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Summary

In the face of recent changes in environmental conditions and climate, long-
term studies provide important insights into patterns and processes of ve-
getational change. In northern Europe, however, long-term studies are rare
for many ecosystems. This thesis uses a new approach that uses histor-
ical phytosociological data-sets to study changes in the vegetation of alpine,
mire, and arctic habitats and regions across northern Europe over the past
decades. Because plot relocation due to the use of non-permanent plots may
bias the detection of change, the thesis investigates if observed changes are
larger than what is expected by chance. Furthermore, to find out if observed
changes in vegetation are consistent between different habitats and regions
in northern Europe, a meta-analysis of 15 data sets from arctic, alpine, and
mire sites is presented.

The results of the resurvey conducted in alpine Sikkilsdal, Central Nor-
way, show that most species have shifted their distributional range upwards
along the elevational gradient since the first sampling in the 1920s. These
upward shifts were found to be independent of whether upper, lower, or
optimum elevation were considered. As the largest shifts were found for
species growing in snow-bed habitats, the results suggest climate warm-
ing and alterations in snow-cover duration to be important drivers of the
observed range shifts.

In the Åkhult mire (South Sweden), changes over a period of 54 years
were found predominantly for species of dwarf-shrubs and trees, whereas
several typical mire species have decreased or disappeared from the study
site. Drier mire surface and higher nutrient availability due to a warmer
climate are identified as the most plausible drivers explaining the observed
turnover in species composition.

On Jan Mayen Island, similar changes in vegetation were found dur-
ing time periods of 19 and 80 years. Over both time-scales, graminoid and
woody species were found to have increased, whereas several snow-bed
related species have decreased. However, whereas the main trend is sim-
ilar over both time-scales considered, discrepancies in the trends of some
species suggest that long-term changes are only partly predictable from
short-term studies.
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The results of the meta-analysis show that the arrangement between
species has changed more than is expected by chance, indicating that non-
random changes have occurred in the studied arctic, alpine, and mire hab-
itats during the past century. Vegetation stability was found to vary site-
specifically. Observed patterns could not be explained by different factors,
such as time-scale, plot number, species diversity, or productivity.

The thesis shows that non-random vegetational changes have occurred
independent of which habitat or site is considered. As the observed changes
in vegetation are in line with several other studies on vegetational dynam-
ics focusing at different temporal and spatial scales and using permanent
plots, this thesis demonstrates that historical phytosociological data-sets
may successfully be used in the way presented here. These results unlock
a valuable archive to identify recent vegetational changes in relation to en-
vironmental change. Moreover, observations of increased growth of woody
plants and graminoids, upward shifts in species ranges, and decreases in
species mostly associated with wetter habitats indicate trends in vegetation
towards more competitive and nutrient-demanding species. With regard
to predicted changes in climate, further changes may be assumed, the ef-
fects of which are likely to be most pronounced in areas where species are
adapted to low temperatures and low nutrient availability, such as in high
mountain areas, raised bogs, and in the Arctic.
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Introduction

Background

Environmental conditions and climate are important determinants of dis-
tribution, diversity, and composition of species (Walther, 2003; IPCC, 2007).
Changes in these important factors may cause substantial changes in ve-
getation regardless of geographic region, habitat, or vegetation type (e.g.
Grabherr et al., 1994; Sturm et al., 2001; Klanderud and Birks, 2003; Parmesan
and Yohe, 2003; Wilson and Nilsson, 2009; Odland et al., 2010). Over the
past few decades, a close relation between large changes in terrestrial veget-
ation and the direct or indirect consequences of increased human activity
has emerged. Not only changes in climate and land-use, but also habitat
change and pollution have been identified as major threats to biodiversity
of terrestrial vegetation (Millennium Assessment, www.maweb.org).

Vegetation of boreal, high alpine, and arctic habitats is considered par-
ticularly sensitive to changes in climate and to nutrient deposition, as plant
species are closely related and restricted by low temperatures, short grow-
ing seasons, and low nutrient availability (Backéus, 1985; Grabherr et al.,
1994; Tørseth and Semb, 1997; Körner, 2003; Smol et al., 2005). In Europe,
effects of recent climate change have been observed, for instance, in dis-
tributional range shifts of species and tree-lines, as well as in changes in
species abundances and richness (e.g. Grabherr et al., 1994; Walther, 2003;
Walther et al., 2005; Jurasinski and Kreyling, 2007; Lenoir et al., 2008; Vittoz
et al., 2008). To detect vegetational responses to recent changes in such en-
vironments, where vegetation has a low productivity and is dominated by
slow growing species, long time-scales need to be considered. However, in
northern Europe, long-term ecological studies are rare (but see e.g. Gun-
narsson et al., 2000, 2002; Klanderud and Birks, 2003; Odland et al., 2010;
Daniëls et al., 2011).

