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Abstract

The International Tundra Experiment (ITEX) was established to understand how environmental change
impacts Arctic and alpine ecosystems. The success of the ITEX-network has allowed for several important
across-site syntheses, and for some ITEX-sites enough data have now been collected to perform within-
site syntheses on the effects of environmental change across ecological scales. In this study, we analyze
climate data and synthesize three decades of research on the ecological effects of environmental change
at the ITEX-site at Finse, southern Norway. We found a modest warming rate of +0.36 °C per decade and
minor effects on growing season length. Maximum winter snow depth was highest in winters with a
positive North Atlantic Oscillation. Our synthesis included 80 ecological studies from Finse, biased towards
primary producers with few studies on ecological processes. Species distributions depended on
microtopography and microclimate. Experimental warming had contrasting effects on abundance and
traits of individual species and only modest effects at the community-level above and below ground. In
contrast, nutrient addition experiments caused strong responses in primary producer and arthropod
communities. This within-site synthesis enabled us to conclude how different environmental changes
(experimental and ambient warming, nutrient addition, and environmental gradients) impact across

ecological scales, which is challenging to achieve with across-site approaches.

Key words: alpine ecosystems, climate change, experimental manipulation, ITEX, open top chamber

(OTC), within-site synthesis

© The Author(s) or their Institution(s)

Page 2 of 48



Page 3 of 48

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

45

46
47
48
49
50
51
52
53

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

Arctic Science (Author?s Accepted Manuscript)

Introduction

Global climate change affects ecosystems worldwide (Walther et al.,, 2002), but Arctic and alpine
ecosystems are particularly vulnerable, as warming is amplified at high northern latitudes and at high
elevations, particularly in winter (Wang et al., 2016, Qixiang et al., 2018, Cohen et al., 2014, Stocker, 2014).
Climatic changes and subsequent extreme events (Walsh et al., 2020) are coupled to significant responses
within the geophysical system; for example an intensification of the hydrological cycle, permafrost
thawing, and decreasing snow cover extent and duration, which in turn can affect biophysical processes
as well as species distributions, population dynamics, community composition, and species interactions

(Box et al., 2019, Bellard et al., 2012).

The International Tundra Experiment (ITEX; see Henry and Molau, 1997) was initiated in 1990 to study the
potential responses of Arctic and alpine plant species to predicted environmental changes in the tundra
biome (e.g. Chapin et al.,, 1991). The network’s success is highlighted by a series of synthesis papers
documenting such effects, first in a special issue of Global Change Biology where several papers reported
species’ responses to short-term environmental manipulation across ITEX-sites, introduced by Henry and
Molau (1997). For example, Welker et al. (1997) showed that shoot length, photosynthesis and biomass
of the abundant circumpolar species Dryas octopetala increased under experimental warming across
sites. Subsequently, Arft et al. (1999) demonstrated advanced phenology, a short-term response in
vegetative growth and an increase in reproductive effort in response to warming across 13 ITEX-sites.
However, these responses differed between functional groups and between high-, low-Arctic and alpine
sites. Several successive studies showed that shrubs increase the most in abundance with warming, and
that vegetation height increases under both experimental (Walker et al. 2006, EImendorf 2012a) and long-
term ambient warming (Elmendorf et al. 2012b) negatively affecting the abundance of bryophytes and
lichens. While increased height of the plant community was a clear and consistent trait response to
warming across 117 tundra sites, responses of other functional traits lagged behind (Bjorkman et al.,
2018). By combining data from experimental warming and long-term monitoring efforts, Prevéy et al.
(2019) found that the flowering season contracts as late flowering plants show stronger phenological
responses than early flowering species. Although these studies differ in their approaches e.g., utilizing
plot-scale observations (Elmendorf et al., 2012b), responses to in situ manipulations (ElImendorf et al.,
2012a), or compare monitoring, manipulation and space-for-time approaches simultaneously (ElImendorf
et al.,, 2015, Prevéy et al.,, 2019), they have in common that they synthesize the responses to

environmental change within trophic levels, across sites.
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At many study sites, including ITEX-sites, field experiments have been maintained for several decades,
and a large amount of data on various components of the local ecosystem has accumulated. As such,
researchers and their students concentrate their ecological research at specific sites and subsequently
build long-term data series. Therefore, we argue that the time is ripe for within-site syntheses of available
data, which will increase our understanding of ecosystem responses to environmental change across
ecological scales. Such endeavors are relatively novel, but one synthesis of 18 years of ecological
monitoring on Herschel Island (Qikigtaruk), Canada, revealed an increase in growing season length,
advanced phenology, taller vegetation, and changes in plant community composition (Myers-Smith et al.,
2019). Depending on the data available, within-site reviews can help to disentangle species versus
community-level responses to environmental change, and responses to ambient versus experimental
environmental changes. Further, they can help clarify interactions across trophic-levels, and allow for
comparisons between taxonomy- and trait-based approaches. Finally, they can put the studies at the

individual sites into context with the broader, biome-wide syntheses.

In this study, we synthesize nearly three decades of observational and experimental ecological research
performed at or near the alpine ITEX site at Finse, southern Norway. The main site is located at Mt.
Sanddalsnuten (approx. 1500 m a.s.l.), but we include work from several subsites located near Finse
between approximately 1200 and 1500 m a.s.l. We first asses how the climate at Finse has changed over
the past three decades in terms of temperature, growing season length, the frequency of frost during the
growing season, and how local snow conditions have changed. Further, we summarize existing knowledge
on species distributions across gradients in elevation, microtopography, and microclimate. Subsequently,
we synthesize how alpine species respond to environmental change in terms of their abundance,
functional traits, life-history, and phenology. We then describe how the responses of individual species
could translate into altered community composition, diversity, and species interactions. Finally, we
discuss how altered species interactions and traits at the community-level may translate into altered
ecosystem processes. This synthesis illustrates the important insights that can be acquired from the
collective research performed at one site and serves as a basis to further substantiate our understanding

of climate change effects on the alpine ecosystem.
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Methodology

Site description

The main ITEX site at Finse (60.626 °N; 7.522 °E, at approx. 1500 m a.s.l.) is located near the peak of Mt.
Sanddalsnuten (1554 m a.s.l.) in the Scandes mountains of southern Norway, within the 450 km?
Hallingskarvet National Park. Due to its calcareous phyllite bedrock that contrasts the acidic granite more
common in the Finse valley (Dahl, 1997, Askvik, 2008), the ITEX-site at Sanddalsnuten supports a species-
rich alpine heath community dominated by Dryas octopetala. In this synthesis, we include studies from
several additional research sites near Finse, including snow fields on the lee sides of Sanddalsnuten (i.e.,
aspects between east and north) and the valley towards Jomfrunuten (1471 m a.s.l.) where biological soil
crusts, bryophytes, graminoids, Salix herbacea, and forbs such as Ranunculus acris are common. Locations

of the studies included in this synthesis can be found in Figure 1.

Climate data and analyses

Climate and weather data from Finse

Daily minimum, maximum, and average temperatures at 2 m above ground level, as well as daily
maximum snow depth and monthly temperature and precipitation data used in this study are publicly
available through the Norwegian Meteorological office’s climate databases Seklima.no (2020a) and
SeNorge.no (2020). The monthly data were available to June 2020 and to the daily data were available to
August 2020 at the time of analysis. The data originate from two different weather stations near Finse,
jointly operated by the Norwegian Meteorological office and the Finse Alpine Research Center. The first,
named Finse (SN25840, WMO: 1351), was located at 1223 m a.s.l. (60.603 °N; 7.504 °E) and was active
from November 1, 1969, to June 29, 1994. The second station, Finsevatn (SN25830, WMO: 1350), has
been active from May 1, 2002, to present (1210 m a.s.l., 60.594 °N; 7.527 °E). Consequently, a gap in the
climate data exists between July 1994 and April 2002. In addition, smaller gaps in the data exist due to
equipment failure, and these are summarized in Supplementary Table S1. The new weather station
(Finsevatn) was established approximately 1.6 km southeast of the old weather station (Finse). The Finse
station was located in a snow bed, while the Finsevatn station is located on a wind-exposed ridge. Because
of these differences between the two stations, analyses based on daily maximum, minimum, and average
temperatures were performed for each of the stations separately. In contrast, analyses based on monthly

temperature and precipitation included data from both stations, as we consider local differences in

© The Author(s) or their Institution(s)



Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

133
134
135
136
137
138
139

140

141
142
143
144
145
146
147
148
149
150
151
152

153

154
155
156
157
158
159
160
161
162

Arctic Science (Author?s Accepted Manuscript)

microclimate to average out on a monthly time scale. Snow depth data were collected daily from 1969 to
1994 at the Finse station at 8 am by an observer. Unfortunately, no data on snow depth were available
for the Finsevatn weather station between its establishment in May 2002 and 2017. Because the data
series at Finsevatn would consist only of four years (i.e., 2017-2020) and the two weather stations are at
locations with different snow dynamics, only snow depth data from the Finse station were analyzed.
Information about the weather stations and the data they record can be found at the station overview of

the Norwegian Meteorological office at SeKlima.no (2020b).

Annual and seasonal temperature trends

To calculate decadal trends in annual and seasonal temperatures, we used monthly average 2 m
temperature data from both weather stations. All missing monthly values (Supplementary Table S1) were
substituted with interpolated monthly average temperatures provided by the Norwegian Meteorological
office (MetNorge, 2020). The substituted data consisted of interpolated daily mean temperatures for the
1 x 1 km grid cell closest to Finse, based on values recorded at nearby weather stations and interpolated
using a Bayesian Optimal Interpolation method that incorporates the effects of elevation (Lussana et al.,
2018). From these interpolated daily average temperatures, monthly means were calculated. Interpolated
monthly temperatures correlated strongly with those observed at both weather stations (R? of 0.997 for
Finse and 0.995 for Finsevatn, respectively, see Supplementary Figure S1). Winter was defined as
December through February, spring as March through May, summer as June through August, and autumn
as September through November. To test for decadal trends, we performed simple linear regression

analyses in R version 4.0.0 (R Core Team, 2020).

Growing seasons, growing deqgree days, and frost days

We calculated the approximate growing season start, end, and length based on daily 2 m average
temperatures from the two weather stations at Finse. In the alpine, the growing season starts as soon as
the snow melts. To calculate the length and accumulated warmth of the snow free growing season, we
use two different temperature thresholds: a daily average of 5 and 0 °C. As such, 5 °C is a common
threshold used to define plant growth (Maxwell, 1992), but is likely a conservative estimate for the
growing season in the Arctic and alpine. On the other hand, the 0 °C threshold may be an optimistic
estimate, as snow can persist while daily average temperatures have risen above freezing. Specifically,
the start of a season was defined as the first day of the first block of at least five days above the threshold

temperature, and the end as the last day in the last block of at least five days above the threshold, for
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each year. To exclude warm periods in mid-winter, the 5 °C growing season was calculated between day
of year (DOY) 91 and 304, and the 0 °C growing season between DOY 60 and 334. Years missing more than
10 days of average temperature data during these periods were excluded from further analyses (year
1969, 1982, 1991, 1994 through 2004, and 2012). For any remaining days with missing average
temperature data (i.e. for years with less than 10 days with missing data), the daily average temperature
was calculated as the average (Tavg) of the daily minimum and maximum temperatures on that day (for
43 days in the dataset). Subsequently, we calculated accumulated thawing degree days (TDD) using the O
°C threshold (Tbase) and accumulated growing degree days (GDD) using the 5 °C threshold. Thawing

degree days were thus calculated as:
Z?i46OGDUTbase =0°C, i

and GDD as:

3 GDUrpase = 5°¢, i

where Growing Degree Unit (GDU) = max(Tavg — Thase, 0). Finally, we calculated the number of
frost days (minimum daily temperature below 0 °C) during the 5 °C growing season and 0 °C growing
season for each year. In this analysis, seasons missing more than 10 days of minimum temperatures were
excluded from analysis. To test for temporal trends, we performed simple linear regression analyses in R
version 4.0.0. Separate analyses were performed for each of the weather stations as no interpolated data

were used for daily values to fil the 1994 - 2002 data gap.

Snow and its relation fo NAO

The reported average yearly precipitation for Finse is 1030 mm over 1969-1990 (Fgrland, 1993), and we
found no significant trend over time in total annual precipitation over 1969 — 2020 (Estimate = -18 mm
decade?, R2=0.02, p= 0.423, Supplementary Figure S2). In winter, precipitation falls as snow, and the
landscape is typically snow-covered from November to May, but in some years snow can persist through
summer across substantial parts of the landscape (Roos 2020, personal observations). In our analyses, we
use snow depth data from the Finse weather station (i.e. winter 1970-1994). We then used a simple linear
model in R version 4.0.0 to test for trends in maximum snow cover over time. Further, to explore how
local snow conditions relate to, and can possibly be predicted by, large-scale atmospheric circulation

patterns, we extracted winter (December-March) North Atlantic Oscillation (NAQO) indices (principal
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component-based) sensu Hurrell and Deser (2010) from the Climate Data Guide database (NCAR, 2020)
and correlated these to the maximum daily observed snow depth (December-March) at the Finse weather
station (1970-1994). A positive NAO-phase indicates a zonal flow pattern with low pressure around
Iceland in combination with a strong Azores High and thus the dominating Westerlies over NW-Europe.
In contrast, a negative NAO-phase corresponds to more meridional flow over the North Atlantic and thus
reduced westerly flows and greater frequencies of dry and easterly weather patterns in NW-Europe
(Hurrell, 1995). To test for any differences in maximum snow depth between winters with an overall
positive versus those dominated by a negative NAO-pattern, we used a Wilcoxon rank sum test with
continuity correction in R version 4.0.0. To test whether deep snow cover translates to late snow melt
out, we correlate maximum winter snow depth with snow melt-out date (first day of the year without
snow depth recorded). Years with missing data (1976 through 1980, 1992, and 1994), and those with an
unrealistic drop in snow depth i.e., a snow-free day succeeding a day with >50 cm snow depth (1970 and

1972), were excluded from analyses.

