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Abstract

Climate change in the Arctic has profound effects on tundra vegetation, directly through increasing
temperatures and indirectly through changes in plant community composition and nutrient cycling.
Fertilization experiments are widely used to study the effects of increased nutrient availability on
arctic tundra vegetation. This study investigated the effects of 15 years of nitrogen (N) and
phosphorus (P) addition along an elevational gradient in subarctic heath and meadow vegetation in
northern Sweden. It shows that vegetation type strongly interacted with elevation, time, N and P
addition to influence plant communities and hence that different vegetation types can have highly
different responses to increased nutrient availability over time. In both vegetation types, N was the
main limiting nutrient, but combined fertilization with N and P generated the greatest change in
plant community composition, whereby slow-growing species were replaced by one or two
dominant graminoids, which was associated with a decrease in species richness, Simpson’s diversity
and Shannon diversity. The effect of N addition on plant community composition was stronger in
the nutrient-poor heath, whereas species richness declined more in the nutrient-rich meadow. During
15 years of nutrient addition, the fastest and greatest change in plant community composition,
species richness and diversity occurred at the warmer sites in the heath and the colder sites in the
meadow, but after ten years of fertilization, the colder sites in the heath also responded to increased
nutrient availability, implying that temperature mediates the effect of fertilization on heath
vegetation. The results of this study highlight the complex responses of different vegetation types
in the tundra to increased nutrient availability over time and show that short-term responses to
fertilization may persist on the long-term, but additional changes may occur after more than ten
years of nutrient addition in more temperature and nutrient limited plant communities.

Keywords: arctic tundra, climate change, fertilization, nitrogen, phosphorus, plant community
composition, species richness, Simpson’s diversity, Shannon-Wiener diversity, elevational gradient
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1. Introduction

Climate change is occurring at more than double the rate in the Arctic compared to
the rest of the world (Francis et al., 2017). Positive feedbacks amplify warming in
the Arctic, because reduced snow and ice cover resulting from atmospheric
warming causes shifts in albedo, cloud cover and ocean streams, which further
increase atmospheric temperatures (Walsh, 2014). Between 1966 and 2003 surface
air temperatures in the Arctic increased with an average of 0.4°C per decade (ACIA,
2005). Several environmental changes have been observed in the arctic tundra in
response to elevated temperatures, such as a longer growing season (Niittynen et
al., 2020), earlier snowmelt (Stone et al., 2002), and increased precipitation (Box et
al., 2019), all of which influence plant growth. As a result, climate change has
shown profound effects on arctic tundra vegetation, directly by enhancing plant
growth (Elmendorf et al., 2012a), and indirectly through increasing microbial
activity and decomposition of organic matter (Chapin et al., 1995). For example,
research has reported a greening of the Arctic (Walker et al., 2012; Berner et al.,
2020), an expansion of shrubs (Tape et al., 2006; Mekonnen et al., 2018), and a
northward movement of the tree line (Danby & Hik, 2007; Bjorkman et al., 2018).
Moreover, several studies have shown an increase in nutrient turnover in tundra
soils at increased temperatures (Chapin et al., 1995; Rinnan et al., 2008), likely due
to changes in soil temperature and soil moisture, rendering an increase in nutrients
available to plants. This is likely to relieve parts of the nutrient limitation currently
imposed on plant growth in the arctic tundra, where nitrogen (N) and phosphorus
(P) are major limiting nutrients (Shaver & Chapin, 1980; Shaver et al., 1986;
Jonasson, 1992; Chapin et al., 1995). An important reason for the low N and P
availability in tundra soils is that a substantial proportion of the nutrients is locked
up in organic material with a long turnover time, or is immobilized by microbes,
leaving most of these nutrients unavailable to plant roots (Jonasson & Michelsen,
1996).

Global warming, resulting from climate change, could induce a shift in plant
community composition in the arctic tundra from nutrient-conservative species to
species that require higher amounts of nutrients (Miller, 1982; Mekonnen et al.,
2018). However, regional differences have been observed in response to warming
(Elmendorf et al., 2012b). For example, in a synthesis of 61 warming experiments
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in the Arctic, the proportion of shrubs was found to increase with warming in sites
with a relatively high ambient summer temperature (Elmendorf et al., 2012b). By
contrast, graminoids increased in proportion mainly at colder sites, and vascular
plant diversity (Simpson’s diversity index; Peet, 1974) declined only in sites with
high soil moisture (Elmendorf et al., 2012b). Hence, long-term variation in the
regional climate across arctic sites can be a strong mediator of plant community
responses to rising temperatures.

Landscape heterogeneity plays an important role in the differential responses of
tundra vegetation to climate change. The arctic tundra is characterized by a mosaic
landscape where different vegetation types, associated with different dominant
plant functional groups, are found in close proximity to each other (Bjork et al.,
2007). This patchiness in the landscape results largely from small-scale topographic
differences which affect water and nutrient availability, because water and nutrients
move downwards on hillslopes and accumulate in topographic depressions
(Peterson & Billings, 1980; Young et al., 1997). For example, in the Fennoscandian
tundra two vegetation types, heath and meadow, are commonly found within short
distances from each other. Heath vegetation occurs in nutrient-poor patches and is
mainly dominated by evergreen and deciduous shrubs, whereas meadow vegetation
occurs in more fertile patches and is dominated by forbs and graminoids (Molau &
Alatalo, 1998). Nitrogen availability in the soil has been found to be more than three
times higher in meadow versus heath vegetation (Bjork et al., 2007), which has
been suggested to relate to stronger N limitation of plant growth in the heath (Chu
et al., 2011). Further, the plant N:P ratio is higher in the meadow, which has been
suggested to impose a larger P limitation on meadow vegetation, although the
differences between vegetation types are small (Giesler et al., 2012). Since heath
and meadow are inherently different in terms of nutrient dynamics and plant
functional groups, these vegetation types can respond very differently to changes
in temperature and increased nutrient availability (Sundqvist et al., 2014a).

Fertilization experiments are widely used to study the effect of increased nutrient
availability on plant communities in the tundra. A common finding in these studies
is a shift in dominant functional groups towards an increase in fast-growing
deciduous species and graminoids at the cost of slow-growing evergreen species
(Chapin et al., 1995; Press et al., 1998; Bret-Harte et al., 2008; Veen et al., 2015).
Multiple fertilization studies have also reported an increase in the biomass of
deciduous shrubs (Chapin et al., 1995; Jonasson et al., 1999; DeMarco et al., 2014)
and graminoids (Bret-Harte et al., 2008; Liu et al., 2020) with nutrient addition.
Another study in alpine tundra in Colorado, USA, found that plant diversity
(Shannon-Wiener index; Peet, 1974) increased with N+P fertilization in dry
meadow, but diversity decreased with the same treatment in wet meadow
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(Theodose & Bowman, 1997), which highlights the fundamental differences
between the responses of different vegetation types to nutrient addition.

Nitrogen is often believed to be the main limiting nutrient in the arctic tundra (Aerts
& Chapin, 1999), but the role of P in driving patterns of biodiversity in the tundra
is less well understood (McLaren & Buckeridge, 2019). Full-factorial fertilization
experiments which explored the separate and interactive effects of N versus P
addition on vegetation found the largest response to treatment in the combination
of N and P fertilization (Shaver & Chapin, 1980; Jonasson et al., 1999), indicating
that N and P have a co-limiting effect on tundra ecosystems (Giesler et al., 2012).
Similarly, Zamin et al. (2014) found an interactive effect between N and P addition,
where combined fertilization with N and P showed a lower inorganic N availability
in the soil than when the same amount of N was added without P. Furthermore, an
experiment of N and P addition in the alpine tundra in Colorado, USA, found that
N addition significantly reduced species richness, whereas P addition alone did not
affect species richness (Seastedt & Vaccaro, 2001). Nevertheless, McLaren and
Buckeridge (2019) suggest that, besides a universal N-limitation, there is a more
complex P-limitation in the tundra, which is generally less well studied and
understood.