As environmental and climate change is predicted to progress, with in-
creased precipitation and temperatures in northern Europe, further changes
in vegetation and land-cover may be expected in the future (IPCC, 2007). It
is therefore of crucial importance to understand and assess the effects of en-
vironmental change on vegetation in the past in order to design and imple-
ment appropriate conservation and management strategies for sustaining
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Introduction

important ecosystem services such as biodiversity and ecosystem function-
ing (Hierl et al., 2008). Thus, to complement the present limited knowledge
on recent vegetational changes, this thesis focuses on recent changes in ve-
getation of different habitats in northern Europe, namely alpine (I, IV), mire
(II, IV), and arctic (III, IV) habitats.

Importance of long-term studies

Monitoring studies are crucial tools to observe vegetational development in
response to environmental change through time. However, with respect to
the duration of monitoring projects, which only rarely exceed five years in
duration, and considering the time lag between environmental cause and
vegetational response, monitoring studies often do not cover time-scales
that are long enough to ensure that vegetational changes are detectable after
an environmental change (Delcourt and Delcourt, 1988; Bakker et al., 1996).
Moreover, they cannot exclude the hypothesis that the observed vegetation
changes are a result of short-term temporal or fine-scale spatial variability
in vegetation due to natural variability (e.g. life cycle) or short-term fluc-
tuations in response to fluctuations in abiotic conditions (e.g. water level)
or extreme events (e.g. summer drought; Dodd et al., 1995; Bakker et al.,
1996; Bennie et al., 2006). Thus, to detect trends in vegetation in relation to
environmental change, long-term studies focusing on the time-scales that
driving forces are operational at are needed. Such studies are, however,
difficult to maintain.

One of the earliest, and apparently the world’s longest running mon-
itoring project is the Park Grass Experiment at Rothamsted (UK), where
permanent plots and fertilizer treatments have been established and ap-
plied since 1856 enabling the study of vegetational changes over time scales
more than 150 years. Unfortunately, monitoring studies covering such long
time-scales are rare, but with the emerging challenges of human-related
environmental change especially over the past few decades, different mon-
itoring projects using permanent plots have lately been established enabling
the study of both short- and long-term effects of climate change on biotic
systems (e.g. ITEX: International Tundra Experiment, since 1989; GLORIA:
Global Observation Research Initiative in Alpine Environments, since 1994).
The monitoring of these permanent plots over the past 20 years and its con-
tinuation in the future will provide important insights into the relationships
between vegetational dynamics and recent environmental change.

An alternative approach for investigating long-term vegetational change
with regard to recent changes in environment over several decades is the re-
surveying of historical ecological data. Resurvey studies have increasingly
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been conducted to detect vegetational trends in response to recent changes
in environment, such as climate or land-use (e.g. Grabherr et al., 1994;
Gunnarsson et al., 2002; Klanderud and Birks, 2003; Walther et al., 2005;
Bennie et al., 2006; Lenoir et al., 2008; Vittoz et al., 2008; Daniëls et al., 2011).
Obviously, resurveying historical studies has the advantage of easily cover-
ing time-scales exceeding several decades as they circumvent the inevitable
waiting time connected with the initiations of new long-term studies and
experiments due to e.g. time-lagged vegetational responses (Bakker et al.,
1996). Furthermore, resurveying after decadal time periods allows an in-
vestigation of trends even in habitats where vegetational responses due to
long-lived and slow-growing species are rather slow, such as in high alpine
and arctic vegetation and Sphagnum-dominated mires (e.g. Backéus, 1972;
Hudson and Henry, 2009; Prach et al., 2010). As resurvey studies represent
the actual state of vegetation as two snapshots at each time, these studies
may be used to complement the results derived from long-term monitoring
and short-term (experimental) studies (Kahmen et al., 2002).

In northern Europe, resurveys on changes in vegetation with regard to
recent environmental change are still rare. However, several resurvey stud-
ies have been conducted, for instance, in boreal mires, where vegetational
changes (increase of dwarf-shrubs and trees) over the past 10 to 50 years
have been found in association with eutrophication and increased dryness
(e.g. Backéus, 1972; Chapman and Rose, 1991; Hogg et al., 1995; Hedenäs
and Kooijman, 1996; Gunnarsson et al., 2000, 2002). Resurveys in (high)
mountain areas and in the Arctic consistently report climate-warming in-
duced increases in deciduous shrubs and graminoids over the past decades,
as well as species range shifts predominantly upwards and northwards (e.g.
Sturm et al., 2001; Klanderud and Birks, 2003; Odland et al., 2010; Daniëls
et al., 2011).