Literature synthesis

Our synthesis on ecological responses to environmental change at Finse is based on previously published
literature. To find relevant literature, we performed a search in ISI Web of Science using the search criteria
“Title: (Sand?alsnuten OR Finse) OR Topic: (Sand?alsnuten OR Finse)”, which revealed 56 hits (September
2020). Because ISI Web of Science and other literature databases known to us do not allow searches within
the methodology sections of articles or searches on geographical locations, we performed searches in
additional databases such as Google Scholar (“Finse” and “Sanddalsnuten”) and the library at the Finse
Alpine Research Center. Because several studies known to us were not included in the results of the
database searches, we further extended our selection by screening reference lists in selected literature,
and knowledge of studies and authors through our own work. Studies were eligible for inclusion in this
review if their focus was on terrestrial ecology at or near the ITEX-site at Sanddalsnuten or Finse and were
relevant to understand ecological responses to environmental change. As such, studies primarily focused
on aquatic systems (e.g. rivers and lakes) were not included. Moreover, studies in geology, glaciology and
physics were only included if they were ecologically relevant. To plot the study locations on the map

(Figure 1), we used ArcGIS Pro v2.5.0 (Esri, 2020).
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Results

Environmental change at Finse

Annual and seasonal temperature trends

The average annual temperature at Finse measured over 1970-1990 was -2.0 °C and increased by 0.36 °C
per decade over the period 1970-2020 (R? = 0.322, p < 0.001) based on data from both the Finse and
Finsevatn weather station, as well as interpolated data. Spring (average -4.0 °C) and summer (+6.4 °C)
showed trends of +0.29 °C (R? = 0.144, p = 0.006) and +0.34 °C per decade (R? = 0.192, p = 0.001),
respectively. Autumn (average -1.2 °C) showed a more pronounced trend of +0.45 °C per decade (R? =
0.247, p <0.001). For winter (average -9.1 °C), the decadal trend (+0.38 °C per decade) was not significant

(Figure 2).

Growing seasons, growing degree days, and frost days

The average length of the 0 °C growing season was 162 days for Finse (1970 — 1993) and 175 days for
Finsevatn (2005 — 2020), while the 5 °C growing season was 83 and 97 days, respectively. The start of the
0 °C growing season advanced with 0.89 days per year (R2=0.327, p = 0.007) over the period 1970 — 1993,
and the length of this season therefore also increased with 1.0 day per year (R2=0.199, p = 0.043, Figure
3a, b). Other growing season parameters showed non-significant trends only (Supplementary Table S2).
The average thawing degree days (TDD) at Finse (1970 — 1993) was 763 and the average accumulated
growing degree days (GDD) was 196, while for Finsevatn (2005 — 2020) 977 TDD and 316 GDD were
accumulated annually. At Finse (1970 — 1993) there was a non-significant negative trend in accumulated
TDD and GDD, while for Finsevatn (2005 — 2020) TDD showed a non-significant increase over time (Figure
3¢, Supplementary Table S2). The occurrence of frost during the growing season showed a positive but
non-significant trend over time for both time periods, most notably during the 0 °C growing season (Figure

3d, Supplementary Table S2).

Snow dynamics

Maximum winter snow depth (1970-1994) varied between 120 cm (1977) and 425 cm (1976), without a
significant linear trend through time (estimate = 3.825, R2 = 0.07, p = 0.222). For the 16 years where snow
depth data were available until snow had completely melted, maximum snow depth was positively

correlated with snow melt-out date (slope = +0.14 d cm™?, R = 0.48, p = 0.004). The maximum winter snow
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depth observed at the Finse weather station was 2.28 times greater (365 cm versus 160 cm, respectively)
in years with a positive NAO (dominating westerlies) compared to years with a negative NAO (W = 0, p-
value < 0.001, Figure 4b). In addition, positive NAO winters tended to be milder (Figure 4a), although cold

winters with high maximum snow depth have also occurred.

Ecological responses to environmental change at Finse

Our literature search resulted in a total of 80 studies on ecological responses to environmental change at
Finse between 1975 and 2022 (Supplementary Table S3 and Figure 5). Most studies focused on plants
(both vascular and non-vascular) and lichens (35) and how they interact with insects (9 studies), each
other (7 studies), or fungi (three studies) while only six studies focused specifically on ecosystem processes
such as decomposition and nutrient cycling (Figure 5). These studies include a variety of experimental
approaches, such as environmental manipulations (warming by open top chambers (OTCs) and/or
nutrient additions, 28 studies), environmental and successional gradients (21 and 7 studies, respectively),
and manipulation of community composition (4 studies) or individuals (2 studies). In the following
sections, we first present how microclimate and topography affect the distribution of primary producers
(including vascular plants, lichens, bryophytes), arthropods, and vertebrates. Then, we address the results
from studies on how environmental change affects the populations, traits, reproduction, and phenology
of individual species. Finally, we report the effects of environmental change on taxonomic and functional

community composition, species interactions and ecosystem processes

Landscape heterogeneity and microclimatic drivers of species distributions

The landscape at Finse is heterogenous and (micro)climatic gradients drive the distribution of species
across the landscape. As such, several studies found that soil conditions and timing of snow melt explain
the distribution of vegetation types (Reinhardt and Odland, 2012, Reinhardt et al., 2013, Heegaard, 2002).
In addition, the richness of vascular plants and bryophytes at Finse is mostly driven by gradients in soil
nutrients, snow duration and light availability, but these drivers are often correlated and can be
challenging to disentangle (Odland et al., 2015). Further, Opedal et al. (2015) found that topographically
rough (and thus microclimatically more diverse) sites supported greater vascular plant species numbers
as well as a higher beta-diversity than flat sites. Snow accumulates in depressions in the landscape, while
wind-exposed ridges feature thin snow cover throughout winter. Different lichen species are adapted to
these different snow conditions and transplanting lichens away from their native microclimate, adversely

affected their growth rates and survival after one winter (Bidussi et al., 2016). We know little about the
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distribution and microclimatic preferences of fungi despite their high abundance and diversity at Finse
(Gulden, 1980, Noordeloos and Gulden, 1989) and symbioses with alpine plants (Blaalid et al., 2012, Davey
et al., 2015).

Microclimatic conditions also drive the distribution of non-sessile organisms at Finse. Although some
arthropods, such as oribatid mites that live on rocks, showed remarkable tolerances to drought and
extreme cold (Sjursen and Sgmme, 2000), different arthropod species occupied separate niches across
variation in soil moisture and show contrasting temporal activity patterns (Ottesen, 1996). The
distribution of spider species were related to microclimatic condition such as temperature, moisture, and
soil nutrient availability (Hauge and Ottesen, 2002). As such, climatically “mild” sites were dominated by
lowland spider species, whereas alpine species were common in “severe” (both dry and cold as well as
wet and cold) sites. In the low alpine zone where Salix shrubs form dense stands, lowland forest spider
species were relatively common (Hauge and Ottesen, 2002). Closely related arthropod species whose
distribution correlates with the distribution of their host plants (e.g. Psyllidae on Salix lapponum) were
separated across elevation gradients through thermal requirements and phenological synchronization

with the host plant (Hill et al., 1998, Hill and Hodkinson, 1995).

The glaciers at Finse, including the large Hardangerjgkulen, are retreating (Giesen and Oerlemans, 2010)
and as the ice melts, new parts of the landscape open up for colonization. Paradoxically, consumers such
as Collembola, Oribatida, and Coleoptera are often the first organisms to colonize glacial forelands as
establishment is generally more limiting than dispersion (e.g., Flg and Hagvar, 2013, Hagvar, 2012, Braten
et al., 2012). Previously, it was assumed that these consumers feed on blown-in plant material and prey
animals, but at Finse, Hagvar and Ohlson (2013) showed that both aquatic and terrestrial arthropod
pioneer communities (e.g., Coleoptera, Araneae) ate locally derived midges that contained ancient carbon
released from the glacier. These findings suggest that the pioneer food chain is based on “old” carbon and
challenges the idea that glacial forelands are examples of primary succession uninfluenced by resources

from previous ecosystems.

Finse features populations of mammals such as rodents (e.g., voles and lemming), mountain hare, wild
reindeer, and domestic sheep. Although their population dynamics extend across a spatial scale that is
beyond the scope of this site-specific synthesis, the ecology of several mammal species impact the
vegetation and soil and is thus relevant to species interactions and ecosystem dynamics at the Finse ITEX

site. For example, rodents can affect vegetation by grazing and burrowing (e.g., from nearby Dovrefjell,
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Nystuen et al., 2014), which has been shown on one particular plant species at Finse, the annual Euphrasia
frigida. For this species, population densities were highest at intermediate levels of rodent disturbance
(Nyléhn and Totland, 1999). Voles (Microtus spp.) and lemming (Lemmus lemmus) show classic peaks in
population densities, but do so less frequently at Finse than in other areas in Fennoscandia (Framstad,
2020). Although their population cycles are most often portrayed as density-dependent or driven by
predator-prey interactions (Stenseth et al., 1998, Steen et al., 1997), lemming populations at Finse and
Hardangervidda may be driven by the availability of food, notably bryophytes (Turchin et al., 2000), plant
defense chemicals (Seldal et al., 1994), and (changes in) winter weather and snow conditions (Kausrud et
al., 2008, Landa, 2020). Other important grazers in the area are mountain hare (Lepus timidus), domestic
sheep (Ovis aries), and wild reindeer (Rangifer tarandus ssp. tarandus). Mountain hares exploit a wide
variety of plants as food, but preferred forbs (Johannessen and Samset, 1994). While reindeer and
domestic sheep overlap considerably in dietary preferences (in summer), their spatial distributions rarely
overlap (Skogland, 1984), and sheep are brought to farms at lower elevation in winter. In fact, reindeer
avoid the Finse area due to high tourist densities and human infrastructure such as the railway (Gundersen
et al.,, 2019). It is therefore likely that their impact on the vegetation at the ITEX site is minor compared to
that of domestic sheep, which visit frequently. Large mammalian predators have been absent from the
Finse area in recent times, but arctic fox (Landa et al., 2017) and the invasive American mink do occur
(Hagelin, 2016). The complete faunal structure of Hardangervidda, including Finse, was summarized in

detail by Solhgy et al. (1975).

Species-specific responses to environmental change

The changes in population density of alpine plant species in response to experimental warming (by OTCs)
and nutrient addition were strongly species-specific, both after four years within Dryas heath (Klanderud,
2008) and after five years in snowbed communities (Sandvik et al., 2004). For example, in the Dryas heath,
grasses (Festuca sp., Poa alpina) and Cerastium alpinum increased in abundance in response to
experimental warming and nutrient addition, while Tofieldia pusilla decreased. In the snowbed
communities, Salix herbacea increased in abundance in response to warming while Carex lachenalii and
P. alpina, among others, did not respond. In many cases, species’ responses to warming were amplified
by the addition of nutrients (Klanderud, 2008). Although the responses of bryophyte and lichen species
were more similar in direction (i.e. a decrease of their abundance, particularly when warming and nutrient
addition were combined), the magnitude of the responses varied across individual species (Klanderud,

2008). In snow bed habitats, species abundances were already changing under ambient conditions (i.e.
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the abundances of many of the monitored species were increasing in control plots over the five year
duration of the experiment) and these changes were amplified by experimental warming for only some
herbaceous species (Sandvik et al., 2004). However, due to a general increase in ramet density and the
mean abundance per species, which the authors attribute to a potential increase in nutrient availability,

a warmer environment may increase the density of snow bed vegetation (Sandvik et al., 2004).

In addition to responses in species’ abundance, warming experiments at Finse also affected species’
functional traits. For example, experimental warming increased the height of both ridge and leeside
vegetation (Nybakken et al., 2011), but the strongest effects on plant size and growth were found when
warming was combined with nutrient additions. As such, leaf dry mass of Dryas octopetala increased after
five years of warming whereas nutrient addition (alone and combined with warming) increased leaf dry
weights for Salix reticulata and Bistorta vivipara, both of which did not respond to warming alone
(Nybakken et al., 2008). Further, warming did not increase Saxifraga stellaris rosette size (Sandvik and
Totland, 2000) or number of leaves of Thalictrum alpinum and Carex vaginata (Klanderud, 2005), but
growth and leaf numbers increased in response to nutrient addition or when warming and nutrient
addition were combined (Sandvik and Totland, 2000). Moreover, the growth of the forb Parnassia
palustris did not respond to experimental warming over two years, but warming did positively affect its
reproductive traits such as seed number and mass (Sandvik and Eide, 2009). The bryophyte Pohlia
wahlenbergii showed increased growth (shoot length) after four years of warming, and growth further
increased when nutrients were also added (Sandvik and Heegaard, 2003). In addition, P. wahlenbergii
adopted a “laxer” growth form with increased temperature or added nutrients, while no significant
interaction was found between the treatments. Because a laxer growth form reduces water holding
capacity in bryophytes, such growth responses are only advantageous under continuously moist
conditions, such as in snow beds where meltwater is present throughout the entire growing season

(Sandvik and Heegaard, 2003).