Most fertilization experiments report short-term (< 10 years) responses to nutrient
addition, and long-term studies are few. However, short-term responses to nutrient
addition do not necessarily match long-term results (McLaren & Buckeridge,
2019). For example, McLaren & Buckeridge (2019) found that the relative
proportion of plant functional groups in moist acidic tundra continued to change
after 26 years of fertilization, where short-term results predicted the direction, but
not the magnitude of long-term change. In several cases, decoupled effects of
above- and belowground responses to fertilization have been reported (Wardle et
al., 2013; McLaren & Buckeridge, 2019). In one experiment the microbial
community needed more than 10 years to respond to fertilization (Rinnan et al.,
2007), which in turn influences the vegetation. As a result, short-term fertilization
experiments may not mirror the longer term responses of plant communities to
nutrient addition (Farrer et al., 2015), and very little is known about how long-term
fertilization interacts with long-term changes in temperature to affect tundra plant
communities. Elevational gradients serve as powerful tools to study long-term
temperature effects on vegetation, as long as other abiotic variables remain
relatively constant, due to the natural decrease in temperature that is associated with
increasing elevation (Kdrner, 2007; Sundqvist et al., 2013; Miiller et al., 2017). This
allows for the opportunity to study long-term natural temperature effects on an
ecosystem. Nevertheless, few studies have combined fertilization experiments with
elevational gradients.
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In order to better understand how nutrient supply and temperature interact to
influence plant community composition and diversity in the subarctic tundra, I
studied how heath and meadow vegetation respond to long-term nutrient addition
along an elevational gradient. This was tested in a full-factorial study of N and P
fertilization between 2008 and 2022 in Abisko, northern Sweden (Sundqvist et al.,
2011, 2014a). An observational study on this elevational gradient found that N
concentrations, species richness and Simpson’s diversity were higher in meadow
than in heath (Sundqvist et al., 2011). Further, soil P availability has been found to
decrease consistently with elevation in both vegetation types (Vincent et al., 2014),
whereas patterns of soil mineral N concentrations across elevations in this study
system were less clear and decreased with elevation in the heath, but were highly
variable along the elevational gradient in the meadow (Sundqvist et al., 2011,
2014b). After two years of fertilization it was concluded that N was the main
limiting nutrient in both heath and meadow, but in both vegetation types the largest
response to fertilization was observed when N and P were added together
(Sundqvist et al., 2014a). Vegetation density significantly increased with N+P
addition in both vegetation types, and this effect was strongest at the low elevation
for the heath and at the high elevations for the meadow (Sundqvist et al., 2014a).
This suggests that the cold temperatures at high elevations are likely more limiting
than nutrients for heath vegetation, while nutrients are more limiting at high
elevations for the meadow vegetation (Sundqvist et al., 2014a). Since long-term
responses often differ from short-term responses to fertilization, the current study
follows up on Sundqvist et al. (2014a) with the aim to analyze long-term (15 years)
responses of subarctic heath and meadow vegetation to N and P addition along an
elevational gradient. I test the hypotheses that:

1. After 15 years of fertilization, N addition will continue to have a greater effect
on heath and meadow vegetation than P addition (Aerts & Chapin, 1999; Sundqvist
et al., 2014a), but combined fertilization with N+P will generate the greatest change
in plant community composition and diversity for both vegetation types (Shaver &
Chapin, 1980; Jonasson et al., 1999; Sundqvist et al., 2014a).

2. There will be a shift in plant community composition in N and N+P fertilized
plots from conservative and slow growing species towards faster growing plants
(Chapin et al., 1995; Press et al., 1998; Bret-Harte et al., 2008; Veen et al., 2015),
which over time will decrease diversity (Chapin et al., 1995; Press et al., 1998).
This effect will be greater in the nutrient-poor heath vegetation than in the more
nutrient-rich meadow vegetation (Molau & Alatalo, 1998).
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3. After 15 years of fertilization, plant communities in N and N+P fertilized plots
at the low elevation in the heath and the high elevations in the meadow will be
almost entirely dominated by graminoids (Sundqvist et al., 2014a), which is
associated with a decrease in species richness and diversity. At the high elevations
in the heath and the low elevations in the meadow there will be little to no effect of
fertilization.
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2. Methods

2.1 Study site

This experiment was conducted on Mt. Suorooaivi (1193m), located 20 km south-
east of Abisko, Sweden (68°21'N, 18°49'E). This elevational gradient faces north-
east and ranges between 450 to 1000 meters in elevation, as is previously described
by Sundqvist et al. (2011, 2014a). The climate is characterised as subarctic, with
long, cold winters and short summers. The average growing season is
approximately three months between June and September and the average
temperature in Abisko during the growing season is 10.3 + 2.8 °C, based on
measurements between 2000 and 2020 acquired from the Swedish Meteorological
and Hydrological Institute (SMHI) (SMHI, 2023). Previous air temperature
measurements across this study system showed a decline in temperature of
approximately 2-3 °C between 400 and 1000 meters elevation (Sundqvist et al.,
2011, 2020; Blume-Werry et al., 2018). The mean precipitation in Abisko during
the growing season is 226 mm, with July being the wettest month (73.3 mm) and
June being the driest month (46.6 mm) (SMHI, 2023). Summer precipitation
previously measured in proximity of the study area ranged between 230 and 290
mm and showed little variation across elevations (Karlsson et al., 2005; Sundqvist
etal., 2011).

At the study site, heath and meadow vegetation grow in patches in a mosaic pattern
(Figure 1). Mountain birch (Betula pubescens ssp. czerepanovii) forest grows at the
base of the mountain until the treeline, with the forest line located between 500 and
650 meters elevation. The heath vegetation consists mainly of evergreen and
deciduous dwarf shrubs and is dominated by Betula nana, Empetrum nigrum,
Vaccinium vitis-idaea, and Vaccinium uliginosum. The meadow vegetation is
characterized by forbs and graminoids, with common forb species including
Bistorta vivipara, Ranunculus nivalis, Solidago virgaurea and Viola biflora, and
common graminoids including Carex bigelowii and Deschampsia flexuosa.
Pteridophytes are found in the forest in both vegetation types, but are rare above
the treeline.
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Figure 1: Heath vegetation (A) and meadow vegetation (B) at the study site.

The subarctic is sensitive to cyclical outbreaks of autumnal moths (Epirrita
autumnata) in birch forests (Parker et al.,, 2017) and lemmings in the tundra
(Oksanen & Oksanen, 1992). In 2012-2013 and 2022 the sites located at 500 meters
in the mountain birch forest were subject to an outbreak of Epirrita autumnata,
which killed a large proportion of the forest. Moreover, in 2015 there was an
outbreak of lemmings, which led to a strong reduction of vegetation cover in several
plots in this study system at 800 and 1000 meters.

2.2 Study design

A full-factorial experiment of N and P fertilization was set up at 500, 800 and 1000
meters elevation in the summer of 2008. Sixteen replicate plots of 1x1 m were
installed at each elevation in heath and meadow vegetation, resulting in a total of
96 plots. These 16 plots were divided into four independent blocks, within which
each plot was randomly assigned one of the following treatments: control, N
fertilization, P fertilization, or N + P fertilization (Figure 2). The mean distance
between the two nearest plots with the same treatment was ~10 m (Sundqvist et al.,
2014a), which is assumed to be enough to ensure independence between plots
(Sundqvist et al., 2011), because of the high degree of heterogeneity in the
landscape due to variations in soil fertility depending on small-scale topographical
differences (Bjork et al., 2007).
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Figure 2: A schematic overview of the experimental design of this study (panel A). At all elevations
(500, 800 and 1000 meters) and in both vegetation types (heath and meadow) there were sixteen
plots, which received one of the four treatments: control (C), phosphorus fertilization (P), nitrogen
fertilization (N) or combined fertilization with nitrogen and phosphorus (N+P). Plots that received
the same treatment in each vegetation type were divided over four randomly positioned blocks.
Example plots located in heath (panel B) and meadow (panel C) vegetation are shown. Photo credit:
Eliska Kutakova.

Plots assigned to fertilization have been fertilized annually since 26 July 2008.
During the summers of 2009 and 2010, half of the annual amount of fertilizer was
added when the plots were snow free and the other half was added three weeks later
(Sundqvist et al., 2014a). Since 2011, all plots were fertilized with the full amount
of fertilizer at once in the last week of June or early July each year. Fertilized plots
received 10 g N m? yr'! in the form of NH4sNOs3 and/or 5 g P m? yr'! in the form of
Ca(H2PO4)2-H20. These amounts were chosen to alleviate any N and P limitation
imposed on this ecosystem and are based on previous amounts of fertilizers used in
nutrient limitation studies with this same purpose in the Arctic (Jonasson, 1992;
Chapin et al., 1995).
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2.3 Vegetation measurements

The vegetation in each plot was measured in July 2008 (prior to the first
fertilization), 2010, 2012, 2015, 2018 and 2022 by means of point intercept
analysis, a method described by Goodall (1952). A straight line of ten downward-
facing pins was placed at the edge of each plot and moved ten times within the plot,
resulting in a grid with a total of 100 points where measurements of species
presence was recorded. Each time a vascular plant touched a pin the species was
noted, including when the same individual plant touched the pins multiple times.
Further, the bottom hit of each pin (e.g. moss, lichen, litter, rock, bare soil, etc.) was
recorded. The presence of any additional vascular plant species that occurred in a
plot that was not recorded by the point intercept method was also registered to be
able to calculate the species richness in each plot. Plants that could not be identified
to species were identified to genus level. Likewise, any genus that could not be
identified was classified at a plant functional group level. Finally, each species was
assigned one of five functional groups based on Shaver & Chapin (1991) and
Sundqvist et al. (2014a): deciduous shrubs, evergreen shrubs, forbs, graminoids and
pteridophytes.