Most often, such resurveys are conducted by sampling vegetation from
a permanent plot (e.g. Gunnarsson et al., 2000, 2002; Odland et al., 2010).
In northern Europe, however, data-sets of many more historical studies are
available (e.g. phytosociological studies), but which have so far only been
utilized to a limited extent for analysing long-term vegetation changes (e.g.
Klanderud and Birks, 2003; Daniëls et al., 2011). This is likely due to the
lack of (1) permanent plots and plot-specific environmental measurements
that hampers a direct comparison of vegetation and environment through
time, and (2) appropriate methods to tackle this challenge. Thus, if an
effective way can be found to utilize such phytosociological studies, a huge
archive could be unlocked to detect vegetational changes over the past 50
to 100 years, thereby increasing the actual knowledge about the causes and
consequences of environmental change on vegetation.
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Aims of the thesis

The main aim of the thesis is to detect, describe, and interpret long-term
changes in the distribution and composition of vegetation in common hab-
itats in northern Europe using historical phytosociological data-sets. The
thesis therefore considers the following questions:

1. Has the vegetation of alpine (I, IV), mire (II, IV), and arctic (III, IV)
habitats changed more than is expected by chance?

2. Can observed vegetational changes be explained by changes in envir-
onmental factors directly or indirectly related to important ecosystem
drivers (I - IV)?

3. Are the observed vegetational changes consistent between different
habitats and regions (IV) and using different temporal (II - IV) and
spatial scales (II)?
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Material and Methods

Utilization of historical phytosociological data-sets and
its implications

Investigating patterns in vegetation using a phytosociological approach has
a long tradition in Europe (e.g. Braun-Blanquet, 1928; Mueller-Dombois and
Ellenberg, 1974; Dengler et al., 2008). To classify and describe vegetation of a
particular region in detail and on a fine scale, it has become standard to use
fine-scale squares ranging mostly between 0.25 m2 to 1 m2, from which the
species composition is listed and species abundances are estimated (Knapp,
1971). Many of the resulting vegetation data-sets consist of at least hun-
dred, sometimes several hundred plots. Re-sampling this type of study is
ideal for analysing fine-scale succession at the community level over long
time-scales (decades and centuries). However, historical phytosociological
data-sets have so far only rarely been used for this purpose as difficulties
compromising comparability often arise.

Probably the major challenge in re-sampling old phytosociological stud-
ies is in the repeatability of the sampling methods (Bennie et al., 2006). For
instance, relocation of plots may become an important issue in resurveys
when study sites and sampling units have not been permanently marked
and the locations visited are only vaguely described in the original stud-
ies (Hedl, 2004). A new positioning of plots could generate false estimates
of vegetational change and pseudo-turnover in vegetation, i.e. species ab-
sences might, for instance, misleadingly be interpreted as species having
gone extinct (Fischer and Stöcklin, 1997; Ross et al., 2010). As local extinc-
tion applies especially to rare species and small populations and species
with a short life-cycle (Fischer and Stöcklin, 1997), it is necessary to be able
to re-find the same study sites as described in the original study and to
re-sample vegetation types as close to their previous position as possible.
If this is warranted and temporal changes are greater than spatial variation
within vegetation types, long-term vegetation change may be assumed to
be detected reliably and with some confidence (Ross et al., 2010).

Further problems in re-sampling studies in respect of comparability in-
clude the time spent on vegetation sampling. In order to obtain detailed
descriptions of the vegetation in a defined area, in previous studies the
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sampling was often conducted over several vegetative periods (e.g. Nord-
hagen, 1943; Lunde, 1962; Rønning, 1965). In contrast, resurveys today are
generally conducted within one field season. If non-permanent plots are
used, this might affect both the number of plots re-sampled and thus re-
duce the chance of covering variation in vegetation comparable to the ori-
ginal data-sets. Moreover, estimation of species abundance using the same
abundance scale as in the previous study (e.g. Hult-Sernander-Du Rietz
five-point scale; Du Rietz 1921) is generally assumed to produce reliable
data-sets, but using the same scale does not guarantee that both the sur-
veyor and re-surveyor will record the vegetation in the same way. However,
observer effects on the observation of vegetational changes such as these are
only rarely tested (but see Vittoz and Guisan, 2007; Ross et al., 2010).

Re-sampling non-permanent plots

In order to describe the vegetation of a restricted area in great detail, plant
sociologists recorded vegetation using small squares which were placed in
homogenous vegetation of stands (Knapp, 1971). Depending on the vari-
ation in vegetation, the plots were more or less equally distributed over the
study site. Since plots in the old studies were not permanently marked, in
the re-samplings conducted for this thesis in alpine (I, IV), mire (II, IV), and
arctic (III, IV) sites, the positioning of plots was done randomly. Following
the sampling protocol of the original studies and aiming to cover (at least)
the same variation in vegetation as in the previous sampling, plots were
always placed in stands of homogenous vegetation of the vegetation types
to be sampled at the study area. From these plots, species composition of
the taxonomic group studied (vascular plants, bryophytes) was listed and
species abundances were estimated using the same abundance scale as spe-
cified in the original study.