The concentrations of phenolic compounds in individual lichen and plant species were little affected by
experimental warming, with a few exceptions (Nybakken et al., 2008, Nybakken et al., 2011). Although
there were no responses of plant tissue C in response to warming, reductions in N concentrations caused
C:N ratios to increase for some species. Lichens tended to have lower tissue C under warming, but their
C:N ratio was rarely affected (Nybakken et al., 2011, Van Zuijlen et al., 2022b). Similarly, snow bed forbs
and sedges showed contrasting responses to long-term (10 year) experimental warming. Specifically,

nitrogen concentration decreased in Cerastium cerastoides, Epilobium anagallidifolium, and Carex
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lachenalii while C concentrations tended to increase. However, this translated into a significant increase
in C:N ratio for C. cerastoides and E. anagallidifolium only (Sandvik and Eide, 2011). This indicates a
potential dilution effect where increases in C uptake by photosynthesis outpace N acquisition under
warmer conditions in nutrient-limited alpine ecosystems. Although nitrogen-fixing plant species do occur
at Finse and locally affect soil nutrient status (Olsen et al., 2013), they are relatively rare and likely do not
occur in high enough densities to significantly increase tissue N in neighboring plants (Olsen, 2011). We
did not find studies at Finse that measured N-fixation in response to environmental manipulation or

ambient climate change, neither for plants, lichens, or free-living microorganisms.

Short-term experimental warming increased the reproductive output (i.e. number of seeds, and seed
weight) of the annual facultative hemiparasite Euphrasia frigida, while its population density was only
affected to a minor extent (Nyléhn and Totland, 1999). Similarly, seed set of the perennial snow bed forb
Saxifraga stellaris increased and phenology accelerated under (short-term) experimental warming
(Sandvik and Totland, 2000), and increased seed weight and advanced flowering was also found for the
late-flowering Leontodon autumnalis in response to two years of experimental warming (Totland, 1997a).
On the other hand, long term warming did not affect fruit production in Silene acaulis, and cushion vigor
decreased after 18 years of warming by OTCs (Rozite-Arina, 2020). Further, fruit production of S. acaulis
(Rozite-Arina, 2020) and seed production and seed mass of S. stellaris were positively corelated with plant
size (Sandvik et al., 1999). Snow bed specialists such as Ranunculus glacialis need to flower and produce
seeds fast to complete their entire life cycle within the short growing season. However, R. glacialis showed
no growth, reproductive, or phenological responses to experimental warming (Totland and Alatalo, 2002).
In contrast to other Ranunculus species at Finse, R. glacialis flowers maintain their petals after fertilization,

which protects the developing seeds from adverse weather conditions (Ida and Totland, 2014).

Communities and species interactions

Experimental warming alone had no effect on the diversity of plant communities in the Dryas heath at
Sanddalsnuten after four years (Klanderud and Totland, 2005b). Moreover, even after 16 years of
warming, community compositions of lichens and vascular plants did not differ between experimentally
warmed and control plots (Hasvik, 2018), but some small changes in community composition after seven
years of experimental warming were found in another experiment in the Dryas heath by Olsen and
Klanderud (2014b). In addition, total species cover and richness did not respond to 16 years of

experimental warming, although lichen richness was lower and forb richness higher in experimentally
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warmed compared to control plots (Hasvik, 2018). Bryophytes responded more strongly to experimental
warming than vascular plants and lichens (Van Zuijlen et al., 2022a, Van Zuijlen et al., 2022b). Specifically,
bryophyte species abundance increased over time under ambient warming, but not in experimentally
warmed plots. Further, experimentally warmed plots featured a larger change in species composition
driven by declines in the abundance of Dicranum spp. and Racomitrium spp. while Brachythecium albicans

was favored (Van Zuijlen et al., 2022a).

Community stability may be related to diversity, and Klanderud and Totland (2008) showed that initial
high species richness, which is characteristic for the alpine Dryas heaths, was associated with a stable
vascular plant species composition under experimental warming. However, the stability of the vascular
plant community composition decreased with nutrient addition. Moreover, the addition of nutrients had
significant effects on community composition, and more so in plots with high initial species richness
(Klanderud and Totland, 2008). As such, nutrient addition reduced plant species diversity due to a shift
towards graminoid dominance at the expense of dwarf shrubs, lichens, and bryophytes in combination
with a >50% increase in community biomass (Klanderud and Totland, 2005b). The dominance of
graminoids was maintained six years after nutrient addition was ceased, indicating that dominance shifts
are not readily reversed. Grazing by herbivores however, increased the rate of recovery towards the

original species composition (Olsen and Klanderud, 2014b).

The responses of soil arthropod communities to experimental environmental change at Finse mirror the
responses of vascular plants in many regards. For instance, few Collembola species responded to warming
alone, whereas nutrient addition caused strong changes in the dominance hierarchy of Collembola, an
increase in the abundance of predatory mites, and a decrease of Oribatida diversity (Hagvar and
Klanderud, 2009). Nutrient addition had little effect on other taxa such as Diptera (larvae), but
Arctorthezia cataphracta (Coccoidea) decreased in abundance in concert with decreases in its host plant
(D. octopetala) abundance, indicating that nutrient addition affects the system across trophic levels
(Hagvar and Klanderud, 2009). Nine years after cessation of the treatments, Roos et al. (2020) found
persistent legacy effects of nutrient additions on Collembola and Oribatida community composition, while
their abundance had recovered to control levels. In contrast to vegetation (Olsen and Klanderud, 2014b),
the presence of herbivores did not consistently affect recovery rates of soil arthropod communities (Roos

et al., 2020).

© The Author(s) or their Institution(s)



Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

428
429
430
431
432
433
434
435
436
437
438

439
440
441
442
443
444
445

446
447
448
449
450
451
452
453
454
455
456
457
458

Arctic Science (Author?s Accepted Manuscript)

A series of removal experiments showed how species interactions may change in response to
environmental change at Finse. These studies concluded that individual plant performance (Klanderud
and Totland, 2005a, Klanderud, 2005), recruitment (Klanderud, 2010), plant community structure (Totland
and Esaete, 2002) and their response to environmental change is affected by a balance between
facilitation and competition. Facilitation by neighbors increased plant performance in terms of leaf length
and height of some species at Finse (Klanderud, 2005, Klanderud and Totland, 2005a, Kjzer et al., 2018).
However, competition was more important for recruitment and species richness at the community level,
in particular in the heaths dominated by Dryas octopetala (Klanderud and Totland, 2004, Olsen and
Klanderud, 2014a). Moreover, combined removal and warming experiments suggested that the strength
of competitive interactions will increase in warmer climates and may be further enhanced by nitrogen

deposition (Klanderud and Totland, 2005b), likely resulting in decreased species diversity.

Herbivory by insects increased under experimental warming but the dynamics underlying interactions
between plants and insects are complex and likely depend on species-specific food preferences and
phenology (Birkemoe et al., 2016). The higher herbivory on alpine plants with experimental warming show
that plant survival and composition may be affected by environmental change, but parasitoids may
regulate a potential increase of herbivores. The parasitoid diversity has not been fully investigated at
Finse, but a limited one year-sampling with sticky traps in the Dryas-heath identified 33 species by using

DNA barcoding (Kankaanpaa et al., 2020).

Flowering plants at Finse are visited by many different potential pollinator species. Diptera are the most
common (Totland, 1993, Totland, 1994a, Ostman, 2018), but bumblebees (e.g. Bombus alpinus) and
butterflies (e.g. Boloria napaea) also visit flowers of e.g. Silene acaulis (Hovde, 2021, Roos 2020, personal
observations). The success of plant sexual reproduction is determined by both environmental conditions
and biotic interactions, as is illustrated by several studies on Ranunculus acris at Finse (e.g., Vassvik, 2019).
As such, variation in reproductive success of R. acris varied across environmental factors such as soil pH
(Totland and Birks, 1996), but R. acris is self-incompatible and therefore depends on successful pollination
by insects (Totland, 1997b). Moreover, these biotic and abiotic factors likely interact, as R. acris seed
production increased when plants were subjected to both increased pollen availability and more favorable
wind and temperature conditions under experimental warming treatments (Totland and Eide, 1999).
Further, seed set and insect visitation rates were higher for R. acris individuals that flowered early in the
season (Totland, 1994b), and the reproductive success of the late-flowering Leontodon autumnalis

decreased as the flowering season progressed, possibly due to climatic severity and increased extent of
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pollen and resource limitation (Totland 1997a). Across a snowmelt gradient, R. acris showed strong
synchrony between flowering phenology and pollinator activity, constant pollinator visitation rate and no
evidence for pollen limitation across the whole growing season (Ostman, 2018). Heterogeneity in the
landscape (i.e. snow melt out dates) may thus buffer against any phenological mismatches as pollinator
activity tracks patches of highest flower abundance at any particular time in the season for a generalist

species (habitat and pollinators) such as R. acris (Ostman, 2018).

Community-level traits and ecosystem processes

After 16 years of experimental warming, community-level traits of vascular plants shifted towards
resource conservative values, in contrast to the expected shift towards more resource acquisitive trait
values (Van Zuijlen et al., 2022b). Furthermore, non-vascular primary producer groups showed contrasting
trait responses: while bryophytes’ specific shoot length increased and carbon concentration and water
holding capacity tended to decrease, as expected under increased competition by vascular plants, no such
response was found for lichens (Van Zuijlen et al., 2022b). Similar paradoxical community-level trait
responses were found by Roos et al. (2019) across an elevational gradient as vascular plant and lichen
tissue N concentration, specific leaf area and specific thallus area increased with increasing elevation. The
relative importance of intraspecific variation and species turnover as drivers of trait variation in plant
communities differed between primary producer groups as well as between traits, both in response to
experimental warming (Van Zuijlen et al., 2022b) and across an elevational gradient (Roos et al., 2019). In
both cases, bryophytes showed low levels of intraspecific variation, whereas interspecific variation

contributed more strongly to variation in chemical or nutritional traits in vascular plants and lichen traits.

Across the same elevational gradient as Roos et al. (2019), community-level concentrations of vascular
plant phenolic compounds decreased with elevation while lichen phenolic compounds increased (Asplund
et al., 2021). For vascular plants, these changes were mainly driven by shifts in species composition while
within-species variation often was negligible. For lichens, changes in sun-screening compounds were
driven by both changes in species composition and within-species variation. Interestingly, there were
pronounced shifts in the composition of phenolic compounds at the community-level. As such, plant
phenolic compounds related to biotic stressors (e.g. herbivores and pathogens) were more abundant at
low elevations while some antioxidants were more abundant at high elevations, in accordance with

predictions (Asplund et al., 2021).
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The litter production of vascular plants increased in response to nutrient additions combined with
experimental warming (Olsen and Klanderud, 2014b) but litter water content and bacterial abundances
decreased in warmed plots (Jeanbille et al., 2022). In contrast to the amount of litter, the decomposability
of lichen and bryophyte litter (i.e. litter quality) was found to increase with increasing elevation and thus
colder temperatures, suggesting that a warmer climate could favor species with lower litter quality and
slower decomposition (Van Zuijlen et al., 2020b). In addition, decomposition rates of tea bags were lower
in experimentally warmed but higher in warmed and fertilized plots relative to controls (Haakonsen Karr,
2017). In a lichen transplant experiment, single-species lichen mats altered soil microclimate and plant
litter decomposition, although these effects on microclimate and litter decomposition were unrelated
(Van Zuijlen et al.,, 2020a). Further, species turnover effects were a more important driver of
decomposability than intraspecific variation (Van Zuijlen et al. 2020b). There were no effects on soil amino
acid nitrogen content (Andresen et al., 2022) or bacterial abundances, but a decrease in soil C:N (Jeanbille

et al., 2022) after 14 years of experimental warming in a Dryas heath at Finse.
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Discussion

In this study, we synthesize three decades of research on ecological responses to environmental change
performed at or near the ITEX site at alpine Finse, Norway. Our results show that the climate at Finse is
warming at a modest rate. Further, individual species respond to warming in terms of their population
dynamics, functional traits, and phenology but such species-specific responses do not necessarily
translate into changes at the community level (Figure 6). At Finse, experimental, long-term observational,
and gradient approaches have been used to test the effects of environmental change, but not all
approaches have been used within each organism group or ecological scale. Here, we discuss how current
and future environmental change and the subsequent ecological responses found at Finse compare to

other relevant Arctic and alpine sites.

Ecological responses to environmental change

We found an increase of +0.36 °C per decade in annual temperature at Finse, which is lower than the
Norwegian national average of +0.5 °C per decade over the recent (1976-2014) warming period (Hanssen-
Bauer et al., 2017). In contrast to the national trend (i.e., strongest increase in spring and autumn, 1900-
2014, Hanssen-Bauer et al. 2017), autumn is the season with the strongest warming trend at Finse. We
did not find a significant increase of winter temperatures at Finse, which is in correspondence with
national trends over 1900-2014. Even though winter temperatures have been measured over a much
longer timescale nationally, large interannual variations obscure trends (Hanssen-Bauer et al., 2017).
Compared to Finse, the weather station at the most similar alpine ITEX site in Latnjajaure, Sweden, at 950
m a.s.l., reported a similar warming trend of +0.3 °C per decade over 1992-2019 (Scharn et al., 2022). In
contrast, some Arctic ITEX sites report much stronger warming rates, such as +1.0 °C per decade (1990-
2003) at Alexandra Fiord, Canada (Hill and Henry, 2011) and +1.25°C per decade (1989-2011) at Endalen,

Svalbard (Jonsdéttir et al. 2022, personal communications).