To correct for occasional deviations from the 100 pins due to errors made in the
field, the number of total vascular plant hits per species was divided by the total
number of bottom hits and multiplied by 100, assuming that the relative occurrence
of each species was similar across the entire plot. Additional species in each plot
were included in the data as one divided by the total number of corrected vascular
plant hits to give each additional species the same relative occurrence per plot per
year.

2.4 Data analysis

All analyses were performed in R version 4.2.1 (R Core Team, 2022). For all
statistical tests, alpha < 0.05 was used as a threshold level for significance. All
graphs were created with the “ggplot2” package in R (Wickham, 2016).

2.4.1 Plant community composition

To investigate the effects of fertilization treatment on the proportion of different
plant functional groups, I created stacked bar plots showing the relative abundance
of each functional group for each year per vegetation type, elevation and treatment.
To further study the effects of fertilization treatment on an individual species level,
I used non-metric multidimensional scaling (NMDS), an ordination method that
arranges original data points in a multidimensional space as accurately as possible

18



based on pair-wise distances between data points (Kruskal, 1964). I performed the
NMDS with a Bray-Curtis dissimilarity matrix on the pinpoint data (excluding
additional species) for all years and both vegetation types. I used the metaMDS
function in the “vegan” package in R (Oksanen et al., 2022) to perform the NMDS
analysis and I used a Shepard diagram and goodness of fit test to assess how well
data points in a two-dimensional space represented the original data. Since I found
a clear separation between the community compositions at each vegetation type and
elevation, I subsequently performed separate NMDS analyses for each vegetation
type and elevation to further investigate the effects of fertilization treatment on
community composition. I then performed a PERMANOVA analysis with the
adonis? function in the “vegan” package in R (Oksanen et al., 2022) to test for
differences between the species composition of plots that received a different
treatment at each vegetation type and elevation in 2008 and 2022. The
PERMANOVA was based on a Bray-Curtis distance and used to test if the centroids
of each treatment at a given vegetation type, elevation and year differ significantly
from each other. Additionally, I used a PERMANOVA to further investigate if the
species composition of plots within a given treatment, vegetation type, and
elevation significantly changed over time.

2.4.2 Diversity indices

To explore how plant species richness and diversity were affected by fertilization,
I analyzed the effects of fertilizer treatment, vegetation type, elevation and time on
species richness, Simpson’s diversity index (D) and the Shannon-Wiener diversity
index (H’). Species richness was counted as the total number of species present per
plot. Simpson’s diversity index and the Shannon-Wiener diversity index were
calculated with the “vegan” package in R (Oksanen et al., 2022). Simpson’s D
measures the probability that two randomly chosen individuals from one sample
belong to the same species (Peet, 1974), with values ranging between 0 and 1, where
a lower value indicates a larger diversity. The Simpson’s diversity index is
calculated as follows (Oksanen et al., 2022):

b= 1]
i=1

L

Where 7 is the total number of species and pi is the proportional abundance of
species i.

On the other hand, the Shannon-Wiener index measures the uncertainty about the
species identity of an individual within a sample, which depends on species
evenness and sample size (i.e. uncertainty increases with evenness and sample size)
(Peet, 1974). Values of the Shannon-Wiener index generally range between 1.5 and
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3.5, where lower values indicate a higher diversity. The Shannon diversity index is
calculated as follows (Oksanen et al., 2022):

n
/ 2
H = _Zpilnpi (2]
i=1

Where 7 is the total number of species and pi is the proportional abundance of
species i.

The data was tested for the assumptions of normality and heterogeneity by means
of the combination of a histogram and Shapiro-Wilk test. Since there was a clear
variation in species composition among plots and blocks at the start of the
experiment, I decided to normalize the data for species richness, Simpson’s
diversity and Shannon diversity on a plot level to the 2008 value. I did this by
subtracting the 2008 value for species richness and both diversity indices per plot
from all following years in the same plot. This allowed me to compare differences
in the direction of change over time between different treatments.

I used linear mixed models (LMMs) with the normalized data to assess the effects
of vegetation type, elevation, time, N and P fertilization and their interactions on
species richness, Simpson’s diversity index and the Shannon-Wiener diversity
index. Plot nested in block was included as a random factor in the model to account
for natural variation between plots over time. I used the /mer function within the
“Ime4” package in R to create the LMMs (Bates et al., 2014). Since vegetation type
strongly interacted with elevation, time, N and P, I also ran the models separately
for heath and meadow. The LMMs were followed by a type IIl ANOVA with
Kenward-Roger’s approximation for degrees of freedom. The ANOVA results were
used to evaluate the amount of variance in species richness, Simpson’s diversity
and Shannon diversity that was explained by each fixed factor and the interactions
between these factors.
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3. Results

3.1 Community composition

3.1.1 Functional group level

Changes occurred in the relative abundance of plant functional groups in both heath
and meadow along the elevational gradient (500, 800, 1000 meters) after
fertilization with N and P (Figure 3). In the heath vegetation, a large shift in plant
community composition was found in N and N+P fertilized plots at all elevations,
but the strongest and fastest shift occurred at 500 meters and in the N+P treatment.
Over time, at all elevations in the heath the relative abundance of graminoids
increased with N and N+P fertilization, whereas the relative abundance of shrubs
decreased, but the magnitude of this shift in functional groups was strongest at 500
meters elevation. At 500 meters, the proportion of graminoids in N and N+P
fertilized plots increased rapidly in the first eight years of fertilization, whereas at
800 and 1000 meters, graminoids in N and N+P fertilized plots clearly started to
increase after 11 and 15 years of fertilization, respectively. In addition, at 800 and
1000 meters, there was an increase in forbs in the N+P treatment after 15 years of
fertilization. In the first years after the start of the experiment in 2008, the relative
abundance of pteridophytes in the heath increased slightly in the control, P and N
treatments at 500 meters, but they remained nearly absent in the N+P treatment.

For the meadow vegetation, over time the greatest shift in plant functional group
composition was found in the N and N+P fertilized plots, but this response was
weaker in the meadow than in the heath vegetation. The strongest shift in plant
functional group composition in the meadow occurred in the N and N+P fertilized
plots at 800 and 1000 meters, compared to little response to any fertilization
treatment at 500 meters. At 800 and 1000 meters, the relative abundance of
graminoids increased in the first five years and after 11 years of N and N+P
addition, whereas at 500 meters, the relative proportion of plant functional groups
did not change over time. Unlike the heath, the shift in plant functional group
composition in the meadow showed little difference between the N and N+P
treatments. In both N and N+P fertilized plots at 800 and 1000 meters there was an
increase in graminoids, together with a decrease in shrubs, although the proportion
of shrubs in the meadow was low from the start of the experiment. At 800 and 1000
meters in the N+P treatment there was a clear reduction in graminoids in 2015
compared to previous years.
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Figure 3: The relative proportion of plant functional groups in heath (A) and meadow (B) between
2008-2022 at 500m, 800m and 1000m elevation in control plots (C), phosphorus fertilized plots (P),
nitrogen fertilized plots (N) and nitrogen and phosphorus fertilized plots (N+P).
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3.1.2 Species level

Distinct differences were found between the species composition of plots in heath
and meadow and between 500, 800 and 1000 meters elevation, which clearly
represents the elevational gradient in this study (Figure 4). The species composition
in plots in heath and meadow vegetation were significantly different from each
other (PERMANOVA: Fis54= 203.01, p < 0.001). In both vegetation types the
species composition at 500 meters differed significantly from the vegetation at 800
and 1000 meters (PERMANOVA: Fi34= 108.86, p < 0.001), but there was an
overlap between plots at 800 and 1000 meters. Over time, the species composition
between heath and meadow did not become more or less similar to each other.
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Figure 4: NMDS ordination with Bray-Curtis distance for pinpoint data for all years. Points display
plots, where a smaller distance between points indicates a closer similarity in species composition.
Ellipses display 95% confidence range per elevation (500, 800, 1000 meters) and vegetation type
(heath and meadow). The stress value represents how well the plotted dissimilarity between plots
corresponds with the original dissimilarity. A stress value around 0.1 is considered a fair fit.