Whereas all different vegetation types could easily be re-found in the
mire studied (II), some difficulties arose in the re-sampling in both the
alpine (I) and arctic (III) areas. For instance, in Sikkilsdalen (I) due to vague
descriptions in the original study (Nordhagen, 1943), at some locations not
all the described stands could be re-found. Likewise, on Jan Mayen Island
(III) at some locations the synedria around some specific species could not
be re-found. Thus, depending on the research question behind the corres-
ponding re-sampling, different approaches to solve the problem had to be
used.

The re-sampling in Sikkilsdalen (I) was conducted with the aim of study-
ing changes in composition (IV), but also in the elevational distribution of
vascular plant species (I). For species of wide distributional ranges (e.g.

8



from below forest-line to alpine tundra) extreme low and high elevations
are limited by factors such as climate and competition (MacArthur, 1972;
Brown et al., 1996; Crawford, 2008). Thus, even if other stands are sampled
at different locations, the extreme elevations of species will be similar within
the same study site. Therefore, in the re-sampling, when at the different
locations where specific stands described in the original study (Nordha-
gen, 1943) could not be re-found, vegetation was recorded by randomly
sampling from all different vegetation types at that location.

In contrast, the re-sampling on Jan Mayen Island (III) was conducted
to detect changes in vegetational composition in the so-called synedria (i.e.
co-existing species) around certain focal species, whose sampling sites were
relatively easy to locate. However, at some locations, the focal species could
not be re-found. Since the obvious absence of the focal species does not shed
light on whether the species has gone extinct or just could not be re-found,
any sampling of other vegetational types found was abandoned. This re-
duced indeed the re-investigated data set in its number of plots not being
available for later statistical analyses. However, this strategy guarantees that
observations of vegetational change are real and not falsified due to reloca-
tion/spatial heterogeneity and overlooking of synedrial focal species (Dodd
et al., 1995; Bennie et al., 2006).

Quantification and interpretation of vegetational change

On the basis of fine-scale plots, changes in vegetation may be calculated
by temporal comparisons of, for instance, species elevational distribution
(minimum, maximum, and optimum elevation; I), species richness, abund-
ance, and frequency in occurrence (II, III) or co-occurrence patterns (II-IV).
To answer one of the most important questions, namely whether veget-
ational changes are due to randomness (i.e. they have occurred due to
natural dynamics under relatively constant environmental conditions) re-
stricted permutation tests can be used (Fisher, 1951; Edgington, 1995; I-III).
This procedure compares the observed vegetational changes with changes
calculated after the plots from both inventories have been permuted (I-IV)
with the restriction that only plots of the same group along a biotic or abi-
otic gradient (e.g. elevation I; environmental gradient II; vegetation type
II, III) are allowed to be swapped. A change is considered significant (i.e.
not random), if 95% of the permuted values are larger or smaller than the
observed change. Besides calculating the significance of change, this pro-
cedure also accounts for the unequal number of plots between survey and
resurvey as this inequality may occur due to differences in the sampling
intensity and the use of non-permanent plots. This consideration is taken
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into account in the step when plots are permuted, where a randomly se-
lected equal number of plots from each data set is always taken for further
calculation of both the observed and permuted values of change.

Estimates of rates of species changes in distribution and occurrence may
also indicate a turnover at the community level (species composition). How-
ever, to identify directly and to quantify changes in the assemblage of spe-
cies, a different approach is necessary. From several studies it is known
that species respond individualistically to alterations in their environment
(e.g. Chapin and Shaver, 1985; Levin, 1992; Walther et al., 2002; Klanderud
and Birks, 2003; LeRoux and McGeoch, 2008). If environmental conditions
change, some species will increase or shift in their distributional range
whereas other species will persist and stay unchanged, decrease, or go ex-
tinct. Individualistic responses such as these may be assumed to lead to
changes in species composition and new arrangements between species. In
this thesis, species co-occurrences with other species are considered so as
to estimate if species have changed their associated species (III, IV). For
estimation of a species’ co-occurrence with other species, the number of
plots is counted where the focus species co-occurs with all the other spe-
cies. As this is done separately for the data-sets of the historical and the
re-sampling surveys, a change in species co-occurrence can be calculated.
Resulting positive change-values indicate that associated species are found
to co-occur more often with the focus species in the resurvey than in the
older survey, and vice versa for negative change-values. Hence, a change in
species co-occurrence indicates a re-arrangement between species reflecting
a turnover in vegetational composition. Species co-occurrences may further
be used as indicators of vegetational stability if change values are averaged
for one study area/habitat (IV), with low average values indicating a high
stability.