The relatively modest increase in temperature over the last decades at Finse did not translate into a
significantly prolonged growing season or increase in accumulated growing degree days. Moreover, the
vascular plant community composition in the Dryas heath at Finse showed only minor responses to either
ambient (Olsen, personal communication) or experimental warming (Hasvik, 2018) after 16 years.
However, bryophytes responded negatively to experimental warming at Finse, which is in line with the
general trend across ITEX sites (Elmendorf et al., 2012a), but contrasts with the increase in bryophyte

cover in OTCs at Alexandra Fiord (Hudson and Henry, 2010). The relative resistance of vascular plant
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communities to temperature increase is not unique to Finse (Kérner and Hiltbrunner, 2021, Hudson and
Henry, 2010), and earlier ITEX syntheses revealed that plant communities respond more strongly to
warming in moist than dry sites (Elmendorf et al., 2012b). The Dryas heath at the Finse ITEX site is located
on a well-drained, sun-exposed slope and is therefore dry during most of the growing season, despite
relatively high annual precipitation. In addition, moisture regime was found to be an important driver of
plant community responses to 26 years of experimental warming in Latnjajaure (Scharn et al., 2022). At
the ITEX site in the high-Arctic Svalbard, the community composition of Dryas heath did change after 17
years of ambient and experimental warming, but these changes were relatively modest and most likely
related to an extended growing season (Jénsdattir et al., 2022, personal communications). It is important
to note that a shift in baseline climate may come with an increased frequency of extreme events, such as
excessive precipitation, mid-winter warming, rain-on-snow events, temperature anomalies (both positive
and negative, see Panchen et al. (2022)) and drought. The work so far performed at Finse focuses on
persistent changes in average climatic conditions, but extreme events may have disproportionally large
and long-lasting effects on species composition and distribution compared to their duration (Smith, 2011,
Jentsch et al., 2007, De Boeck et al., 2018). More research is therefore needed on how extreme events
drive changes in functioning of the alpine ecosystem (Panchen et al., 2022) and how well experiments

capture natural events (Kréel-Dulay et al., 2022) at Finse and elsewhere (Figure 6).

We currently lack detailed projections of how the climate at Finse may change in the coming decades, but
Finse is included in the models specified for West-Norway by Hanssen-Bauer et al. (2017). Here, the
median projected temperature change for 2071-2100 compared to 1971-2000 is +2.3°Cand +3.9 °C, under
scenario RCP4.5 and RCP8.5, respectively. These changes would translate into an elongation of the
growing season (defined as the number of days above 5 °C) of 30 to 60 days in 2071-2100, compared to
1971-2000 (Hanssen-Bauer et al., 2017). However, temperatures recorded at weather stations such as
used in this study as well as climate model output are for two meters above ground and may not
necessarily translate well to the temperatures that low-stature alpine plants actually experience during
the growing season (Kérner and Hiltbrunner, 2018, Graae et al., 2012). Therefore, efforts to compare data
from the weather station to the microclimate of the Finse ITEX site are underway (Roos et al. 2022,
personal communications), and we encourage ecologists to collect weather data at a level relevant to their

study organism.

In West-Norway, increases in temperature and growing season length are expected to go in parallel with

an increase in precipitation and atmospheric nitrogen deposition of 20-40% in the period 2071-2100
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compared to 1961-1990 (Hole and Engardt, 2008). The combined impact of future increased nitrogen
deposition and warming may be more severe than that of the warming observed to date, as experimental
nutrient addition had strong effects on individual plants (Sandvik and Totland, 2000, Klanderud, 2008) and
bryophytes (Sandvik and Heegaard, 2003), as well as plant and micro-arthropod community composition
at Finse (Klanderud and Totland, 2005b, Olsen and Klanderud, 2014b, Hagvar and Klanderud, 2009).
Similarly, stronger responses to experimental nutrient addition compared to warming have also been
found at other ITEX sites (e.g., Van Wijk et al., 2004, Jagerbrand et al., 2009). Generally, alpine and tundra
ecosystems are nutrient-limited (Shaver and Chapin, 1986) and increases in nutrients due to either
deposition or increased nutrient cycling rates in response to warmer conditions, are expected to have a
strong impact on alpine vegetation and carbon cycling (Li et al., 2021, Dawes et al., 2017). Our synthesis
however, revealed that there are very few studies on how environmental change may affect soil microbial

community compositions at Finse and how this would translate to altered nutrient dynamics.

Our synthesis of research performed at Finse showed that the distribution and population dynamics of
many different taxa (e.g., vascular plants, lichens, bryophytes, arthropods, and mammals) depend on
heterogeneity in the landscape and subsequently, local climatic conditions (Figure 6). As such, snow is an
important driver in alpine and tundra ecosystems as it modulates the temperature organisms experience
during winter, moisture availability during the growing season, and growing season length (Niittynen et
al., 2020, Happonen et al., 2019, Bokhorst et al., 2016, Rixen et al., 2022, Frei and Henry, 2021). At other
sites, deeper snow during winter strongly affects plant communities or amplified the effects of
experimental warming (Wahren et al., 2005, Leffler et al., 2016), while other studies report idiosyncratic
responses to snow manipulation (Rumpf et al., 2014). At Finse, changes in snow regimes may be most
important to snowbed specialists, which are already well-represented on the list of endangered species
in Norway (Artsdatabanken, 2021). However, snow dynamics depend on an interplay between landscape
topography, winter precipitation and temperature, as well as weather conditions during snow melt in
spring. Predicting the length of the future snow season is therefore challenging. In general, snow cover
duration in Norway is expected to decrease, but this effect is relatively weak at high elevations due to
sufficiently low temperatures during precipitation events (Hanssen-Bauer et al. 2017). In this study, we
used snow depth measurements acquired at a single site (i.e., the Finse weather station) and found
considerable interannual variation but the relative distribution of snow throughout the landscape is likely
comparable between years. We believe that the implementation of remote-sensing methods such as

time-lapse imagery (Filhol et al., 2019) and satellites (Niittynen and Luoto, 2018) can improve our
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understanding of how ecological communities and processes depend on snow dynamics across the

landscape.

Maximum snow depth recorded at the Finse weather station correlated with the winter North Atlantic
Oscillation (NAO) regime, and this introduces the possibility to use the NAO as a proxy for snow
accumulation across the landscape. As such, NAO is an important driver of climate variability and change
across the Atlantic and Europe (Delworth et al., 2016), and clear advances have been made in the seasonal
predictability of NAO phase and amplitude (Wang et al., 2017, Dunstone et al., 2016). However, further
improvement of our understanding of internal NAO variability and its response to climate change is crucial
to future model predictions of winter temperature and precipitation across decadal scales (Smith et al.,
2020, Athanasiadis et al., 2020). It is important to note that any effects of NAO are superimposed on those
of anthropogenic climate change, potentially alternately masking and enhancing the trends expected
under scenarios of climate change (Deser et al., 2017, lles and Hegerl, 2017). At this point, predicting to
what extent anthropogenic climate change may lead to a preferential occurrence of either a positive NAO,
resulting in dominating westerlies and subsequently more snow accumulation at Finse, or negative NAO

phase, or how NAO-phase amplitude is affected, remains an active field of research.

Scaling up from species to communities and ecosystem processes

The responses of plant and animal communities to environmental change can manifest through changes
in species population dynamics and distributions, phenology, and morphological and physiological traits
(including underlying genetics) (Bellard et al., 2012). Although individual plant species showed changes in
population dynamics in response to environmental manipulations at Finse (Figure 6), we know little about
how this affects their distribution at a larger scale. For example, we lack evidence for increasing
biodiversity at high elevation such as found in other mountain areas (Steinbauer et al., 2018), and data on
whether invasive, lowland species manage to establish in warm or disturbed microsites at Finse such as
elsewhere in the alpine (Lembrechts et al., 2018, Lembrechts et al., 2016, Rashid et al., 2021, Pauli et al.,
2012). Contrasting species-specific responses to environmental manipulation suggest that there is no one
general response to environmental change, which increases the relevance and need of studies at the
community-level that show the collective outcome of individual species population dynamics and

interactions.

Although individual plant species (Klanderud, 2008) and plant community functional composition (van

Zuijlen et al. 2021b) responded to experimental warming at Finse, the effect on the Dryas heath plant
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community species composition was limited (Klanderud and Totland, 2005b, Hasvik, 2018), suggesting
that the community is relatively resistant to changes in temperature. This is in line with findings from
other ITEX sites (e.g., Hudson and Henry (2010), Lamb et al. (2011), Jonsdottir et al. (2022), personal
communications) and could be related to climatic context , i.e., that responses are less pronounced at
sites with drier conditions (EImendorf et al., 2012b, Scharn et al., 2022). In addition, the Dryas heath at
the Finse ITEX site is relatively species rich (on average approx. 45 vascular and non-vascular plant species
per 0.25 m? plot, Hasvik (2018)), and biodiversity may buffer the effects of environmental change at Finse
(Klanderud and Totland, 2008) and other ecosystems (Hautier et al., 2015), although contrasting results
are described and discussed by Hudson and Henry (2010). However, the stability of complex ecosystems
containing many species and their interactions should be quantified and interpreted at different scales,
depending on the measure (e.g., species, traits, communities) and perturbation (e.g., periodic events,

persistent changes, or both combined) applied (Kéfi et al., 2019).

Functional traits are a tool to translate taxonomic responses to environmental change into ecological
functioning (e.g. Violle et al., 2007). Theoretically, ameliorated environmental conditions should shift
plant traits towards those associated with fast returns on investment and acquisitive resource strategies
such as increased specific leaf area, and increased tissue nutrient status (Wright et al., 2004). However,
studies on primary producer community-level traits in response to experimental warming and across
elevation showed little or contrasting responses (Van Zuijlen et al., 2022b, Roos et al., 2019), similar to
some other alpine sites (Sundqvist et al., 2013). At the biome-wide scale, environmental drivers were
found to structure not only individual plant traits but also trait combinations and trade-offs, which limits
the number of successful trait combinations that can persist as environmental conditions change
(Bjorkman et al., 2018). As such, communities dominated by long-lived, stress tolerant species (e.g. D.
octopetala) may respond less than communities with larger biological productivity (Hudson and Henry,
2010), especially when amelioration of one environmental variable (e.g. temperature) coincides with an
increase in other environmental stressors (e.g. summer drought, reduced snow cover). We therefore
suggest that the modest community-level trait responses at Finse may be due to the harsh environment
at Finse, ensuring stable community compositions, limited establishment of new species, and maintaining

the conservative trait strategies of existing plant communities.

Plant traits may have afterlife effects (e.g. through litter) that impact ecological processes such as
decomposition and ultimately carbon and nutrient cycling (e.g. Cornelissen et al., 2004, Makkonen et al.,

2012). In a warmer climate, decomposition rates and nutrient turnover may be expected to increase (see
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Davidson and Janssens, 2006), but a recent review on decomposition in the alpine showed strong
contrasts in responses to environmental factors, although soil moisture generally had a positive effect on
decomposition rates (Rawat et al., 2021). Because the experimental warming at Finse and other sites may
lower soil moisture (Dabros et al., 2010), any decreases in decomposition rates may in fact not be due to
increased temperature but due to low soil and litter moisture. Decomposition and nutrient cycling are
complex processes that depend on multiple drivers (litter quality, decomposer communities, and
environmental conditions) that act at different scales (Bradford et al.,, 2017). More research is thus
required to fully understand how environmental change may affect decomposition and subsequent

processes such as nitrogen cycling and net ecosystem respiration.

Even in cases where environmental change does not affect species diversity, traits, or community
composition, the interaction between species could be altered in time (i.e., phenology) and space. For
example, there is evidence from Arctic and alpine sites that warming causes a contraction of the flowering
season at the community level (Hgye et al., 2013, Prevéy et al., 2019) resulting from changes in species’
phenology and could lead to potential mismatches between plants and pollinators (Wheeler et al., 2015).
However, at Finse, heterogeneity in microclimatic conditions may create phenological gradients,
increasing the stability of biotic interactions. Detecting such mismatches requires long-term, systematic
collection of phenological and climate data that is not available from Finse. However, the studies included
in this within-site synthesis allow us to compare the responses to environmental change at different scales
within the ecosystem at Finse: from changes in species to communities, from taxonomic to functional

responses, and effects across trophic levels.
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Conclusions and future outlook

In this review we used three decades of ecological research to synthesize the responses of the alpine
ecosystem at Finse to environmental change. Although the 80 studies included in this synthesis were not
initiated under the umbrella of one comprehensive research project, together they integrate responses
from species to the community level, describe species interactions within and across trophic levels, and
cover both taxonomic and trait-based approaches. In addition, they reveal several research gaps that we

suggest exploring in future research.

Based on the data included in this synthesis, we conclude that climate at Finse is warming at a moderate
rate, with minor effects on growing season length and temperatures to date. Landscape heterogeneity
and associated variation in microclimate, including snow dynamics, play an important role in the
distribution of species at Finse, and heterogeneity may buffer against the effects of environmental change
(Post et al., 2009, Suggitt et al., 2018). Experimental warming has had only marginal effects on the alpine
plant communities at Finse. However, soil moisture and ambient warming are known drivers of diversity
and functional responses of alpine communities (Elmendorf et al., 2012a, Bjorkman et al., 2018) and the
cool temperatures in combination with relatively dry conditions that persist in the Dryas heath at Finse
may help explain our findings. Nevertheless, warming may still have important effects on individual alpine
species’ life-history, reproductive output, and phenology and thereby interactions with other species. In
contrast to warming, nutrient addition strongly impacts plant and soil arthropod communities at Finse,
and its effects are further amplified in combination with warming. Collective work from Finse shows that
species interactions involving competition, facilitation, herbivory, and predation are important
modulators of responses to environmental change, although this literature is biased towards vascular

plants.

Considering future predictions of environmental conditions at Finse, our work identifies several lines of
further research that will strengthen our understanding of ecosystem structure and functioning. First,
precipitation is an axis of environmental change (e.g. Vandvik et al., 2020) left unexplored at Finse so far.
As such, the effects of altered precipitation regimes in terms of rain and snow, could be combined with
existing manipulations of temperature and nutrient status to uncover possible synergistic effects on alpine
communities. Further, the work summarized here assumes constant changes in environmental conditions,
neglecting the potentially large ecological effects that may accompany episodic or extreme climatic events

such as drought. Although the significance of nutrient manipulations at Finse is on par with conclusions
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from other alpine sites (Bowman et al., 2015, Bowman et al., 2018), it is unknown to what extent the
addition of fertilizer accurately simulates natural pathways of altered nutrient availability. Moreover, we
lack understanding of interactions between above and belowground (i.e. plant roots, soil fungi, microbes,
Metazoa) components of the ecosystem, and how different functional components sensu Strimbeck et al.
(2019) affect ecosystem carbon and nutrient fluxes. Finally, the formulation and quantification of
threshold-levels at which environmental changes irreversibly affect the alpine ecosystem will benefit

management goals for biodiversity hotspots such as the Dryas heath at Finse.