Although there were initial differences between the species compositions of plots
at a given elevation and vegetation type, there were no significant differences in
2008 between plots that received different nutrient addition treatments (Appendix
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B). The PERMANOVA showed that over time, significant changes occurred in the
species composition of plots within each fertilization treatment per vegetation type
and elevation. Between 2008 and 2022, the species composition in control plots
changed significantly at all elevations in the meadow and at 500 meters in the heath
(Table 1). In P fertilized plots, there were significant changes in the species
composition of plots in the meadow at 800 and 1000 meters and in the heath at 800
meters (Table 1). In N fertilized plots, there was a significant change in the species
composition of plots in the meadow at 800 and 1000 meters and in the heath at 500
and 800 meters (Table 1). The species composition in N+P fertilized plots changed
significantly at all elevations in both heath and meadow (Table 1).

Table 1: PERMANOVA testing differences in the species composition over time (2008, 2010, 2012,
2015, 2018, 2022) for each treatment, vegetation type and elevation. Only significant results are
displayed. Stars indicate the significance level: * = p < 0.05, ** =p < 0.01, *** = p < 0.001.

Treatment Vegetation Elevation PERMANOVA
type
F P
C Heath 500 2.14 0.012*
Meadow 1000 2.01 0.008**
800 1.40 0.048*
500 1.86 0.019*
P Heath 800 2.33 0.005%*
Meadow 1000 1.71 0.015%*
800 2.49 <0.001%**
N Heath 800 2.50 0.018*
500 9.87 <0.001%**
Meadow 1000 2.75 <0.001%**
800 2.80 <0.001%**
N+P Heath 1000 3.18 <0.001%**
800 3.70 <0.001%**
500 20.00 <0.001%**
Meadow 1000 4.72 <0.001%**
800 2.59 <0.001%**
500 243 <0.0071#**

In 2022, there were large differences in species composition between plots that
received different nutrient addition treatments at all elevations and vegetation types,
except for the plots at 500 meters in the meadow (Figure 5).
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In the heath at 1000 meters, the shrubs Cassiope tetragona, Empetrum nigrum and
Vaccinium vitis-idaea were present in all control and fertilization treatments, but
were more common in control and P fertilized plots than N and N+P fertilized plots
(Figure 5A). The shrub Betula nana appeared in all plots, but was slightly more
abundant in N and N+P fertilized plots than in control and P fertilized plots. Further,
Calamagrostis lapponica was frequently registered in N and N+P fertilized plots,
but less abundant in control and P fertilized plots. In addition, Rubus chamaemorus
was abundant in one N+P fertilized plot, but absent in all other plots.

In the meadow at 1000 meters, all plots were associated with the presence of the
graminoids Carex bigelowii and Calamagrostis lapponica, but these were much
more abundant in N and N+P fertilized plots than in control and P fertilized plots
(Figure 5B). Moreover, in N+P fertilized plots the graminoid Calamagrostis
lapponica was dominant, whereas in N fertilized plots Calamagrostis lapponica
and Carex bigelowii were equally abundant. The graminoid Festuca vivipara was
only present in control and P fertilized plots, with the exception of one N fertilized
plot. In addition, the forbs Bistorta vivipara, Saussurea alpina and Viola biflora
were present in all treatments, but had a relatively low cover in all plots.

In the heath at 800 meters, the shrubs Empetrum nigrum and Vaccinium vitis-idaea
were present in all plots, but were more common in control and P fertilized plots
than in N and N+P fertilized plots (Figure 5C). Betula nana appeared in all plots,
but was slightly more common in N and N+P fertilized plots than in control and P
fertilized plots. Furthermore, the graminoid Calamagrostis lapponica was
registered in all plots, but had a high abundance in N+P fertilized plots, compared
to a low abundance in control, P and N fertilized plots.

In the meadow at 800 meters, all treatments were associated with a similar absolute
abundance of the forbs Bistorta vivipara and Viola biflora, but these were relatively
more abundant in control and P fertilized plots (Figure 5D). In N and N+P fertilized
plots there was a high abundance of the graminoids Calamagrostis lapponica and
Carex bigelowii, which had a similar abundance in N+P fertilized plots, but Carex
bigelowii dominated in N fertilized plots. Furthermore, the graminoid
Anthoxanthum alpinum was more abundant in N and N+P fertilized plots than in
control and P fertilized plots, but less abundant than Calamagrostis lapponica and
Carex bigelowii.

In the heath at 500 meters, the graminoid Deschampsia flexuosa was present in all
plots, but dominated in N and, to an even greater extent, in N+P fertilized plots.
The shrub Empetrum nigrum was present in all control plots and two P fertilized
plots, but absent in N and N+P fertilized plots. The shrub Vaccinium myrtillus was
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present in all plots, but was more common in control, P and N fertilized plots than
in N+P fertilized plots (Figure 5E).

In the meadow at 500 meters, the forbs Cicerbita alpina, Geranium sylvaticum and
Rumex acetosa were present in all treatments, as well as the graminoid Milium
effusum and the pteridophytes Equisetum sp. and Gymnocarpium dryopteris (Figure
5F).
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Figure 5: NMDS ordination with Bray-Curtis distance for pinpoint data from all years, but where
the image is only displaying plant community data for 2022. Points display plots, where a smaller
distance between points indicates a closer similarity in species composition. Species scores are the
weighted average plot scores with weights based on the abundance of species per plot. In each panel
(A-F), species are shown which had a cover > 5% in that vegetation type and elevation: Anth.alp =
Anthoxanthum alpinum, B.nan = Betula nana, B.viv = Bistorta vivipara, C.big = Carex bigelowii,

C.lap = Calamagrostis lapponica, C.tet = Cassiope tetragona, Ci.alp = Cicerbita alpina, D.fle =
Deschampsia flexuosa, E.nig = Empetrum nigrum, Equ.sp = Equisetum sp., F.ovi = Festuca ovina,

Fviv = Festuca vivipara, G.dry = Gymnocarpium dryopteris, G.syl = Germanium sylvaticum, M.eff
= Milium effusum, R.ace = Rumex acetosa ssp. lapponica, S.alp = Saussurea alpina, V.bif = Viola
biflora, V.myr = Vaccinium myrtillus, V.vit = Vaccinium vitis-idaea

Note: axes cannot be compared between panels (A-F), because each panel displays a separate
NMDS analysis.

3.2 Diversity indices

The LMMs revealed different responses of species richness, Simpson’s diversity
and Shannon diversity to N and P addition in heath and meadow vegetation across
the elevational gradient over the duration of the study period (2008-2022; Figure 6-
8, Table C.1-3).

3.2.1 Species richness

In total 106 species were recorded in the study system, of which 46 species occurred
in the heath and 100 species occurred in the meadow (Appendix A). On average,
there were 8.84 species per plot in the heath and 18.87 species per plot in the
meadow. In the heath, the average number of species per plot was 10.38 at 500
meters, 6.96 at 800 meters and 9.20 at 1000 meters. In the meadow, the average
number of species per plot was 15.83 at 500 meters, 22.55 at 800 meters, and 18.23
at 1000 meters. In both vegetation types and at all elevations, the species richness
was lower in N and N+P fertilized plots than in control and P fertilized plots, with
the exception of the heath at 1000 meters (Table 2).
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Table 2: The mean species richness per vegetation type, elevation and treatment over the duration
of the study period (2008-2022).

Vegetation Elevation Treatment Species richness
type
Mean SD
Heath 1000 C 9.67 2.94
9.00 1.98
N 8.82 1.19
N+P 9.67 1.58
800 C 7.29 0.95
P 7.25 1.03
N 6.67 1.24
N+P 6.63 0.77
500 C 11.04 2.61
P 12.13 2.56
N 9.50 3.12
N+P 8.80 2.14
Meadow 1000 C 18.58 2.64
P 19.25 4.02
N 17.67 3.77
N+P 17.42 4.29
800 C 23.96 3.93
P 24.58 4.69
N 21.46 4.35
N+P 20.21 4.93
500 C 16.83 3.69
P 16.71 2.42
N 15.26 2.26
N+P 15.17 3.56

Overall, the species richness was significantly influenced by the interaction
between vegetation type, elevation, time and N fertilization, whereby heath and
meadow showed different temporal responses at different elevations to N addition.
Further, vegetation type also significantly interacted with time, N and P fertilization
(Table C.1; Figure 6).

Specifically for the heath, there was a significant interaction between N addition,
elevation and time, whereby N addition had a negative effect on species richness
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only at the low elevation over the study period (Figure 6A). Further, although the
response to P addition varied among plots, species richness declined slightly in
most P fertilized plots in the heath (Figure 6A-C).