Based on the same idea of individualistic species responses inducing
changes in species composition, this thesis uses an indirect approach to re-
late changes in the arrangement between species with environment. When
historical data-sets are used to study vegetational change, a direct identific-
ation of the driver of change is often hampered because historical studies
often lack plot specific environmental measurements which could otherwise
directly be related to the community data. In this thesis, ’species optimum
analysis’ is applied (II), which calculates the relative change of a species’
realized optimum value for different environmental gradients using indic-
ator values as representatives of environmental gradients (e.g. soil mois-
ture, pH). For instance, if soil pH has changed, some species will tolerate
the change and persist in the same place (either because they have a wide
tolerance or because they are responding slowly), whereas other species will

10



die or emigrate. It is then likely that the average pH-indicator value for the
new associate species will be different from the average pH-indicator value
of the previous species. To detect such changes in species composition, an
indicator value for co-occurring species of a focus species today and in the
previous sampling is calculated. A positive change in a species’ optimum
value will then indicate that the species was found more often in associ-
ation with species of a different preference for the environmental gradient
considered than in the previous sampling. Hence, changes in the indicator
value may be used to identify important drivers of vegetational changes.

How much change may be expected?

Most often, vegetational changes observed from resurveys are accepted to
be ’real’ as soon as the observed changes are found to be statistically signi-
ficant. However, it is rarely tested how much change actually may be expec-
ted due to the influences of important factors, such as different observers
or relocation of plots as mentioned above. For instance, Ross et al. (2010)
tested effects of relocation of plots on vegetation in the Scottish Highlands.
By measuring compositional difference using dissimilarity indices (Bray-
Curtis distance) they found that 50-year vegetational changes between his-
torical plots and resurveyed plots were always greater than among replicate
plots today. Another study tested observer effects on species observation
using permanent vegetational plots (Vittoz and Guisan, 2007). They found
that overlooking of species applied mostly to species with a low abundance.

Resurveys are usually conducted by observers who are not the original
surveyor. The effects of this are often not possible to test and quantify. In
this thesis, the resurveys in alpine Sikkilsdalen (I) and on Jan Mayen Island
in the Arctic (III) have been conducted by two groups of botanists. Besides
testing how much difference might be expected among replicate plots by
comparing a randomly selected equal number of plots, I further used the
data-sets of these two resurveys to quantify differences among replicate
plots collected by the different re-surveyors. According to other studies
that have tested similar effects (e.g. Vittoz and Guisan, 2007; Ross et al.,
2010), it may be assumed that a real turnover in vegetation has occurred
if differences found among both random and observer replicates are lower
than the observed change (survey vs. resurvey).

Table 1 shows the results of the total number of species and changes in
species co-occurrences (see III, IV for details in methods) found when ana-
lysing among re-sample plots (i.e. between different observers, and between
plots that were randomly selected from plots of both observers together)
and when analysing observed changes (survey vs. resurvey). As hypothes-
ized from both the use of non-permanent plots and the lower number of
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Table 1: Results of testing differences in the detection of total number of species and change in species co-occurrence
with other species on Jan Mayen Island (arctic) and Sikkilsdal (alpine) between different surveyors (Team a vs. Team
b, and group a vs. group b of randomly selected re-sample plots) and survey vs. resurvey. Total = total data-set of
survey and resurvey together. Numbers in bold = observed change between survey and resurvey, team 1 and team
2, and randomly selected plots from the resurvey data-set. Random re-sample plots were selected 50 times using
approximately 50% of the total number of re-sample plots; results show average values.

Jan Mayen Sikkilsdal
Total Old New Team Random Total Old New Team Random

1 2 1 2 1 2 1 2
Nplots 508 254 254 114 140 125 125 1684 1263 421 224 197 200 200
Ntotspecies 53 49 50 49 48 49 49 319 294 233 215 198 213 208
� co-occurrence 0.181 0.148 0.103 0.132 0.111 0.083

plots used for this test, different observers and observations from random
plots found a lower total number of species, and that species turnover rate
would increase (see also Appendix Fig. S3 in paper IV). However, other than
expected from the negative relationship between plot number and observed
change, changes in species co-occurrences were found to be smaller when
replicate plots of both the two observer teams and the random selected plots
were compared. Although smaller changes may be expected with increas-
ing plot number, changes in species co-occurrences were found to be greater
in the comparison of survey- with resurvey-plots. Hence, these examples in-
dicate that the greater changes observed between survey and resurvey may
be considered reliable and interpreted as real long-term changes in veget-
ation caused by factors other than randomness. This is in accordance with
Vittoz et al.’s (2010) finding that if the driving forces are operating over long
time-scales and in an unidirectional way, it may be assumed that changes
in vegetation may be detected regardless of the observer. These findings
further indicate that ’real’ changes in species composition have occurred if
species co-occurrences are found to change along environmental gradients
(see ’species optimum analysis’).

