal experiments
involving vegetation inventories made before and after fertilization and emphasising the limi-
tations of studies that report only comparisons between fertilized and unfertilized stands after
fertilization.

To conclude, use of N fertilization had no significant short-term effects on the cover of
vascular plant or bryophyte species in our study. The cover of many species decreased over the
years in both the fertilized and unfertilized plots. The exceptionally warm and dry summer of
2021 may have contributed to these changes. Further studies are needed to evaluate long-term
responses in the ground cover and species composition to the N fertilization doses used in prac-
tical forestry. This is needed because the annual weather conditions, forest stand structure, and
past management (e.g. recent thinnings) may have in addition to fertilization large impacts on the
ground vegetation. If the harmful effects of N fertilization (despite spatial variation in evenness)
on the ground vegetation remain minor, this would improve the viability of using N fertilization
in practical forestry to sustainably enhance carbon sequestration and wood production, supporting
climate change mitigation.
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