© The Author(s) or their Institution(s)

Page 26 of 48



Page 27 of 48

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

712

713

714
715
716
717
718
719
720

721

722

723

724

Arctic Science (Author?s Accepted Manuscript)

Author statements

Acknowledgements

First, we thank the Finse Alpine Research Center, which is maintained by the University of Oslo and the
University of Bergen, and station manager Erika Leslie for hospitality and logistical support throughout
many years of research at Finse. Further, we thank all bachelor students, master students, and field
assistants who have helped build an impressive body of scientific knowledge. We thank Hallingskarvet
Nasjonalparkstyret for their support and positive attitude towards scientific work in the Hallingskarvet
National Park. Finally, we thank Jostein Mamen, klimavakt at the Norwegian meteorological institute, for

help with climate data.

Competing interest statement

The authors declare there are no competing interests.

Data availability statement

Data will be made available upon acceptance of this manuscript at https://dataverse.no/dataverse/nmbu.

© The Author(s) or their Institution(s)


https://dataverse.no/dataverse/nmbu

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

725

726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768

Arctic Science (Author?s Accepted Manuscript)

References

Andresen, L. C., Bodé, S., Bjork, R. G., Michelsen, A., Aerts, R., Boeckx, P., Cornelissen, J. H. C., Klanderud,
K., et al. 2022. Patterns of free amino acids in tundra soils reflect mycorrhizal type, shrubification,
and warming. Mycorrhiza, 32, 305-313 doi:https://doi.org/10.1007/s00572-022-01075-4.

Arft, A., Walker, M., Gurevitch, J., Alatalo, J., Bret-Harte, M., Dale, M., Diemer, M., Gugerli, F., et al. 1999.
Responses of tundra plants to experimental warming: meta-analysis of the international tundra
experiment. Ecological Monographs, 69(4), 491-511. doi:https://doi.org/10.1890/0012-
9615(1999)069[0491:ROTPTE]2.0.CO;2.

Artsdatabanken. 2021. Norsk radliste for arter 2021 [Online].
https://artsdatabanken.no/lister/rodlisteforarter/2021: Artsdatabanken, Trondheim. [Accessed
2020].

Askvik, H. 2008. Hardangerjgkulen. Berggrunnskart, Hardangerjgkulen; 14162; 1: 50 000.
https://www.ngu.no/upload/Publikasjoner/Kart/B50/hardangerjokulen.pdf: Norges Geologiske
Undersgkelse.

Asplund, J., Van Zuijlen, K., Roos, R. E., Birkemoe, T., Klanderud, K., Lang, S. ., Wardle, D. A. & Nybakken,
L. 2021. Contrasting responses of plant and lichen carbon-based secondary compounds across an
elevational gradient. Functional Ecology, 35(2), 330-341. doi:https://doi.org/10.1111/1365-
2435.13712.

Athanasiadis, P. J., Yeager, S., Kwon, Y.-O., Bellucci, A., Smith, D. W. & Tibaldi, S. 2020. Decadal
predictability of North Atlantic blocking and the NAO. NPJ Climate and Atmospheric Science, 3(1),
1-10. doi:https://doi.org/10.1038/s41612-020-0120-6.

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. & Courchamp, F. 2012. Impacts of climate change on
the future of biodiversity. Ecology Letters, 15(4), 365-377. doi:https://doi.org/10.1111/j.1461-
0248.2011.01736.x.

Bidussi, M., Solhaug, K. A. & Gauslaa, Y. 2016. Increased snow accumulation reduces survival and growth
in dominant mat-forming arctic-alpine lichens. The Lichenologist, 48(3), 237-247.
doi:https://doi.org/10.1017/50024282916000086.

Birkemoe, T., Bergmann, S., Hasle, T. E. & Klanderud, K. 2016. Experimental warming increases herbivory
by leaf-chewing insects in an alpine plant community. Ecology and Evolution, 6(19), 6955-6962.
doi:https://doi.org/10.1002/ece3.2398.

Bjorkman, A. D. B., Myers-Smith, I. H. M.-S., ElImendorf, S. C., Normand, S., Ruger, N., Beck, P. S. A., Blach-
Overgaard, A., Blok, D., et al. 2018. Plant functional trait change across a warming tundra biome.
Nature, 562(7725), 57-62. doi:https://doi.org/10.1038/s41586-018-0563-7.

Blaalid, R., Carlsen, T., Kumar, S., Halvorsen, R., Ugland, K. I., Fontana, G. & Kauserud, H. 2012. Changes in
the root-associated fungal communities along a primary succession gradient analysed by 454
pyrosequencing. Molecular Ecology, 21(8), 1897-1908. doi: https://doi.org/10.1111/j.1365-
294X.2011.05214.x.

Bokhorst, S., Pedersen, S. H., Brucker, L., Anisimov, O., Bjerke, J. W., Brown, R. D., Ehrich, D., Essery, R. L.,
et al. 2016. Changing Arctic snow cover: A review of recent developments and assessment of
future needs for observations, modelling, and impacts. AMBIO, 45(5), 516-537.
doi:https://doi.org/10.1007/s13280-016-0770-0.

Bowman, W. D., Ayyad, A., Bueno De Mesquita, C. P., Fierer, N., Potter, T. S. & Sternagel, S. 2018. Limited
ecosystem recovery from simulated chronic nitrogen deposition. Ecological Applications, 28(7),
1762-1772. doi:https://doi.org/10.1002/eap.1783.

© The Author(s) or their Institution(s)

Page 28 of 48


https://doi.org/10.1007/s00572-022-01075-4
https://doi.org/10.1890/0012-9615(1999)069%5b0491:ROTPTE%5d2.0.CO;2
https://doi.org/10.1890/0012-9615(1999)069%5b0491:ROTPTE%5d2.0.CO;2
https://artsdatabanken.no/lister/rodlisteforarter/2021
https://www.ngu.no/upload/Publikasjoner/Kart/B50/hardangerjokulen.pdf
https://doi.org/10.1111/1365-2435.13712
https://doi.org/10.1111/1365-2435.13712
https://doi.org/10.1038/s41612-020-0120-6
https://doi.org/10.1111/j.1461-0248.2011.01736.x
https://doi.org/10.1111/j.1461-0248.2011.01736.x
https://doi.org/10.1017/S0024282916000086
https://doi.org/10.1002/ece3.2398
https://doi.org/10.1038/s41586-018-0563-7
https://doi.org/10.1111/j.1365-294X.2011.05214.x
https://doi.org/10.1111/j.1365-294X.2011.05214.x
https://doi.org/10.1007/s13280-016-0770-0
https://doi.org/10.1002/eap.1783

Page 29 of 48

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816

Arctic Science (Author?s Accepted Manuscript)

Bowman, W. D., Nemergut, D. R., Mcknight, D. M., Miller, M. P. & Williams, M. W. 2015. A slide down a
slippery slope—alpine ecosystem responses to nitrogen deposition. Plant Ecology & Diversity, 8(5-
6), 727-738. doi:https://doi.org/10.1080/17550874.2014.984786.

Box, J. E., Colgan, W.T., Christensen, T. R., Schmidt, N. M., Lund, M., Parmentier, F.-J. W., Brown, R., Bhatt,
U. S., et al. 2019. Key indicators of Arctic climate change: 1971-2017. Environmental Research
Letters, 14(4), 045010. doi:https://doi.org/10.1088/1748-9326/aafclb.

Bradford, M. A., Veen, G. C., Bonis, A., Bradford, E. M., Classen, A. T., Cornelissen, J. H. C., Crowther, T. W.,
Jonathan, R., et al. 2017. A test of the hierarchical model of litter decomposition. Nature Ecology
& Evolution, 1(12), 1836. doi:https://doi.org/10.1038/s41559-017-0367-4.

Braten, A. T., Flg, D., Hagvar, S., Hanssen, O., Mong, C. E. & Aakra, K. 2012. Primary succession of surface
active beetles and spiders in an alpine glacier foreland, central south Norway. Arctic, Antarctic,
and Alpine Research, 44(1), 2-15. doi:https://doi.org/10.1657/1938-4246-44.1.2.

Chapin lii, F., Jefferies, R., Reynolds, J., Shaver, G. & Svoboda, E. J. 1991. Arctic Ecosystems in a Changing
Climate: An Ecophysiological Perspective, Academic Press. ISBN:978-0-12-168250-7.

Cohen, J., Screen, J. A., Furtado, J. C., Barlow, M., Whittleston, D., Coumou, D., Francis, J., Dethloff, K., et
al. 2014. Recent Arctic amplification and extreme mid-latitude weather. Nature Geoscience, 7(9),
627. doi:https://doi.org/10.1038/nge02234.

Cornelissen, J. H. C., Quested, H., Gwynn-Jones, D., Van Logtestijn, R., De Beus, M., Kondratchuk, A,,
Callaghan, T. V. & Aerts, R. 2004. Leaf digestibility and litter decomposability are related in a wide
range of subarctic plant species and types. Functional Ecology, 18(6), 779-786.
doi:https://www.jstor.org/stable/3599104.

Dabros, A, Fyles, J. W. & Strachan, I. B. 2010. Effects of open-top chambers on physical properties of air
and soil at post-disturbance sites in northwestern Quebec. Plant and Soil, 333(1), 203-218.
doi:https://doi.org/10.1007/s11104-010-0336-z.

Dahl, S. 1997. Berggrunnsgeologi og geomorfologi pa Finse. Finse—et Senter for Hayfjellsforskning. Et Skrift
til 25 Ars Jubileet for Hgyfjellsgkologisk Forskningsstasjon, Finse 1972-1997. Hgyfjellspkologisk
forskningsstasjon Finse.

Davey, M., Blaalid, R., Vik, U., Carlsen, T., Kauserud, H. & Eidesen, P. B. 2015. Primary succession of Bistorta
vivipara (L.) Delabre (Polygonaceae) root-associated fungi mirrors plant succession in two glacial
chronosequences. Environmental Microbiology, 17(8), 2777-2790.
doi:https://doi.org/10.1111/1462-2920.12770.

Davidson, E. A. & Janssens, I. A. 2006. Temperature sensitivity of soil carbon decomposition and feedbacks
to climate change. Nature, 440(7081), 165-173. doi:https://doi.org/10.1038/nature04514.

Dawes, M. A., Schleppi, P., Hattenschwiler, S., Rixen, C. & Hagedorn, F. 2017. Soil warming opens the
nitrogen cycle at the alpine treeline. Global Change Biology, 23(1), 421-434.
doi:https://doi.org/10.1111/gcb.13365.

De Boeck, H. J., Hiltbrunner, E., Verlinden, M., Bassin, S. & Zeiter, M. 2018. Legacy effects of climate
extremes in alpine grassland. Frontiers in Plant Science, 9(1586).
doi:https://doi.org/10.3389/fpls.2018.01586.

Delworth, T. L., Zeng, F., Vecchi, G. A,, Yang, X., Zhang, L. & Zhang, R. 2016. The North Atlantic Oscillation
as a driver of rapid climate change in the Northern Hemisphere. Nature Geoscience, 9(7), 509-
512. doi:https://doi.org/10.1038/nge02738.

Deser, C., Hurrell, J. W. & Phillips, A. S. 2017. The role of the North Atlantic Oscillation in European climate
projections. Climate Dynamics, 49(9-10), 3141-3157. doi:https://doi.org/10.1007/s00382-016-
3502-z.

Dunstone, N., Smith, D., Scaife, A., Hermanson, L., Eade, R., Robinson, N., Andrews, M. & Knight, J. 2016.
Skilful predictions of the winter North Atlantic Oscillation one year ahead. Nature Geoscience,
9(11), 809-814. doi:https://doi.org/10.1038/nge02824.

© The Author(s) or their Institution(s)


https://doi.org/10.1080/17550874.2014.984786
https://doi.org/10.1088/1748-9326/aafc1b
https://doi.org/10.1038/s41559-017-0367-4
https://doi.org/10.1657/1938-4246-44.1.2
https://doi.org/10.1038/ngeo2234
https://www.jstor.org/stable/3599104
https://doi.org/10.1007/s11104-010-0336-z
https://doi.org/10.1111/1462-2920.12770
https://doi.org/10.1038/nature04514
https://doi.org/10.1111/gcb.13365
https://doi.org/10.3389/fpls.2018.01586
https://doi.org/10.1038/ngeo2738
https://doi.org/10.1007/s00382-016-3502-z
https://doi.org/10.1007/s00382-016-3502-z
https://doi.org/10.1038/ngeo2824

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862

Arctic Science (Author?s Accepted Manuscript)

Elmendorf, S. C., Henry, G. H., Hollister, R. D., Bjork, R. G., Bjorkman, A. D., Callaghan, T. V., Collier, L. S.,
Cooper, E. J., et al. 2012a. Global assessment of experimental climate warming on tundra
vegetation: heterogeneity over space and time. Ecology Letters, 15(2), 164-175.
doi:https://doi.org/10.1111/j.1461-0248.2011.01716.x.

Elmendorf, S. C., Henry, G. H., Hollister, R. D., Fosaa, A. M., Gould, W. A., Hermanutz, L., Hofgaard, A,
Jénsdottir, 1. S., et al. 2015. Experiment, monitoring, and gradient methods used to infer climate
change effects on plant communities yield consistent patterns. Proceedings of the National
Academy of Sciences, 112(2), 448-452. doi:https://doi.org/10.1073/pnas.1410088112.