In the meadow, N and P fertilization interacted significantly with time, with
generally larger negative effects of N addition on species richness when N was
added together with P. At all elevations, the largest decline in species richness with
N and N+P addition occurred in the first eight years of fertilization (Figure 6D-F).
Further, the effect of N addition in the meadow interacted significantly with
elevation and time, whereby over the duration of the study period N addition had a
negative effect on species richness at all elevations (Figure 6D-F), but this effect
was larger and occurred faster at 800 and 1000 meters than at 500 meters.
Moreover, during the study period changes in species richness showed different
patterns at different elevations. At 500 meters, the control and N+P fertilized plots
showed a decrease in species richness between 2012 and 2015, whereas the species
richness in the P and N treatments changed little over time (Figure 6D). At 800
meters there was a clear decrease in species richness in all plots between 2012 and
2015, whereafter species richness increased in all treatments. Further, in 2022 the
P treatment showed a larger species richness than the control, N and N+P fertilized
plots at 800 m (Figure 6E). At 1000 meters, there was a reduction in species richness
in N and N+P fertilized plots until 2015, after which richness did not change much
(Figure 6F). At all elevations, the species richness changed much more over time
in the meadow than in the heath.
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Figure 6: The change in species richness over time per treatment, elevation and vegetation type.
Values for each year are compared on a plot level to the 2008 value. Boxes represent the range
between the I°* and 3™ quantile and whiskers show the upper and lower quantiles. Outliers are
displayed as dots. Significant interaction effects found in the LMMs with elevation (E), time (T),
nitrogen fertilization (N) and phosphorus fertilization (P) as fixed factors, and plot nested in block
as a random factor, are displayed separately for heath and meadow. Stars indicate the significance
level of an interaction effect: * = p < 0.05, ** =p < 0.01, *** = p < 0.001.

3.2.2 Simpson’s diversity index

Simpson’s diversity index was significantly influenced by the interaction between
vegetation type, elevation, time, N and P fertilization (Table C.1), whereby heath
and meadow showed different responses to nutrient addition along the elevational
gradient over the study period (Figure 7).

In the heath, the effect of N addition on Simpson’s diversity interacted significantly
with elevation and time, whereby N addition had a negative effect on Simpson’s
diversity over the study period only at the low elevation (500m). Further, the effect
of N and P addition interacted significantly with elevation, where N addition at 500
meters elevation had the strongest negative effect when N was added together with
P (Figure 7A). Moreover, the effect of P addition interacted significantly with time,
whereby Simpson’s diversity declined over time in most P fertilized plots, although
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there was high variation among plots. Specifically at 800 meters, the P addition
treatment had a negative effect on Simpson’s diversity from 2018 onwards (Figure
7B), while the other treatments showed little effect on diversity.

In the meadow, the effect of N and P fertilization on Simpson’s diversity interacted
significantly with elevation and time, whereby N addition had a negative effect on
Simpson’s diversity at 800 and 1000 meters elevation only, especially when N was
added in combination with P. At 800 meters, the fastest decline in diversity occurred
in N+P fertilized plots during the first four years of fertilization, after which
diversity increased slightly. In comparison, in N fertilized plots diversity
continuously declined from the fourth year of fertilization onwards, resulting in the
lowest Simpson’s diversity at 800 meters in N fertilized plots at the end of the study
period (Figure 7E). At 1000 meters, Simpson’s diversity declined only after seven
years of N and N+P fertilization (Figure 7F).
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Figure 7: The change in Simpson’s diversity index (D) over time per treatment, elevation and
vegetation type. Values for each year are compared on a plot level to the 2008 value. Boxes
represent the range between the 1° and 3" quantile and whiskers show the upper and lower
quantiles. Outliers are displayed as dots. Significant interaction effects found in the LMMs with
elevation (E), time (T), nitrogen fertilization (N) and phosphorus fertilization (P) as fixed factors,
and plot nested in block as a random factor, are displayed separately for heath and meadow. Stars
indicate the significance level of an interaction effect: * =p < 0.05, ¥* =p < 0.01, *** =p < 0.001.
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3.2.3 Shannon-Wiener diversity index

The Shannon-Wiener diversity index was significantly influenced by the interaction
between vegetation type, elevation, N and P fertilization (Table C.1), whereby
heath and meadow showed different responses to nutrient addition along the
elevational gradient (Figure 8). Furthermore, the effect of N and P addition on
Shannon diversity in both vegetation types interacted significantly with elevation
and time, where different responses to nutrient addition were found along the
elevational gradient over time.

Specifically for the heath, the response of Shannon diversity to N and P addition
interacted significantly with elevation, whereby N addition declined Shannon
diversity only at the low elevation, especially in combination with P. At 500 meters,
diversity declined rapidly in N and N+P fertilized plots in the first seven years of
fertilization, after which diversity did not change much (Figure 8A). Nitrogen
addition also interacted significantly with elevation and time, where over time the
negative effect of N addition on Shannon diversity was only visible at 500 meters.
Further, P addition interacted significantly with time, where P addition slightly
decreased Shannon diversity over the study period.

In the meadow, N and P addition interacted significantly with elevation and time,
whereby N addition had a negative effect on Shannon diversity at all elevations
over the study period, especially in combination with P, but this effect was strongest
at the high elevations. At 500 meters, diversity declined in the control and all
fertilization treatments, revealing little difference between fertilization treatments
(Figure 8D). At 800 meters in N+P fertilized plots there was a strong decline in
Shannon diversity directly after the start of the experiment, whereas in N fertilized
plots diversity started to decline only after four years of fertilization (Figure 8E).
At 1000 meters, Shannon diversity declined in N and N+P fertilized plots only after
four years of fertilization, but the strongest decline occurred in N+P fertilized plots
(Figure 8F).
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Figure 8: The change in Shannon-Wiener diversity index (H’) over time per treatment, elevation
and vegetation type. Values for each year are compared on a plot level to the 2008 value. Boxes
represent the range between the 1° and 3 quantile and whiskers show the upper and lower
quantiles. Outliers are displayed as dots. Significant interaction effects found in the LMMs with
elevation (E), time (T), nitrogen fertilization (N) and phosphorus fertilization (P) as fixed factors,
and plot nested in block as a random factor, are displayed separately for heath and meadow. Stars
indicate the significance level of an interaction effect: * =p < 0.05, ** =p < 0.01, *** =p < 0.001.
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4. Discussion

In this study, I investigated how heath and meadow vegetation in the subarctic
tundra have responded to 15 years of N and P addition along an elevational gradient.
The combination of a long-term fertilization experiment with an elevational
gradient enabled me to explore how nutrient limitation interacts with climate to
affect plant community dynamics. Therefore, this study gives a unique insight into
the possible effects of climate change on subarctic tundra vegetation.

4.1 Nitrogen and phosphorus dynamics

Based on early results from this study system (Sundqvist et al., 2014a) and other
fertilization experiments in the subarctic tundra (Shaver & Chapin, 1980; Aerts &
Chapin, 1999; Jonasson et al., 1999), it was expected to over time find the greatest
response to fertilization in plots that were fertilized with N, especially in
combination with P. Overall, I found large shifts in plant community composition
and diversity in N and N+P fertilized plots in both vegetation types, compared to a
small effect of P addition, which supports this first hypothesis. However, although
N addition drove changes in community composition and diversity in both
vegetation types, P addition appears to have a more complex effect on the subarctic
tundra (McLaren & Buckeridge, 2019). This is reflected by a reduction in diversity
(Simpson’s and Shannon diversity) with the addition of P (without N addition) over
time in the heath, but an increase in species richness and Shannon diversity in the
meadow, at 800 meters. A possible explanation for the differential responses of
heath and meadow to P addition is the higher fungal to bacterial ratio in soils in the
heath than in the meadow (Sundqvist et al., 2011). Neurauter et al. (2023) found
that bacteria in tundra soils are limited by carbon, N and P, whereas fungi are
limited only by carbon and N, which implies that meadow vegetation is stronger P
limited than heath vegetation. This is in line with findings by Giesler et al. (2012),
who found that N:P ratios in plant tissue of the same species was lower in the heath
than in the meadow, suggesting that P-uptake relative to N is higher in the heath.
Thus, alleviation of P limitation in the meadow could favor P-rich species. To
illustrate, I found that P fertilization in the meadow generated an increase in forbs
Cerastium alpinum and Ranunculus nivalis, compared to no effect of P addition on
graminoids, thereby increasing species richness and diversity. On the other hand,

35



the decrease in species diversity in the heath with P addition probably occurred
because of a decrease in the deciduous shrub Betula nana compared to control plots,
whereas evergreen shrubs appear to be unaffected by P addition. Since N:P ratios
in plant tissue vary less than soil N:P ratios (Bowman, 1994), it is possible that P
addition without N leads to an imbalance in N:P ratio in species that have a high
demand for N, thereby increasing N-limitation. Possibly, the high nutrient demand
and rate of nutrient uptake in deciduous shrubs relative to evergreen shrubs induces
an N-limitation on Betula nana, when P is added without N.