Thus, if factors influencing the observation of vegetational change (e.g.
effects of different observers, relocation of plots) are minimised, a reliable
detection of trends in vegetation due to external driving forces (e.g. changes
in climate or land-use) is possible. It is therefore important to re-sample
those historical studies which were selected carefully taking different cri-
teria into account: The sampling area should be restricted and well-defined,
so that vegetational types and stands can be re-found reliably. Moreover,
the sampling methods used should be repeatable in an identical way and
result in a sufficient number of samples to permit statistical analyses. The
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historical studies re-sampled for the purpose of this thesis (I-IV) meet all
these criteria.
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Results and discussion

Vegetational changes in alpine, mire, and arctic habitats

The results of re-sampling Nordhagen’s (1943) phytosociological survey in
the mountain area of Sikkilsdalen found that the majority of vascular plant
species have shifted their range distribution upwards along the elevational
gradient over the last approximately 90 years, independent of whether ex-
treme elevation (minimum, maximum) or optimum elevation is considered.
The general upward trend conforms with several other studies investigating
plant elevational shifts in mountain areas in Europe at different temporal
and spatial scales (e.g. Grabherr et al., 1994; Klanderud and Birks, 2003;
Walther et al., 2005; Holzinger et al., 2008; Lenoir et al., 2008; Erschbamer
et al., 2009; Odland et al., 2010). For most of the plants, the observed range
shifts in Sikkilsdalen are found to be larger than they were expected by
chance. Moreover, species that are associated with snow-beds were found
to have shifted most in both their upper and optimum elevations. However,
the magnitude of change found in Sikkilsdalen is smaller than it is reported
from mountain areas in, for example, the European Alps over comparable
or even shorter time periods (e.g. Walther et al., 2005; Parolo and Rossi,
2008). As range shifts in species upper-distribution limits are correlated
with shifts in optimum elevation but not with shifts in the lower limits,
this indicates that different processes are operating at the two ends of an
elevational gradient resulting in individualistic species responses. Thus,
besides the confirmation of other studies documenting individualistic spe-
cies changes, this study highlights the importance of focusing on both the
extreme and optimum elevation of species as it may give a more compre-
hensive picture about range shifts which may differ between species along
an elevational gradient.

Mires have widely been considered to be relatively stable systems that
only show slow changes in vegetation over time (e.g. Backéus, 1972; Svens-
son, 1988; Malmer et al., 1997; Rydin and Barber, 2001). However, especially
over the past few decades relatively large changes have been reported from
boreal mire habitats by studies focusing on broad scales and using perman-
ent plots (e.g. Chapman and Rose, 1991; Gunnarsson et al., 2000, 2002). To
identify fine-scale changes in the vegetation composition of a boreal mire,
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the Sphagnum-dominated Åkhult mire (South Sweden) was re-sampled 54
years after the first sampling by Nils Malmer in 1954 (Malmer, 1962; II). The
results of this study show that nutrient demanding and competitive dwarf-
shrubs and trees have increased in growth (frequency and abundance) over
the past decades, whereas several typical mire species including species of
high ecological value have decreased or disappeared. The resurvey of the
Åkhult mire offered the unique chance to directly compare observed trends
over 54 years at a fine-scale as observed using non-permanent plots and spe-
cies optimum analysis with the trends found by Gunnarsson et al. (2002),
who re-mapped the vegetation of the Åkhult mire using a permanent grid
cell of a broader scale ca. 40 years after Malmer’s sampling in 1954. Both
studies found similar trends in species frequencies indicating that unidirec-
tional changes in vegetation are detectable independent of differences in the
spatial and temporal scales used and the use of permanent plots. Moreover,
agreement between results from the two studies also confirmed the suc-
cessful application of the indirect method (species optimum analysis) used
to identify recent vegetational changes by comparing data-sets using non-
permanent plots.

Similar observations as in the vegetation of Åkhult mire (II) were made
in the vegetation on the arctic island Jan Mayen (III) for time periods of 19
and 80 years. Jan Mayen is virtually grazer free and direct human influence
has always been low. Hence, the island is a unique location to study recent
trends in vegetation which may be more directly linked to recent changes
in climate. The results of the re-sampling of Lid’s (1964) and Virtanen et
al.’s (1997) studies confirm the main trends also observed for other regions
in the Arctic or alpine areas in Scandinavia, namely that woody species and
graminoids have increased, whereas species typical of snow-beds have de-
creased (e.g. Sturm et al., 2001; Bret-Harte et al., 2002; Klanderud and Birks,
2003; Tape et al., 2006; Wilson and Nilsson, 2009). The observed trends
might indicate that snow-bed habitats are being invaded by more compet-
itive species of surrounding drier habitats (e.g. Klanderud and Birks, 2003;
Björk and Molau, 2007; Daniëls et al., 2011). However, the total number
of species recorded in fine-scale plots has remained virtually stable, which
might reflect the remoteness of the island lowering the arrival and estab-
lishment of new species. Moreover, for some species contrary trends in fre-
quency and abundance were found, indicating that long-term vegetational
changes are not predictable from short-term changes for every species.