Elmendorf, S. C,, Henry, G. H. R,, Hollister, R. D., Bjork, R. G., Boulanger-Lapointe, N., Cooper, E. J.,
Cornelissen, J. H. C., Day, T. A., et al. 2012b. Plot-scale evidence of tundra vegetation change and
links to recent summer warming. Nature Climate Change, 2(6), 453-457.
doi:https://doi.org/10.1038/nclimate1465.

Esri 2020. ArcGlIS Pro. 2.5.0 ed. pro.arcigs.com: Esri.

Filhol, S. V. P., Girod, L. M. R., Schuler, T., Burkhart, J., Sutter, G. & Perret, A. 2019. Time-lapse
photogrammetry of distributed snow depth during snowmelt. Water Resources Research, 55(9),
7916-7926. doi:https://doi.org/10.1029/2018WR024530.

Flg, D. & Hagvar, S. 2013. Aerial dispersal of invertebrates and mosses close to a receding alpine glacier in
southern  Norway. Arcticc  Antarcticc and Alpine  Research, 45(4), 481-490.
doi:https://doi.org/10.1657/1938-4246-45.4.481.

Framstad, E. 2020. Terrestrisk naturovervaking i 2019: Markvegetasjon, epifytter, smagnagere og fugl.
Sammenfatning av resultater. NINA Rapport, 1800. url:https://hdl.handle.net/11250/2734736

Frei, E. R. & Henry, G. H. 2021. Long-term effects of snowmelt timing and climate warming on phenology,
growth and reproductive effort of arctic tundra plant species. Arctic Science, 8(3), 700-721.
doi:https://doi.org/10.1139/as-2021-0028.

Forland, E. J. 1993. Nedbgrnormaler, normalperiode 1961-1990. Norske Meteorologisk Institutt Rapport
Klima, 39/93.

Giesen, R. & Oerlemans, J. 2010. Response of the ice cap Hardangerjpkulen in southern Norway to the
20th and 21st century climates. The Cryosphere, 4(2), 191-213. doi:https://doi.org/10.5194/tc-4-
191-2010.

Graae, B. J,, De Frenne, P., Kolb, A., Brunet, J., Chabrerie, O., Verheyen, K., Pepin, N., Heinken, T., et al.
2012. On the use of weather data in ecological studies along altitudinal and latitudinal gradients.
Oikos, 121(1), 3-19. doi:https://doi.org/10.1111/j.1600-0706.2011.19694 .x.

Gulden, G. 1980. Alpine Galerinas (Basidomycetes, Agaricales) with special reference to their occurance
in South-Norway at Finse on Hardangervidda. Norwegian Journal of Botany, 27(4), 219-253.

Gundersen, V., Vistad, O. I., Panzacchi, M., Strand, O. & Van Moorter, B. 2019. Large-scale segregation of
tourists and wild reindeer in three Norwegian national parks: Management implications. Tourism
Management, 75, 22-33. doi:https://doi.org/10.1016/j.tourman.2019.04.017.

Hagelin, J. V. 2016. Kartlegging av Amerikansk mink i Nordmarka (Oslo) og i hgyfjellet omkring Finse (Ulvik)
2016. Sabima kartleggingsnotat, 13. url:https://pjzgclwcip25xdok4cradtca-wpengine.netdna-
ssl.com/wp-content/uploads/2017/02/Kartleggingsnotat-13-2016-Amerikansk-mink..pdf

Hanssen-Bauer, I., Fgrland, E., Haddeland, I., Hisdal, H., Mayer, S., Nesje, A., Nilsen, J., Sandven, S., et al.
2017. Climate in Norway 2100—a knowledge base for climate adaptation. NCCS report, M-741.
url:https://www.miljodirektoratet.no/globalassets/publikasjoner/m741/m741.pdf

Happonen, K., Aalto, J., Kemppinen, J., Niittynen, P., Virkkala, A.-M. & Luoto, M. 2019. Snow is an
important control of plant community functional composition in oroarctic tundra. Oecologia,
191(3), 601-608. doi:https://doi.org/10.1007/s00442-019-04508-8.

© The Author(s) or their Institution(s)

Page 30 of 48


https://doi.org/10.1111/j.1461-0248.2011.01716.x
https://doi.org/10.1073/pnas.1410088112
https://doi.org/10.1038/nclimate1465
https://doi.org/10.1029/2018WR024530
https://doi.org/10.1657/1938-4246-45.4.481
https://hdl.handle.net/11250/2734736
https://doi.org/10.1139/as-2021-0028
https://doi.org/10.5194/tc-4-191-2010
https://doi.org/10.5194/tc-4-191-2010
https://doi.org/10.1111/j.1600-0706.2011.19694.x
https://doi.org/10.1016/j.tourman.2019.04.017
https://pjzgc1wcip25xdok4cradtca-wpengine.netdna-ssl.com/wp-content/uploads/2017/02/Kartleggingsnotat-13-2016-Amerikansk-mink..pdf
https://pjzgc1wcip25xdok4cradtca-wpengine.netdna-ssl.com/wp-content/uploads/2017/02/Kartleggingsnotat-13-2016-Amerikansk-mink..pdf
https://www.miljodirektoratet.no/globalassets/publikasjoner/m741/m741.pdf
https://doi.org/10.1007/s00442-019-04508-8

Page 31 of 48

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909

Arctic Science (Author?s Accepted Manuscript)

Hasvik, A. 2018. The effect of long-term experimental warming on lichens and vascular plants in an alpine
Dryas  heath. MSc  thesis, Norwegian  University of Life Sciences, As.
url:http://hdl.handle.net/11250/2567612

Hauge, E. & Ottesen, P. S. 2002. Spiders (Araneae) in low alpine areas at Finse, Southern Norway.
Norwegian Journal of Entomology, 49(2), 117-138.

Hautier, Y., Tilman, D., Isbell, F., Seabloom, E. W., Borer, E. T. & Reich, P. B. 2015. Anthropogenic
environmental changes affect ecosystem stability via biodiversity. Science, 348(6232), 336-340.
doi:https://doi.org/10.1126/science.aaal788.

Heegaard, E. 2002. A model of alpine species distribution in relation to snowmelt time and altitude.
Journal of Vegetation Science, 13(4), 493-504. doi:https://doi.org/10.1111/j.1654-
1103.2002.tb02076.x.

Henry, G. & Molau, U. 1997. Tundra plants and climate change: the International Tundra Experiment
(ITEX). Global Change Biology, 3(S1), Suppl. 1: 1-9. doi:https://doi.org/10.1111/j.1365-
2486.1997.gcb132.x.

Hill, G. B. & Henry, G. H. 2011. Responses of High Arctic wet sedge tundra to climate warming since 1980.
Global Change Biology, 17(1), 276-287. doi:https://doi.org/10.1111/j.1365-2486.2010.02244 x.

Hill, J. K., Hamer, K. C. & Hodkinson, I. D. 1998. Variation in resource exploitation along an altitudinal
gradient: the willow psyllids (Cacopsylla spp.) on Salix lapponum. Ecography, 21(3), 289-296.
doi:https://doi.org/10.1111/j.1600-0587.1998.tb00566.x.

Hill, J. K. & Hodkinson, I. D. 1995. Effects of temperature on phenological synchrony and altitudinal
distribution of jumping plant lice (Hemiptera: Psylloidea) on dwarf willow (Salix lapponum) in
Norway. Ecological Entomology, 20(3), 237-244. doi:https://doi.org/10.1111/j.1365-
2311.1995.tb00453.x.

Hole, L. & Engardt, M. 2008. Climate change impact on atmospheric nitrogen deposition in northwestern
Europe: a model study. AMBIO, 37(1), 9-17. doi:https://www.jstor.org/stable/25547846.

Hovde, K. 2021. Effect of elevation differences in alpine insect activity on Silene acaulis at Finse, Norway.
MSc thesis, Norwegian University of Life Sciences, As. url:https://hdl.handle.net/11250/2823101

Hudson, J. M. & Henry, G. H. 2010. High Arctic plant community resists 15 years of experimental warming.
Journal of Ecology, 98(5), 1035-1041. doi:https://doi.org/10.1111/j.1365-2745.2010.01690.x.

Hurrell, J. W. 1995. Decadal trends in the North Atlantic Oscillation: regional temperatures and
precipitation. Science, 269(5224), 676-679. doi:https://doi.org/10.1126/science.269.5224.676.

Hurrell, J. W. & Deser, C. 2010. North Atlantic climate variability: the role of the North Atlantic Oscillation.
Journal of Marine Systems, 79(3-4), 231-244. doi:https://doi.org/10.1016/j.jmarsys.2009.11.002.

Heye, T. T., Post, E., Schmidt, N. M., Trgjelsgaard, K. & Forchhammer, M. C. 2013. Shorter flowering
seasons and declining abundance of flower visitors in a warmer Arctic. Nature Climate Change,
3(8), 759-763. doi:https://doi.org/10.1038/nclimate1909.

Hagvar, S. 2012. Primary succession in glacier forelands: how small animals conquer new land around
melting glaciers. In: Young, S. S. & Silvern, S. E. (eds.) International Perspectives on Global
Environmental Change. Rijeka, Croatia: InTech. ISBN:978-953-307-815-1.

Hagvar, S. & Klanderud, K. 2009. Effect of simulated environmental change on alpine soil arthropods.
Global ~ Change  Biology, 15(12), 2972-2980.  doi:https://doi.org/10.1111/j.1365-
2486.2009.01926.x.

Hagvar, S. & Ohlson, M. 2013. Ancient carbon from a melting glacier gives high 14 C age in living pioneer
invertebrates. Scientific Reports, 3(1), 1-4. doi:https://doi.org/10.1038/srep02820.

Haakonsen Karr, E. 2017. En studie av klimaendringenes pavirkning pa nedbrytning av plantemateriale i
et alpint miljg. MSc thesis, Norwegian University of Life Sciences, As.
url:http://hdl.handle.net/11250/2468169

© The Author(s) or their Institution(s)


http://hdl.handle.net/11250/2567612
https://doi.org/10.1126/science.aaa1788
https://doi.org/10.1111/j.1654-1103.2002.tb02076.x
https://doi.org/10.1111/j.1654-1103.2002.tb02076.x
https://doi.org/10.1111/j.1365-2486.1997.gcb132.x
https://doi.org/10.1111/j.1365-2486.1997.gcb132.x
https://doi.org/10.1111/j.1365-2486.2010.02244.x
https://doi.org/10.1111/j.1600-0587.1998.tb00566.x
https://doi.org/10.1111/j.1365-2311.1995.tb00453.x
https://doi.org/10.1111/j.1365-2311.1995.tb00453.x
https://www.jstor.org/stable/25547846
https://hdl.handle.net/11250/2823101
https://doi.org/10.1111/j.1365-2745.2010.01690.x
https://doi.org/10.1126/science.269.5224.676
https://doi.org/10.1016/j.jmarsys.2009.11.002
https://doi.org/10.1038/nclimate1909
https://doi.org/10.1111/j.1365-2486.2009.01926.x
https://doi.org/10.1111/j.1365-2486.2009.01926.x
https://doi.org/10.1038/srep02820
http://hdl.handle.net/11250/2468169

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955

Arctic Science (Author?s Accepted Manuscript)

Ida, T. Y. & Totland, @. 2014. Heating effect by perianth retention on developing achenes and implications
for seed production in the alpine herb Ranunculus glacialis. Alpine Botany, 124(1), 37-47.
doi:https://doi.org/10.1007/s00035-014-0129-8.

lles, C. & Hegerl, G. 2017. Role of the North Atlantic Oscillation in decadal temperature trends.
Environmental  Research Letters, 12(11), 114010. doi:https://doi.org/10.1088/1748-
9326/2a9152.

Jeanbille, M., Clemmensen, K., Juhanson, J., Michelsen, A., Cooper, E. J., Henry, G. H., Hofgaard, A,
Hollister, R. D., et al. 2022. Site-specific responses of fungal and bacterial abundances to
experimental warming in litter and soil across arctic and alpine tundra. Arctic Science, 8(3), 992—
1005. doi:https://doi.org/10.1139/as-2020-0053.

Jentsch, A., Kreyling, J. & Beierkuhnlein, C. 2007. A new generation of climate-change experiments: events,
not trends. Frontiers in  Ecology and the  Environment, 5(7), 365-374.
doi:https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2.

Johannessen, V. & Samset, E. 1994. Summer diet of the mountain hare (Lepus timidus L.) in a low-alpine
area in southern Norway. Canadian Journal of Zoology, 72(4), 652-657.
doi:https://doi.org/10.1139/294-088.

Jénsdottir, . S., Halbritter, A. H., Christiansen, C. T., Althuizen, I. H. J., Haugum, S. V., Henn, J. J,,
Bjornsdattir, K., Maitner, B. S., et al. 2022. Intraspecific trait variability is a key feature underlying
high Arctic plant community resistance to climate warming. Ecological Monographs, e1555.
doi:https://doi.org/10.1002/ecm.1555.

Jagerbrand, A. K., Alatalo, J. M., Chrimes, D. & Molau, U. 2009. Plant community responses to 5 years of
simulated climate change in meadow and heath ecosystems at a subarctic-alpine site. Oecologia,
161(3), 601-610. doi:https://doi.org/10.1007/s00442-009-1392-z.

Kankaanpag, T., Vesterinen, E., Hardwick, B. V. P., Schmidt, N. M., Andersson, T., Aspholm, P. E., Barrio, I.
C., Beckers, N., et al. 2020. Parasitoids indicate major climate-induced shifts in arctic communities.
Global Change Biology, 26(11), 6276-6295. doi:https://doi.org/10.1111/gcb.15297.