Besides individual species responses to P addition, I found significant interactive
effects between N and P addition, in combination with vegetation type, elevation
and time, indicating that the effects of N versus P addition are mediated by the other
nutrient. While several studies suggest that there is an independent co-limitation of
N and P in the subarctic tundra (Bowman, 1994; Shaver & Chapin, 1995; Giesler
et al., 2012), there might also be an interaction between N and P availability
(Vitousek et al., 2010). In a factorial fertilization study in the subarctic tundra,
Zamin et al. (2014) found an interaction between N and P, whereby P addition
increased soil available N, possibly due to increased rates of N fixation (e.g. Eisele
et al., 1989). On the other hand, in two meta-analyses it was found that N addition
did not enhance P limitation in the tundra (Li et al., 2016; Deng et al., 2017). This
implies that P addition has the potential to stimulate N fixation, although this might
only apply under conditions of sufficient soil moisture (Zielke et al., 2005) and the
presence of N-fixing organisms (Didkova et al., 2016).

4.2 Changes in community composition

Second, I expected to find a shift in plant community composition in N and N+P
fertilized plots from slow growing species towards faster growing plants, and that
this shift would be greater in the heath than in the meadow. In line with this
hypothesis, I found that in both vegetation types, the shift in plant community
composition that occurred in N and N+P fertilized plots was characterized by a loss
of slow-growing species and an increase of graminoids, but the shift in plant
functional groups was stronger in the heath than in the meadow. Further, changes
in species composition in both vegetation types were strongly mediated by a few
individual species. After 15 years of nutrient addition, one or two graminoid species
dominated in almost all N and N+P fertilized plots. A similar pattern was found by
Press et al. (1998) in a fertilization experiment in subarctic heath, where the
abundance of the graminoid Calamagrostis lapponica increased with a factor 18 in
plots that were fertilized with NPK, but other graminoid species did not show a
clear response to nutrient addition. Moreover, I found that different species
dominated in heath versus meadow and at low versus high elevations. For example,
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at the low elevation in the heath, N and N+P fertilized plots were almost entirely
dominated by Deschampsia flexuosa, which was also found by Nilsson et al. (2002)
after eight years of N addition in dwarf shrub dominated alpine tundra. At the high
elevations in the heath, N and N+P fertilized plots were dominated by
Calamagrostis lapponica, which is in line with several other fertilization
experiments in subarctic heath (Press et al., 1998; Little et al., 2015). In the
meadow, N addition at the high elevations led to a large increase in Calamagrostis
lapponica together with Carex bigelowii, but the associated shift in plant
community composition was not as large as in the heath, which is in agreement with
Little et al. (2015). These results highlight the differential responses of species and
vegetation types to nutrient addition at different elevations. They imply that under
different conditions of temperature (i.e. temperature is higher at lower elevations)
and soil moisture (i.e. moisture is higher in meadow than heath), different species
respond to enhanced nutrient availability, but that the general responses among
plant functional groups are more consistent among vegetation types and elevations.

The extent to which species composition changes with nutrient addition is strongly
influenced by the initial community composition in each plot (Gasarch & Seastedt,
2015), as well as the dominant mechanisms for seed dispersal and germination
potential of different species (Miiller et al. 2011). For example, Deschampsia
flexuosa is a common graminoid at the low elevation in the heath, but this species
is highly competitive only at high nutrient concentrations (Aerts & Chapin, 1999).
Furthermore, the seeds of Deschampsia flexuosa are mainly dispersed with the wind
(Scurfield, 1954), which is an effective way to quickly spread throughout an area.
Thus, although Deschampsia flexuosa was present in all plots at the low elevation
in the heath at the start of the experiment, this graminoid could only dominate when
nutrients were added to the system. Additionally, the importance of initial
community composition is also reflected in the responses of less common species
to nutrient addition. For example, during 15 years of N+P addition in the heath at
1000 meters, the abundance of Rubus chamaemorus increased from 0.7 to 39%
cover, but this happened only in the plot where this species was present from the
start of the experiment. In contrast to Deschampsia flexuosa, the seed dispersal of
Rubus chamaemorus is generally low, because this depends on the presence of
different animals, which eat the plant’s berries and spread its seeds in their
droppings (Campbell et al., 2003). However, whether or not Rubus chamaemorus
produces berries is dependent on pollination by insects (Brown & McNeil, 2009).
Therefore, the spread of Rubus chamaemorus depends on both animals and
pollinating insects, which probably hinders the establishment of Rubus
chamaemorus in new areas. Thus, seed dispersal is a strong driver of plant
community composition (Lenoir et al., 2012), but dominant mechanisms for
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dispersal differ among species, which favours the establishment of some species
over others.

4.3 Long-term effects of nutrient addition

Third, in the most responsive communities (i.e. low elevation in the heath and high
elevations in the meadow; Sundqvist et al., 2014a) I expected to find a shift in
community composition after 15 years of nutrient addition towards vegetation
almost completely dominated by graminoids, compared to little effect in the least
responsive communities. [ found strong interaction effects between vegetation type,
elevation, time and N addition on species richness, Simpson’s diversity and
Shannon diversity, which indicates that the effect of N addition over time differs
per elevation and vegetation type. In the heath, the plots at the low elevations that
were fertilized with N or N+P were almost entirely dominated by the graminoid
Deschampsia flexuosa, and in the meadow N and N+P fertilized plots were
dominated by graminoids Calamagrostis lapponica and Carex bigelowii, although
the relative cover of graminoids was lower in the meadow than the heath. Thus, I
found strong support for this third hypothesis. Moreover, after ten years of nutrient
addition, similar changes occurred in the species composition and diversity in the
less responsive communities in the heath, but not in the meadow. Probably, this
difference between vegetation types occurred because plots at the low elevation in
the meadow were already rich in nutrients at the start of the experiment, whereas
the heath at high elevations is strongly nutrient and temperature limited (Sundqvist
et al., 2014a), which likely delayed the vegetation response to nutrients.

Few studies have explored the long-term effects of nutrient addition on the tundra
(Wardle et al., 2013; DeMarco et al., 2014; McLaren & Buckeridge, 2019), and
even less studies present vegetation measurements at multiple moments in time
(Wardle et al., 2013). Although it has been suggested that short-term result predict
the direction of long-term change that occurs with nutrient addition (McLaren &
Buckeridge, 2019), I found that different species responded to increased nutrient
availabilities at different moments in time. For example, the abundance of
Anthoxanthum alpinum in the meadow at 800 meters increased strongly in the first
five years of combined fertilization with N+P, but in the following years declined
in abundance, while Calamagrostis lapponica and Carex bigelowii became much
more abundant in later years. Within plant functional groups, individual species
differ in terms of growth strategies (Wright et al., 2004; Freschet et al., 2010), with
faster growing species in the subarctic tundra generally being associated with
higher soil N concentrations (Freschet et al., 2010). Probably, species with more
acquisitive growth strategies therefore have the capacity to respond quicker to
nutrient addition than species with more conservative growth strategies. Moreover,
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these results highlight that, although short-term results indicated the shift in plant
functional groups that occurred on the long-term, the short-term responses of
individual species to nutrient addition did not mirror long-term responses.
Therefore, more studies should investigate the responses of individual species to
nutrient addition over time.

Additionally, knowledge on long-term temporal patterns is important to better
understand how fertilization experiments relate to natural ecosystem dynamics,
through a reflection of natural disturbances that occur within an ecosystem. For
example, in 2015 the vegetation at 800 meters in the meadow was highly affected
by a lemming peak, leading to a lower species richness and diversity compared to
other years. Lemming peaks are a natural cyclical occurrence in the arctic tundra
(Oksanen & Oksanen, 1992), and have been found to promote vegetation diversity
(Kaarlejarvi et al., 2017). However, meadow vegetation appeared to be more
affected by the lemming peak than heath vegetation. Thus, future studies could
consider studying the possible interactive effects between vegetation type,
fertilization treatment and lemming abundance on tundra plant communities.

4.4 Natural nutrient dynamics

Natural increases in nutrient availability resulting from climate change may differ
from fertilization with high doses of nutrients, such as this present study, with the
aim to fully alleviate N- and P-limitation (Prager et al., 2017). Low amounts of
fertilizer can already generate substantial decreases in plant diversity (Prager et al.,
2017) and increases in biomass (Zamin et al., 2014), although it is unclear how
different plant functional groups and individual species respond to low versus high
doses of fertilizer. Furthermore, in an observational study, Spasojevic et al. (2013)
found that alpine tundra vegetation showed non-directional changes during a time
period of 21 years. This highlights the complexity of ecological research and
implies that the vegetation in field experiments is constantly changing, even without
field manipulations. Thus, to be able to derive implications from fertilization
studies, it is important to understand how fertilization relates to natural nutrient
dynamics in tundra ecosystems.