As range shifts (I) and changes in frequency, abundance, and richness (II,
III) have been found to differ depending on which species is considered, the
results of these three resurveys confirm the general assumption of species
responding individualistically to changes in their environment (e.g. Chapin
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and Shaver, 1985; Levin, 1992; Walther et al., 2002; Klanderud and Birks,
2003; LeRoux and McGeoch, 2008). Individualistic species responses are
likely to lead to changes in the arrangement between species and species
composition, but the extent to which different communities are stable has
never been tested. In paper IV stability in the vegetation of different hab-
itats across northern Europe is quantified for the first time using species
co-occurrences (see also in III). The results show that the vegetation of arc-
tic, alpine, and mire sites has changed significantly and has changed more
than is expected by chance, independent of whether vascular plants or bry-
ophytes (mosses and liverworts) are considered. The variation in stability
could not be explained by time-scale, plot number, and other factors such
as species diversity or productivity, which in other studies have been found
to be important determinants (e.g. Lehman and Tilman, 2000; Tilman et al.,
2006; Bezemer and van der Putten, 2007). Hence, other site-specific biotic
(e.g. species interactions) and abiotic factors (e.g. land-use change) might be
important for the stability of arctic, alpine, and mire vegetation in northern
Europe.

Driving forces of observed vegetational changes

This thesis has found that the observed changes in species distribution (I)
and composition (II, III) are most likely to be a direct or indirect result of
climate change. In boreal and arctic-alpine areas, changes in species com-
position, productivity, and distributional ranges have most often been dis-
cussed to be a direct result of warmer temperatures and changes in both
precipitation regime and snow-cover patterns resulting in an earlier on-
set and lengthening of the growing season for plants (e.g. Klanderud and
Birks, 2003; Hallinger et al., 2010). These changes in patterns of climatic
conditions may also explain the observed range shifts in Sikkilsdal (I) and
changes in species composition on Jan Mayen (III), which were highlighted,
for instance, by changes being mostly linked with snow-bed species. In the
Åkhult mire (II), warmer temperatures over past decades may have directly
influenced the depth of the water-table and, thus, changed water-availability
for mire vegetation. In addition to a drying-out of the mire surface, this
may have considerable impacts locally on species composition as it enables
the successful establishment, increased growth, and regenerative success of
dwarf-shrubs and trees (Weltzin et al., 2000; Gunnarsson et al., 2002; van der
Linden et al., 2008; Murphy et al., 2009), the consequences of which are ob-
served in the vegetation of the Åkhult mire.

Indirect consequences of climate change, such as alterations in nutri-
ent availability, may also be important, in particular regarding changes in
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species interactions (Schuur et al., 2007). Vegetation of habitats which are
naturally poor in nutrients and whose nutrient input is strongly determ-
ined by precipitation rates (e.g. high mountain areas, ombrotrophic bogs)
and temperature (e.g. in the Arctic), are viewed to be especially sensit-
ive to changes in nutrient regime (Backéus, 1985; Tørseth and Semb, 1997).
In boreal Sphagnum-dominated mire habitats, for instance, increased nutri-
ent availability due to changes in precipitation regime has increased the
growth of nitrophilous species of high competitive ability, altering vegeta-
tion structure and composition in acidic and low productive peat bogs (e.g.
Gunnarsson and Rydin, 2000; Berendse et al., 2001; Tomassen et al., 2003;
Bragazza et al., 2004; Pearce and van der Wal, 2008). In northern Europe,
the increased wet deposition of nitrogen in the last 50 years has contributed
to an increased abundance of vascular plants (typically trees and shade-
tolerant dwarf-shrubs) on bogs as well as having adverse effects on the pro-
ductivity and vitality of dominant Sphagnum species (e.g. Gunnarsson and
Rydin, 2000; Gunnarsson et al., 2000; Ohlson et al., 2001; Malmer et al., 2003;
Gunnarsson and Flodin, 2007; Wiedermann et al., 2009). However, higher
nutrient availability in the Åkhult mire may be due to higher decomposition
rates induced by warming in addition to increased wet deposition. How-
ever, latter factor was not significant in this area since 1954. Thus, independ-
ent of which habitat is considered, it is likely that in response to changes
in nutrient availability, species interactions have become more important,
which may have changed species dominances and their competitive hier-
archy in boreal (II, IV), alpine (I, IV), and arctic (III, IV) habitats towards a
more competitive and nutrient-demanding vegetation as has also been doc-
umented in other studies (e.g. Chapin et al., 1995; Shaver and Jonasson,
1999; Gough et al., 2002; Wilson and Nilsson, 2009).