Kausrud, K. L., Mysterud, A., Steen, H., Vik, J. O., @stbye, E., Cazelles, B., Framstad, E., Eikeset, A. M., et al.
2008. Linking climate change to lemming cycles. Nature, 456(7218), 93-97.
doi:https://doi.org/10.1038/nature07442.

Kéfi, S., Dominguez-Garcia, V., Donohue, I., Fontaine, C., Thébault, E. & Dakos, V. 2019. Advancing our
understanding of ecological stability. Ecology Letters, 22(9), 1349-1356.
doi:https://doi.org/10.1111/ele.13340.

Kjeer, U., Olsen, S. L. & Klanderud, K. 2018. Shift from facilitative to neutral interactions by the cushion
plant Silene acaulis along a primary succession gradient. Journal of Vegetation Science, 29(1), 42-
51. doi:https://doi.org/10.1111/jvs.12584.

Klanderud, K. 2005. Climate change effects on species interactions in an alpine plant community. Journal
of Ecology, 93(1), 127-137. doi:https://doi.org/10.1111/j.1365-2745.2004.00944 .x.

Klanderud, K. 2008. Species-specific responses of an alpine plant community under simulated
environmental change. Journal of Vegetation Science, 19(3), 363-372.
doi:https://doi.org/10.3170/2008-8-18376.

Klanderud, K. 2010. Species recruitment in alpine plant communities: the role of species interactions and
productivity. Journal of Ecology, 98(5), 1128-1133. doi:https://doi.org/10.1111/j.1365-
2745.2010.01703.x.

Klanderud, K. & Totland, @. 2004. Habitat dependent nurse effects of the dwarf-shrub Dryas octopetala
on alpine and arctic plant community structure. Ecoscience, 11(4), 410-420.
doi:https://doi.org/10.1080/11956860.2004.11682850.

© The Author(s) or their Institution(s)

Page 32 of 48


https://doi.org/10.1007/s00035-014-0129-8
https://doi.org/10.1088/1748-9326/aa9152
https://doi.org/10.1088/1748-9326/aa9152
https://doi.org/10.1139/as-2020-0053
https://doi.org/10.1890/1540-9295(2007)5%5b365:ANGOCE%5d2.0.CO;2
https://doi.org/10.1139/z94-088
https://doi.org/10.1002/ecm.1555
https://doi.org/10.1007/s00442-009-1392-z
https://doi.org/10.1111/gcb.15297
https://doi.org/10.1038/nature07442
https://doi.org/10.1111/ele.13340
https://doi.org/10.1111/jvs.12584
https://doi.org/10.1111/j.1365-2745.2004.00944.x
https://doi.org/10.3170/2008-8-18376
https://doi.org/10.1111/j.1365-2745.2010.01703.x
https://doi.org/10.1111/j.1365-2745.2010.01703.x
https://doi.org/10.1080/11956860.2004.11682850

Page 33 of 48

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002

Arctic Science (Author?s Accepted Manuscript)

Klanderud, K. & Totland, @. 2005a. The relative importance of neighbours and abiotic environmental
conditions for population dynamic parameters of two alpine plant species. Journal of Ecology,
93(3), 493-501. doi:https://www.jstor.org/stable/3599415.

Klanderud, K. & Totland, @. 2005b. Simulated climate change altered dominance hierarchies and diversity
of an alpine biodiversity hotspot. Ecology, 86(8), 2047-2054. doi:https://doi.org/10.1890/04-
1563.

Klanderud, K. & Totland, @. 2008. Diversity-stability relationships of an alpine plant community under
simulated environmental change. Arctic, Antarctic, and Alpine Research, 40(4), 679-684.
doi:https://doi.org/10.1657/1523-0430(07-075)[KLANDERUD]2.0.CO;2.

Kréel-Dulay, G., Mojzes, A., Szitar, K., Bahn, M., Batary, P., Beier, C., Bilton, M., De Boeck, H. J., et al. 2022.
Field experiments underestimate aboveground biomass response to drought. Nature Ecology &
Evolution, 6, 540-545. doi:https://doi.org/10.1038/s41559-022-01685-3.

Koérner, C. & Hiltbrunner, E. 2018. The 90 ways to describe plant temperature. Perspectives in Plant
Ecology, Evolution and Systematics, 30, 16-21. doi:https://doi.org/10.1016/j.ppees.2017.04.004.

Koérner, C. & Hiltbrunner, E. 2021. Why is the alpine flora comparatively robust against climatic warming?
Diversity, 13(8), 383. doi:https://doi.org/10.3390/d13080383.

Lamb, E. G., Han, S., Lanoil, B. D., Henry, G. H., Brummell, M. E., Banerjee, S. & Siciliano, S. D. 2011. A High
Arctic soil ecosystem resists long-term environmental manipulations. Global Change Biology,
17(10), 3187-3194. doi:https://doi.org/10.1111/j.1365-2486.2011.02431.x.

Landa, A., Flagstad, @., Areskoug, V., Linnell, J. D., Strand, O., Ulvund, K. R., Thierry, A.-M., Rgd-Eriksen, L.,
etal. 2017. The endangered Arctic fox in Norway—the failure and success of captive breeding and
reintroduction. Polar Research, 36(supl), 9.
doi:https://doi.org/10.1080/17518369.2017.1325139.

Landa, M. 2020. Small rodent winter habitats in an alpine area, Finse, Norway. MSc thesis, University of
Oslo. url:http://urn.nb.no/URN:NBN:no-82804

Leffler, A. J., Klein, E. S., Oberbauer, S. F. & Welker, J. M. 2016. Coupled long-term summer warming and
deeper snow alters species composition and stimulates gross primary productivity in tussock
tundra. Oecologia, 181(1), 287-297. doi:https://doi.org/10.1007/s00442-015-3543-8.

Lembrechts, J. J., Lenoir, J., Nuiiez, M. A., Pauchard, A., Geron, C., Bussé, G., Milbau, A. & Nijs, |. 2018.
Microclimate variability in alpine ecosystems as stepping stones for non-native plant
establishment above their current elevational limit. Ecography, 41(6), 900-909.
doi:https://doi.org/10.1111/ecog.03263.

Lembrechts, J. J., Pauchard, A,, Lenoir, J., Nufiez, M. A., Geron, C., Ven, A., Bravo-Monasterio, P., Teneb,
E., et al. 2016. Disturbance is the key to plant invasions in cold environments. Proceedings of the
National Academy of Sciences, 113(49), 14061-14066.
doi:https://doi.org/10.1073/pnas.1608980113.

Li, J. H., Zhang, R., Cheng, B. H., Ye, L. F., Li, W. J. & Shi, X. M. 2021. Effects of nitrogen and phosphorus
additions on decomposition and accumulation of soil organic carbon in alpine meadows on the
Tibetan Plateau. Land Degradation & Development, 32(3), 1467-1477.
doi:https://doi.org/10.1002/Idr.3792.

Lussana, C., Tveito, O. & Uboldi, F. 2018. Three-dimensional spatial interpolation of 2 m temperature over
Norway. Quarterly Journal of the Royal Meteorological Society, 144(711), 344-364.
doi:https://doi.org/10.1002/qj.3208.

Makkonen, M., Berg, M. P., Handa, I. T., Hattenschwiler, S., Ruijven, J., Bodegom, P. M. & Aerts, R. 2012.
Highly consistent effects of plant litter identity and functional traits on decomposition across a
latitudinal gradient. Ecology Letters, 15(9), 1033-1041. doi:https://doi.org/10.1111/j.1461-
0248.2012.01826.x.

© The Author(s) or their Institution(s)


https://www.jstor.org/stable/3599415
https://doi.org/10.1890/04-1563
https://doi.org/10.1890/04-1563
https://doi.org/10.1657/1523-0430(07-075)%5bKLANDERUD%5d2.0.CO;2
https://doi.org/10.1038/s41559-022-01685-3
https://doi.org/10.1016/j.ppees.2017.04.004
https://doi.org/10.3390/d13080383
https://doi.org/10.1111/j.1365-2486.2011.02431.x
https://doi.org/10.1080/17518369.2017.1325139
http://urn.nb.no/URN:NBN:no-82804
https://doi.org/10.1007/s00442-015-3543-8
https://doi.org/10.1111/ecog.03263
https://doi.org/10.1073/pnas.1608980113
https://doi.org/10.1002/ldr.3792
https://doi.org/10.1002/qj.3208
https://doi.org/10.1111/j.1461-0248.2012.01826.x
https://doi.org/10.1111/j.1461-0248.2012.01826.x

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049

Arctic Science (Author?s Accepted Manuscript)

Maxwell, B. 1992. Arctic climate: potential for change under global warming. In: Chapin lii, F. S., Jefferies,
R. L., Reynolds, J. F., Shaver, G. R., Svoboda, J. & Chu, E. W. (eds.) Arctic Ecosystems in a Changing
Climate: an Ecophysiological Perspective. Academic Press, Inc. ISBN:0-12-168250-1.

Metnorge 2020. Data from The Norwegian Meteorological Institute. https://www.met.no/en/free-
meteorological-data.

Myers-Smith, I. H., Grabowski, M. M., Thomas, H. J., Angers-Blondin, S., Daskalova, G. N., Bjorkman, A. D.,
Cunliffe, A. M., Assmann, J. J., et al. 2019. Eighteen years of ecological monitoring reveals multiple
lines of evidence for tundra vegetation change. Ecological Monographs, 89(2), e01351. doi:
https://doi.org/10.1002/ecm.1351.

Ncar 2020. The climate data guide: Hurrel North Atlantic Oscillation (NAO) index (PC-based).
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-pc-
based.: National Center for Atmospheric Research Staff (Eds).

Niittynen, P., Heikkinen, R. K., Aalto, J., Guisan, A., Kemppinen, J. & Luoto, M. 2020. Fine-scale tundra
vegetation patterns are strongly related to winter thermal conditions. Nature Climate Change,
10(12), 1-6. doi:https://doi.org/10.1038/s41558-020-00916-4.

Niittynen, P. & Luoto, M. 2018. The importance of snow in species distribution models of arctic vegetation.
Ecography, 41(6), 1024-1037. doi:https://doi.org/10.1111/ecog.03348.

Noordeloos, M. E. & Gulden, G. 1989. Entoloma (Basidiomycetes, Agaricales) of alpine habitats on the
Hardangervidda near Finse, Norway, with a key including species from Northern Europe and
Greenland. Canadian Journal of Botany, 67(6), 1727-1738. doi:https://doi.org/10.1139/b89-219.

Nybakken, L., Klanderud, K. & Totland, @. 2008. Simulated environmental change has contrasting effects
on defensive compound concentration in three alpine plant species. Arctic, Antarctic, and Alpine
Research, 40(4), 709-715. doi: https://doi.org/10.1657/1523-0430(07-103)[NYBAKKEN]2.0.CO;2.

Nybakken, L., Sandvik, S. M. & Klanderud, K. 2011. Experimental warming had little effect on carbon-based
secondary compounds, carbon and nitrogen in selected alpine plants and lichens. Environmental
and Experimental Botany, 72(3), 368-376. doi:https://doi.org/10.1016/j.envexpbot.2011.04.011.

Nyléhn, J. & Totland, @. 1999. Effects of temperature and natural disturbance on growth, reproduction,
and population density in the alpine annual hemiparasite Euphrasia frigida. Arctic, Antarctic, and
Alpine Research, 31(3), 259-263. doi:https://doi.org/10.1080/15230430.1999.12003307.

Nystuen, K. O., Evju, M., Rusch, G. M., Graae, B. J. & Eide, N. E. 2014. Rodent population dynamics affect
seedling recruitment in alpine habitats. Journal of Vegetation Science, 25(4), 1004-1014.
doi:https://doi.org/10.1111/jvs.12163.

Odland, A., Reinhardt, S. & Pedersen, A. 2015. Differences in richness of vascular plants, mosses, and
liverworts in southern Norwegian alpine vegetation. Plant Ecology and Diversity, 8(1), 37-47.
doi:https://doi.org/10.1080/17550874.2013.862751.

Olsen, S. L. 2011. Do nitrogen-fixing legumes affect soil nutrient levels, plant growth or community
properties of an alpine ecosystem? MSc thesis Master of Science, Norwegian University of Life
Sciences, As. url:http://hdl.handle.net/11250/186722

Olsen, S. L. & Klanderud, K. 2014a. Biotic interactions limit species richness in an alpine plant community,
especially under experimental warming. Oikos, 123(1), 71-78. doi:https://doi.org/10.1111/j.1600-
0706.2013.00336.x.

Olsen, S. L. & Klanderud, K. 2014b. Exclusion of herbivores slows down recovery after experimental
warming and nutrient addition in an alpine plant community. Journal of Ecology, 102(5), 1129-
1137. doi:https://doi.org/10.1111/1365-2745.12292.

Olsen, S. L., Sandvik, S. M. & Totland, @. 2013. Influence of two N-fixing legumes on plant community
properties and soil nutrient levels in an alpine ecosystem. Arctic, Antarctic, and Alpine Research,
45(3), 363-371. doi:https://doi.org/10.1657/1938-4246-45.3.363.

© The Author(s) or their Institution(s)

Page 34 of 48


https://www.met.no/en/free-meteorological-data
https://www.met.no/en/free-meteorological-data
https://doi.org/10.1002/ecm.1351
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-pc-based
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-pc-based
https://doi.org/10.1038/s41558-020-00916-4
https://doi.org/10.1111/ecog.03348
https://doi.org/10.1139/b89-219
https://doi.org/10.1657/1523-0430(07-103)%5bNYBAKKEN%5d2.0.CO;2
https://doi.org/10.1016/j.envexpbot.2011.04.011
https://doi.org/10.1080/15230430.1999.12003307
https://doi.org/10.1111/jvs.12163
https://doi.org/10.1080/17550874.2013.862751
http://hdl.handle.net/11250/186722
https://doi.org/10.1111/j.1600-0706.2013.00336.x
https://doi.org/10.1111/j.1600-0706.2013.00336.x
https://doi.org/10.1111/1365-2745.12292
https://doi.org/10.1657/1938-4246-45.3.363

Page 35 of 48

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096

Arctic Science (Author?s Accepted Manuscript)

Opedal, @. H., Armbruster, W. S. & Graae, B. J. 2015. Linking small-scale topography with microclimate,
plant species diversity and intra-specific trait variation in an alpine landscape. Plant Ecology and
Diversity, 8(3), 305-315. doi:https://doi.org/10.1080/17550874.2014.987330.