Atmospheric N deposition is generally an important source of N in ecosystems
around the world, and although atmospheric N deposition is relatively small at high
latitudes (Jonasson & Michelsen, 1996), this source of N is found to increase in the
Arctic along with increases in greenhouse gas emissions (Laj et al.,, 1992).
Additional important nutrient sources are urine and feces from animals (Barthelemy
etal., 2015, 2018). Furthermore, animal and insect outbreaks can lead to a dieback
of plant biomass, which when decomposed creates an influx of nutrients into the
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system (Oksanen & Oksanen, 1992; Parker et al., 2017). For example, in this study,
the plots located in the birch forest (500m) were subject to an outbreak of Epirrita
autumnata in 2012 and 2022, which led to a high tree mortality. Following the
outbreak in 2012, Parker et al. (2017) found an increase in soil inorganic N. In
response to the increased nutrient availability, I found that the species composition
and species richness in control plots in the heath showed a pattern similar to N and
N+P fertilized plots. Thus, natural nutrient dynamics clearly influence plant
community dynamics and thereby their responses to fertilization. Therefore, long-
term fertilization studies, which explore the effects of nutrient addition across
different environmental conditions, give a more complete understanding of
different factors that influence long-term plant community responses to increased
nutrient availability.
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5. Conclusion

The results from this study show the high complexity of subarctic tundra
ecosystems, where small-scale differences in vegetation type have a large impact
on the overall responses of tundra vegetation to nutrient addition and elevation-
associated temperature over time. In both heath and meadow vegetation, N was the
main limiting nutrient, but combined fertilization with N and P generated the
greatest change in plant community composition, whereby shrubs were replaced by
one or two dominant graminoids, which was associated with a decline in species
richness and diversity. Over time, I found larger shifts in plant community
composition in the nutrient-poor heath, but stronger declines in species richness in
the nutrient-rich meadow. Furthermore, temperature showed to be a limiting factor
for plant growth in the heath, whereby low temperatures associated with high
elevations coincided with delayed responses to increased nutrient availability.
Based on the results of this study, it can be expected that enhanced N availability
in nutrient-poor heath will generate a shift from evergreen and deciduous shrubs
towards graminoids, and this shift will be greater and occur faster under higher
temperatures. In comparison, nutrient-rich meadow vegetation is expected to shift
from a diverse plant community to a community dominated by a few individual
graminoids. Lastly, additional long-term fertilization studies and fertilization
studies based on different doses of nutrient addition are necessary to better
understand the responses of tundra vegetation, especially on a species level, to
increased nutrient availability over time.
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Popular science summary

Climate change happens more than twice as fast in the Arctic than in the rest of the
world. The warmer temperatures have a large effect on tundra vegetation, because
it has been found that nutrients are recycled more rapidly under warmer conditions,
which stimulates plant growth. Scientists use fertilization experiments to study the
effects of increased nutrient availability on arctic tundra vegetation. Since nitrogen
(N) and phosphorus (P) are the main limiting nutrients in the tundra, this study
investigated the effects of 15 years of N and P fertilization in subarctic heath and
meadow vegetation in northern Sweden. To relate this to temperature, this
experiment was carried out on the slope of a mountain, whereby higher elevations
correspond to lower temperatures. It was found that heath and meadow have highly
different responses to increased nutrient availability over time. In both vegetation
types, N was the main limiting nutrient, but combined fertilization with N and P
generated the greatest change in plant community composition, whereby shrubs
were replaced by one or two dominant grass species. The effect of nutrient addition
was stronger in the nutrient-poor heath than in the nutrient-rich meadow vegetation.
During 15 years of nutrient addition, the fastest and greatest change in plant
community composition, species richness and diversity occurred at the warmer sites
in the heath and the colder sites in the meadow. After ten years of fertilization, the
colder sites in the heath also responded to increased nutrient availability, probably
because the cold temperatures delayed the response to fertilization. The results of
this study show that enhanced nutrient availability can lead to different changes in
community composition, species richness and diversity among different vegetation
types in the tundra.
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Appendix A

Table A: A list of species that were registered in the study system over the duration of the study
period (2008-2022) in heath (H) and/or meadow (M) vegetation.

Species Functional group  Vegetation
type

Agrostis sp. Graminoid M
Alchemilla sp. Forb M
Angelica archangelica ssp. archangelica Forb M
Antennaria alpina Forb M
Anthoxanthum alpinum Graminoid M
Anthriscus sylvestris Forb M
Arctostaphylos alpinus Deciduous shrub H
Astragalus alpinus Forb M
Bartsia alpina Forb M
Betula nana Deciduous shrub H,M
Betula pubescens ssp. czerepanovii Deciduous shrub H
Bistorta vivipara Forb H,M
Calamagrostis lapponica Graminoid H,M
Carex bigelowii Graminoid H,M
Carex capillaris Graminoid M
Carex dioica Graminoid M
Carex lachenalii Graminoid M
Carex vaginata Graminoid M
Carex sp. Graminoid M
Cassiope hypnoides Evergreen shrub H, M
Cassiope tetragona Evergreen shrub H,M
Cerastium alpinum Forb M
Cicerbita alpina Forb M
Cirsium helenioides Forb M
Deschampsia alpina Graminoid M
Deschampsia cespitosa Graminoid M
Deschampsia flexuosa Graminoid H,M
Diapensia lapponica Forb H
Dryas octopetala Forb M

52



Empetrum nigrum
Epilobium angustifolium
Equisetum sp.

Erigeron sp.

Eriophorum sp.
Euphrasia frigida
Festuca ovina

Festuca vivipara
Geranium sylvaticum
Gnaphalium norvegicum
Gnaphalium supinum
Gymnocarpium dryopteris
Hieracium sp.

Huperzia selago

Juncus trifidus

Linnaea borealis

Listera cordata

Luzula arcuata

Luzula multiflora ssp. multiflora
Luzula multiflora ssp. frigida
Luzula multiflora ssp. spicata
Luzula pilosa

Luzula spicata

Luzula sudetica

Luzula wahlenbergii
Luzula sp.

Lycopodium annotinum
Melampyrum sylvaticum
Milium effusum

Molinia sp.

Myosotis decumbens
Orthilia secunda

Oxyria digyna
Pedicularis hirsuta
Pedicularis lapponica
Petasites frigidus

Phleum alpinum
Phyllodoce caerulea

Poa alpina

Poa pratensis ssp. alpigena
Poa sp.

53

Evergreen shrub
Forb
Pteridophyte
Forb
Graminoid
Forb
Graminoid
Graminoid
Forb

Forb

Forb
Pteridophyte
Forb
Pteridophyte
Graminoid
Forb

Forb
Graminoid
Graminoid
Graminoid
Graminoid
Graminoid
Graminoid
Graminoid
Graminoid
Graminoid
Pteridophyte
Forb
Graminoid
Graminoid
Forb

Forb

Forb

Forb

Forb

Forb
Graminoid
Evergreen shrub
Graminoid
Graminoid

Graminoid
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Potentilla crantzii Forb M
Pyrola sp. Forb H,M
Ranunculus nivalis Forb H,M
Rhodiola rosea Forb M
Rubus chamaemorus Forb H, M
Rubus saxatilis Deciduous shrub H,M
Rumex acetosa ssp. lapponicus Forb H, M
Salix glauca Deciduous shrub H, M
Salix herbacea Deciduous shrub H,M
Salix lanata Deciduous shrub H,M
Salix lapponum Deciduous shrub M
Salix polaris Deciduous shrub H,M
Salix reticulata Deciduous shrub M
Salix sp. Deciduous shrub H, M
Saussurea alpina Forb M
Saxifraga oppositifolia Forb M
Selaginella selaginoides Pteridophyte H, M
Sibbaldia procumbens Forb M
Silene acaulis Forb H,M
Silene dioica Forb M
Solidago virgaurea Forb H,M
Sorbus aucuparia Forb H,M
Stellaria sp. Forb M
Taraxacum sp. Forb M
Thalictrum alpinum Forb M
Trientalis europaea Forb H. M
Trisetum spicatum Graminoid M
Trollius europaeus Forb M
Vaccinium myrtillus Deciduous shrub H, M
Vaccinium uliginosum Deciduous shrub H,M
Vaccinium vitis-idaea Evergreen shrub H,M
Veronica sp. Forb M
Viola biflora Forb H,M
Forbl Forb M
Graminoidl Graminoid M
Pteridophytel Pteridophyte M
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Appendix B