However, several other biotic and abiotic factors may also play an im-
portant role in influencing the observed changes in north European veget-
ation, but whose effects often are difficult to disentangle from each other.
For instance, human-related changes in land-use and changes in grazing
pressure may locally affect vegetation (Post and Pedersen, 2008; Olofsson
et al., 2009; Virtanen et al., 2010). In the Scandinavian low and high Arctic,
changes in reindeer grazing and trampling pressure may have large impacts
on plant species richness, composition, plant growth, and nutrient cycling
(Pajunen et al., 2008; Olofsson et al., 2009; Virtanen et al., 2010), the effects
of which may confound the effects of climate warming (Dormann et al.,
2004; Olofsson et al., 2009). This may lead to misinterpretations of observed
changes. Moreover, internal processes such as natural succession should
also not be ignored.
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Conclusions and perspectives

This thesis uses historical phytosociological data-sets to desribe and in-
terpret changes in the vegetation of different habitats and regions across
northern Europe over the past decades. To identify changes in vegeta-
tion, different approaches have been applied, enabling temporal compar-
isons at the local-scale on the basis of non-permanent plots to establish the
amount of species turnover. Species optimum analysis was used as a new
indirect approach to identify changes in vegetation and to identify which
drivers may be important for the changes in particular vegetational types.
As vegetational changes observed in the individual studies accord with the
findings of several other studies, this thesis shows that historical data-sets
with non-permanent plots can be analysed successfully, an approach that to
date has only been used to a limited extent for studying recent vegetational
dynamics. Hence, the thesis not only contributes to a better knowledge
and understanding of vegetational dynamics and processes of change in
the past, which is essential with regard to future predictions, but also un-
locks a valuable botanical archive for detecting, describing, and interpreting
vegetational changes in the past century.

The four studies on alpine, mire, and arctic vegetation presented in
this thesis show that vegetation (distribution, composition, abundance) has
changed significantly and more than is expected by chance, independent of
which time or spatial scale and site/area are considered. As reported from
other observational and experimental studies using different approaches,
individualistic species changes were found to change vegetation towards
an increased growth of competitive and nutrient-demanding species, mostly
deciduous shrubs, dwarf-shrubs, trees, and graminoids. With regard to the
predicted climate changes due to increasing human activity, these changes
can be assumed to be in progress and to become most effective in regions
where climate is projected to change most, as for instance in the Arctic.
In these cold regions, climate warming may be expected to initiate ma-
jor (or accelerate ongoing) changes in land-cover, when, for instance, more
and more nutrient reserves are released over wide areas due to warming-
induced thawing of permafrost and increased soil microbiological activity.
Furthermore, other driving factors of vegetational change indirectly linked
to climate change might play an increasing role in the Arctic in the near
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future, with increased human pressures in land-use and tourism. Habitat
loss is one of likely consequences of increased human impact. However, in
mountain areas, both upward-shifting lowland species and potential extinc-
tion of higher alpine species might lead to a more homogenous vegetation
on mountain summits. Further drying-out of mire habitats may be assumed
to further the increase of dwarf-shrubs and trees, which in turn might feed-
back on mire hydrology. Both these processes might lead to, for instance,
further decreases and finally extinction of rare (high) alpine and mire spe-
cies of high conservation value. However, these examples are only few of
a long list of possible consequences (including the ones unknown to us at
present) of predicted changes in the environment. This thesis has found
that vegetation stability varies in a site-specific manner. Since the changes
observed in regions of similar vegetation were not always similar, this new
knowledge on variability in vegetational change stresses the importance of
evaluating potential future vegetational changes with regard to site-specific
conditions (e.g. soil conditions, exposition, grazing).

This thesis has raised several questions which should be accounted for in
future research. For instance and first of all, in northern Europe, the number
of studies on recent vegetational changes should be increased. More stud-
ies are needed to strengthen the results presented in this thesis and in other
existing observational and experimental studies. For instance, the trends
observed in the meta-analysis (IV) could be strengthened by the inclusion of
several more data-sets from different regions across northern Europe. Fur-
thermore, studies on plant elevational range shifts are rare particularly in
both the Low and High Arctic. Moreover, by comparing different data-sets
integrating different vegetation types, species co-occurrence analysis (see
III, IV) found site-specific changes in vegetation stability. Thus, focusing on
the different vegetational types covered by the different studies (e.g. forest,
alpine shrub vegetation, alpine tundra) and analysing and interpreting spe-
cies and vegetational type specifically will give more detailed insights into
both the stability and the direction of change of different plant communit-
ies. This knowledge about trends in specific vegetational types is important
with regard to present and future land-use planning and management. That
vegetation changes occur independently of the plant group considered (e.g.
bryophytes and vascular plants) has been shown in this thesis (II, IV). How-
ever, it is not known to which extent these groups depend on each other, i.e.,
how much, for instance, is vascular plant growth controlled by the cover of
bryophytes. This might be an important factor influencing vascular plant
dynamics, especially in regions where bryophytes are dominant, such as in
mires and in the Arctic. Moreover, in this thesis, species optimum analysis
has been found to be a useful method to identify vegetational changes in
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relation to environment. Applying this method to further data-sets, which
so far have not been analysed, would help increase the present knowledge
of recent vegetational dynamics, a knowledge of which is valuable for the
understanding of environmental-change driven vegetation changes and its
predictions. More research should also be focusing on possible effects of
direct human impacts such as land-use changes (e.g. due to a longer grow-
ing season), which are expected to become increasingly relevant in the near
future, in particular at higher latitudes.
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