NMDS ordination with Bray-Curtis distance for pinpoint data including all years, where this image
is only displaying plant community data for 2008. Points display plots, where a smaller distance
between points indicates a closer similarity in species composition. Species scores are the weighted
average plot scores with weights based on the abundance of species per plot. In each subplot (4-F),
species are shown which had a cover > 5% in that vegetation type and elevation: Anth.alp =
Anthoxantum alpinum, B.nan = Betula nana, B.viv = Bistorta vivipara, C.big = Carex bigelowii,
C.lap = Calamagrostis lapponica, C.tet = Cassiope tetragona, Ci.alp = Cicerbita alpina, D.fle =
Deschampsia flexuosa, E.nig = Empetrum nigrum, Equ.sp = Equisetum sp., F.ovi = Festuca ovina,
F.viv = Festuca vivipara, G.dry = Gymnocarpium dryopteris, G.syl = Germanium sylvaticum, M.eff
= Milium effusum, R.ace = Rumex acetosa ssp. lapponica, S.alp = Saussurea alpina, V.bif = Viola
biflora, V.myr = Vaccinium myrtillus, V.vit = Vaccinium vitis-idaea
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Appendix C

Table C.1: Type III Analysis of Variance Table with Kenward-Roger's method for linear mixed
models with vegetation type, elevation, time, nitrogen and phosphorus as fixed factors and plot
nested in block as random factors. The model is run with different dependent variables: 1) species
richness, 2) Simpson’s diversity index (D) and 3) Shannon-Wiener diversity index (H’). Only
significant results are displayed. Stars indicate the significance level: * =p < 0.05, ** =p < 0.01,
*¥*Ek =p < 0.001.

Variable Species richness Simpson’s diversity Shannon-Wiener
index (D) diversity index (H”)

df F p F p F p

Vegetation 18 28.11  <0.001***  1.72 0.21 16.89 <0.001%**

type

Elevation 18 0.47 0.63 10.07  <0.01%* 4.85 <0.05*

Time 286 5499 <0.001***  45.63 <0.001***  51.52 <0.001%**

Nitrogen 54 17.56  <0.001***  86.38 <0.001*** 13843 <0.001%***

Phosphorus 54 3.12 0.08 2487  <0.001***  8.50 <0.01**

Vegetation 18 1.09 0.36 7.34 <0.01%** 1.16 0.34

type x

Elevation

Vegetation 286 39.12  <0.001%** 198 0.10 3.86 <0.01**

type x Time

Elevation x 286 5.70 <0.001***  7.26 <0.001*%**  5.10 <0.001%**
Time

Elevationx 54 0.03 0.97 15.58  <0.001***  2.96 0.06
Nitrogen

Vegetation 54 10.47  <0.01%* 0.26 0.61 17.83 <0.001%**

type x
Nitrogen

Vegetation 54 0.00 0.98 16.10  <0.001***  6.95 <0.05*

type x
Phosphorus
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Time x
Nitrogen

Time x
Phosphorus

Nitrogen x
Phosphorus

Vegetation
type x
Elevation x
Time

Vegetation
type x
Elevation x
Nitrogen

Vegetation
type x Time
x Nitrogen

Elevation x
Time x
Nitrogen

Vegetation
type x
Elevation x
Phosphorus

Vegetation
type x Time
X
Phosphorus

Elevation x
Time x
Phosphorus

Vegetation
type x
Nitrogen x
Phosphorus

Time x
Nitrogen x
Phosphorus

Vegetation
type x
Elevation x
Time x
Nitrogen

286

286

54

286

54

286

286

54

286

286

54

286

286

10.03

0.92

4.08

8.15

4.23

3.13

1.97

0.75

0.97

1.25

6.28

2.73

3.78

<0.001***

0.45

<0.05*

<0.001***

<0.05*

<0.05*

0.05

0.48

0.42

0.27

<0.05*

<0.05*

<0.001***

15.86

2.46

5.81

7.73

51.66

5.40

5.54

11.38

2.56

2.94

0.45

0.69

12.96
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<0.001%***

<0.05*

<0.05*

<0.001%***

<0.001%***

<0.001***

<0.001***

<0.001%**

<0.05*

<0.01**

0.50

0.60

<0.001***

13.93

0.63

7.34

3.96

45.43

3.49

2.79

7.50

1.82

2.93

4.35

1.33

8.11

<0.001%**

0.64

<0.01**

<0.001%**

<0.001%**

<0.01**

<0.01**

<0.01**

0.13

<0.01**

<0.05*

0.26

<0.001***



Vegetation
type x
Elevation x
Time x
Phosphorus

Vegetation
type x
Elevation x
Nitrogen x
Phosphorus

Vegetation

type x Time
x Nitrogen x
Phosphorus

Elevation x
Time x
Nitrogen x
Phosphorus

Vegetation
type x
Elevation x
Time x
Nitrogen x
Phosphorus

286

54

286

286

286

0.76

1.20

2.74

1.28

0.74

0.64

0.31

<0.05*

0.25

0.65

2.78

15.11

0.49

3.15

248

<0.01**

<0.001***

0.74

<0.01**

<0.05*

3.00

7.18

0.57

2.22

1.93

<0.01**

<0.01**

0.68

<0.05*

0.06
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Table C.2: Type Il Analysis of Variance Table with Kenward-Roger's method for linear mixed
models focused on heath vegetation with elevation, time, nitrogen and phosphorus as fixed factors
and plot nested in block as random factors. The model is run with different dependent variables: 1)
species richness, 2) Simpson’s diversity index (D) and 3) Shannon-Wiener diversity index (H’). Only
significant results are displayed. Stars indicate the significance level: * =p < 0.05, ** =p < 0.01,
*HE = p < 0.001.

Variable Species richness Simpson’s diversity Shannon-Wiener

index (D) diversity index (H’)
df F p F p F p

Elevation 9 1.20  0.35 18.56  <0.001***  10.63  <0.01%*

Time 143 624  <0.001*** 2795  <0.001*** 2624  <0.001%**

Nitrogen 27 244 0.13 29.36  <0.001%** 3398  <0.001***

Phosphorus 27 8.09  <0.01** 30.87  <0.001%**  18.45  <0.001***

Elevation x 143 1.76 ~ 0.09 13.00  <0.001%***  8.67 <0.001%**

Time

Elevation x 27 9.59  <0.001%** 4698  <0.001*** 4220 <0.001***

Nitrogen

Elevation x 27 1.04 037 3.60 <0.05* 2.03 0.15

Phosphorus

Time x 143 394  <0.01%* 16.87  <0.001%*** 1733  <0.001%**

Nitrogen

Time x 143 037 0.83 5.17 <0.001%**  3.86 <0.01**

Phosphorus

Elevation x 143 2.50 <0.05* 16.17  <0.001***  11.54  <0.001%***

Time x

Nitrogen

Elevation x 27 1.50 0.24 11.00  <0.001***  5.15 <0.05*

Nitrogen x

Phosphorus
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Table C.3: Type Il Analysis of Variance Table with Kenward-Roger's method for linear mixed
models focused on meadow vegetation with elevation, time, nitrogen and phosphorus as fixed factors
and plot nested in block as random factors. The model is run with three different dependent
variables: 1) species richness, 2) Simpson’s diversity index (D) and 3) Shannon-Wiener diversity
index (H’). Only significant results are displayed. Stars indicate the significance level: * =p < 0.05,
¥ =p <0.01, ¥**=p <0.001.

Variable Species richness Simpson’s diversity Shannon-Wiener
index (D) diversity index (H”)
df F p F p F p
Time 143 58.31  <0.001%**  20.25 <0.001***  28.26 <0.001%**
Nitrogen 27 1521  <0.001***  70.06 <0.001***  109.77 <0.001*%**

Elevation x 143 8.37 <0.001*** 281 <0.01%* 2.88 <0.01**
Time

Elevation x 27 1.36 0.27 8.23 <0.01%** 11.28 <0.001%**
Nitrogen

Elevation x 27 0.58 0.57 10.03  <0.001***  5.67 <0.01**
Phosphorus

Time x 143 7.34 <0.001%** 524 <0.001%** 524 <0.001***
Nitrogen

Nitrogen x 27 5.65 <0.05* 6.89 <0.05* 9.87 <0.01**
Phosphorus

Elevation x 143 2.99 <0.01%* 3.43 <0.01%** 3.04 <0.01%**
Time x
Nitrogen

Elevation x 143 1.07 0.39 4.00 <0.001%**  3.57 <0.001%**
Time x
Phosphorus

Elevation x 27 0.58 0.57 4.20 <0.05* 3.82 <0.05*
Nitrogen x
Phosphorus

Time x 143 3.46 <0.01** 0.90 0.46 1.15 0.33
Nitrogen x
Phosphorus

Elevation x 143 1.08 0.38 3.52 <0.001***  2.60 <0.05*
Time x

Nitrogen x

Phosphorus
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