Ottesen, P. 1996. Niche segregation of terrestrial alpine beetles (Coleoptera) in relation to environmental
gradients and phenology. Journal of Biogeography, 23(3), 353-369.
doi:https://doi.org/10.1046/j.1365-2699.1996.00971 .x.

Panchen, Z. A., Frei, E. R. & Henry, G. H. 2022. Increased Arctic climate extremes constrain expected higher
plant reproductive success in a warmer climate. Arctic Science, 8(3), 680-699.
doi:https://doi.org/10.1139/as-2020-0045.

Pauli, H., Gottfried, M., Dullinger, S., Abdaladze, O., Akhalkatsi, M., Alonso, J. L. B., Coldea, G., Dick, J., et
al. 2012. Recent plant diversity changes on Europe’s mountain summits. Science, 336(6079), 353-
355. doi:https://doi.org/10.1126/science.1219033.

Post, E., Forchhammer, M. C., Bret-Harte, M. S., Callaghan, T. V., Christensen, T. R., Elberling, B., Fox, A.
D., Gilg, O., et al. 2009. Ecological dynamics across the Arctic associated with recent climate
change. Science, 325(5946), 1355-1358. doi:https://doi.org/10.1126/science.1173113.

Prevéy, J. S., Rixen, C., Ruger, N., Hgye, T. T., Bjorkman, A. D., Myers-Smith, I. H., Eimendorf, S. C., Ashton,
I. W,, et al. 2019. Warming shortens flowering seasons of tundra plant communities. Nature
Ecology & Evolution, 3(1), 45. doi:https://doi.org/10.1038/s41559-018-0745-6.

Qixiang, W., Wang, M. & Fan, X. 2018. Seasonal patterns of warming amplification of high-elevation
stations across the globe. International Journal of Climatology, 38(8), 3466-3473.
doi:https://doi.org/10.1002/joc.5509.

R Core Team 2020. R: A language and environment for statistical computing. 4.0.0 ed.: R Foundation for
Statistical Computing, Vienna, Austria.

Rashid, I, Hag, S. M., Lembrechts, J. J., Khuroo, A. A., Pauchard, A. & Dukes, J. S. 2021. Railways
redistribute plant species in mountain landscapes. Journal of Applied Ecology, 58(9), 1967-1980.
doi:https://doi.org/10.1111/1365-2664.13961.

Rawat, M., Jagerbrand, A. K., Bai, Y. & Alatalo, J. M. 2021. Litter decomposition above the treeline in alpine
regions: A mini review. Acta Oecologica, 113, 103775.
doi:https://doi.org/10.1016/j.actao.2021.103775.

Reinhardt, S. & Odland, A. 2012. Soil temperature variation in calciphile mountain plant communities in
Southern Norway. Oecologia Montana, 21(1), 21-35.

Reinhardt, S., Odland, A. & Pedersen, A. 2013. Calciphile alpine vegetation in Southern Norway:
importance of snow and possible effects of climate change. Phytocoenologia, 43(3-4), 207-223.
doi:https://doi.org/10.1127/0340-269X/2013/0043-0534.

Rixen, C., Heye, T. T., Macek, P., Aerts, R., Alatalo, J., Andeson, J., Arnold, P., Barrio, I. C., et al. 2022.
Winters are changing: snow effects on Arctic and alpine tundra ecosystems. Arctic Science, 8(3),
572-608. doi:https://doi.org/10.1139/as-2020-0058.

Roos, R. E., Birkemoe, T., Asplund, J., Luptacik, P., Raschmanova, N., Alatalo, J. M., Olsen, S. L. & Klanderud,
K. 2020. Legacy effects of experimental environmental change on soil micro-arthropod
communities. Ecosphere, 11(2). doi:https://doi.org/10.1002/ecs2.3030.

Roos, R. E., Van Zuijlen, K., Birkemoe, T., Klanderud, K., Lang, S. I., Bokhorst, S., Wardle, D. A. & Asplund,
J. 2019. Contrasting drivers of community-level trait variation for vascular plants, lichens and
bryophytes across an elevational gradient. Functional Ecology, 33(12), 2430-2446.
doi:https://doi.org/10.1111/1365-2435.13454.

Rozite-Arina, |. 2020. Effects of long-term experimental warming on fitness, morphology and species
interactions of Silene acaulis. MSc thesis, Norwegian University of Life Sciences, As.
url:https://hdl.handle.net/11250/2721484

© The Author(s) or their Institution(s)


https://doi.org/10.1080/17550874.2014.987330
https://doi.org/10.1046/j.1365-2699.1996.00971.x
https://doi.org/10.1139/as-2020-0045
https://doi.org/10.1126/science.1219033
https://doi.org/10.1126/science.1173113
https://doi.org/10.1038/s41559-018-0745-6
https://doi.org/10.1002/joc.5509
https://doi.org/10.1111/1365-2664.13961
https://doi.org/10.1016/j.actao.2021.103775
https://doi.org/10.1127/0340-269X/2013/0043-0534
https://doi.org/10.1139/as-2020-0058
https://doi.org/10.1002/ecs2.3030
https://doi.org/10.1111/1365-2435.13454
https://hdl.handle.net/11250/2721484

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143

Arctic Science (Author?s Accepted Manuscript)

Rumpf, S. B., Semenchuk, P. R., Dullinger, S. & Cooper, E. J. 2014. Idiosyncratic responses of high arctic
plants to changing snow regimes. PLoS ONE, 9(2), €86281.
doi:https://doi.org/10.1371/journal.pone.0086281.

Sandvik, S. & Eide, W. 2011. Long-term experimental warming affects tissue C/N ratios differently in three
strongly chionophilous alpine species. In: Cossia, J. M. (ed.) Global Warming in the Twenty-first
Century. Nova Science Publishers, Inc. ISBN:1617289809.

Sandvik, S. M. & Eide, W. 2009. Costs of reproduction in circumpolar Parnassia palustris L. in light of global
warming. Plant Ecology, 205(1), 1-11. doi:https://doi.org/10.1007/s11258-009-9594-3.

Sandvik, S. M. & Heegaard, E. 2003. Effects of simulated environmental changes on growth and growth
form in a late snowbed population of Pohlia wahlenbergii (Web. et Mohr) Andr. Arctic, Antarctic,
and Alpine Research, 35(3), 341-348. doi:https://doi.org/10.1657/1523-
0430(2003)035[0341:EQSEC0]2.0.CO;2.

Sandvik, S. M., Heegaard, E., Elven, R. & Vandvik, V. 2004. Responses of alpine snowbed vegetation to
long-term experimental warming. Ecoscience, 11(2), 150-159.
doi:https://doi.org/10.1080/11956860.2004.11682819.

Sandvik, S. M. & Totland, @. 2000. Short-term effects of simulated environmental changes on phenology,
reproduction, and growth in the late-flowering snowbed herb Saxifraga stellaris L. Ecoscience,
7(2), 201-213. doi:https://doi.org/10.1080/11956860.2000.11682589.

Sandvik, S. M., Totland, @. & Nyléhn, J. 1999. Breeding system and effects of plant size and flowering time
on reproductive success in the alpine herb Saxifraga stellaris L. Arctic, Antarctic, and Alpine
Research, 31(2), 196-201. doi:https://doi.org/10.1080/15230430.1999.12003298.

Scharn, R., Brachmann, C. G., Patchett, A., Reese, H., Bjorkman, A. D., Alatalo, J. M., Bjork, R. G.,
Jagerbrand, A. K., et al. 2022. Vegetation responses to 26 years of warming at Latnjajaure Field
Station, northern Sweden. Arctic Science, 8(3), 858—877. doi:https://doi.org/10.1139/as-2020-
0042.

Seklima.No. 2020a. Seklima meteorological database [Online]. https://seklima.met.no/observations/:
Norwegian Meteorological Institute. [Accessed 2020].

Seklima.No. 2020b. Seklima meteorological database, Norwegian Meteorological Institute [Online].
https://seklima.met.no/stations/. [Accessed 2020].

Seldal, T., Andersen, K.-J. & Hogstedt, G. 1994. Grazing-induced proteinase inhibitors: a possible cause for
lemming population cycles. Oikos, 70, 3-11. doi:https://doi.org/10.2307/3545692.

Senorge.No. 2020. http.//www.senorge.no/ [Online]. NVE, Met.no, Kartverket. [Accessed 2020].

Shaver, G. & Chapin lii, F. 1986. Effect of fertilizer on production and biomass of tussock tundra, Alaska,
USA. Arctic and Alpine Research, 18(3), 261-268.
doi:https://doi.org/10.1080/00040851.1986.12004087.

Sjursen, H. & Sgmme, L. 2000. Seasonal changes in tolerance to cold and desiccation in Phauloppia sp.
(Acari, Oribatida) from Finse, Norway. Journal of Insect Physiology, 46(10), 1387-1396.
doi:https://doi.org/10.1016/50022-1910(00)00061-5.

Skogland, T. 1984. Wild reindeer foraging-niche organization. Ecography, 7(4), 345-379.
doi:https://doi.org/10.1111/j.1600-0587.1984.tb01138.x.

Smith, M., Scaife, A. A., Eade, R., Athanasiadis, P., Bellucci, A., Bethke, I., Bilbao, R., Borchert, L., et al.
2020. North Atlantic climate far more predictable than models imply. Nature, 583(7818), 796-800.
doi:https://doi.org/10.1038/s41586-020-2525-0.

Smith, M. D. 2011. The ecological role of climate extremes: current understanding and future prospects.
Journal of Ecology, 99(3), 651-655. doi:https://doi.org/10.1111/j.1365-2745.2011.01833.x.

Solhgy, T., @stbye, E., Kauri, H., Hagen, A., Lien, L. & Skar, H.-J. 1975. Faunal structure of Hardangervidda,
Norway. Fennoscandian tundra ecosystems. Springer.

© The Author(s) or their Institution(s)

Page 36 of 48


https://doi.org/10.1371/journal.pone.0086281
https://doi.org/10.1007/s11258-009-9594-3
https://doi.org/10.1657/1523-0430(2003)035%5b0341:EOSECO%5d2.0.CO;2
https://doi.org/10.1657/1523-0430(2003)035%5b0341:EOSECO%5d2.0.CO;2
https://doi.org/10.1080/11956860.2004.11682819
https://doi.org/10.1080/11956860.2000.11682589
https://doi.org/10.1080/15230430.1999.12003298
https://doi.org/10.1139/as-2020-0042
https://doi.org/10.1139/as-2020-0042
https://seklima.met.no/observations/
https://seklima.met.no/stations/
https://doi.org/10.2307/3545692
http://www.senorge.no/
https://doi.org/10.1080/00040851.1986.12004087
https://doi.org/10.1016/S0022-1910(00)00061-5
https://doi.org/10.1111/j.1600-0587.1984.tb01138.x
https://doi.org/10.1038/s41586-020-2525-0
https://doi.org/10.1111/j.1365-2745.2011.01833.x

Page 37 of 48

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191

Arctic Science (Author?s Accepted Manuscript)

Steen, H., Holst, J., Solhgy, T., Bjerga, M., Klaussen, E., Prestegard, I., Sundt, R. & Johannesen, @. 1997.
Mortality of lemmings, Lemmus lemmus, at peak density in a mountainous area of Norway.
Journal of Zoology, 243(4), 831-835. doi:https://doi.org/10.1111/].1469-7998.1997.tb01980.x.

Steinbauer, M. J., Grytnes, J.-A., Jurasinski, G., Kulonen, A, Lenaoir, J., Pauli, H., Rixen, C., Winkler, M., et
al. 2018. Accelerated increase in plant species richness on mountain summits is linked to warming.
Nature, 556(7700), 231-234. doi:https://doi.org/10.1038/s41586-018-0005-6.

Stenseth, N. C., Chan, K., Framstad, E. & Tong, H. 1998. Phase-and density-dependent population
dynamics in Norwegian lemmings: interaction between deterministic and stochastic processes.
Proceedings of the Royal Society of London. Series B: Biological Sciences, 265(1409), 1957-1968.
doi:https://doi.org/10.1098/rspb.1998.0526.

Stocker, T. 2014. Climate change 2013: The Physical Science Basis: Working Group | Contribution to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge University
Press. ISBN:110705799X.

Strimbeck, G. R., Graae, B. J,, Lang, S. & Sgrensen, M. V. 2019. Functional group contributions to carbon
fluxes in Arctic-alpine ecosystems. Arctic, Antarctic, and Alpine Research, 51(1), 58-68.
doi:https://doi.org/10.1080/15230430.2019.1578163.

Suggitt, A. J., Wilson, R. J., Isaac, N. J., Beale, C. M., Auffret, A. G., August, T., Bennie, J. J., Crick, H. Q,, et
al. 2018. Extinction risk from climate change is reduced by microclimatic buffering. Nature Climate
Change, 8(8), 713-717. doi:https://doi.org/10.1038/s41558-018-0231-9.

Sundqvist, M. K., Sanders, N. J. & Wardle, D. A. 2013. Community and ecosystem responses to elevational
gradients: processes, mechanisms, and insights for global change. Annual Review of Ecology,
Evolution, and Systematics, 44, 261-280. doi:https://doi.org/10.1146/annurev-ecolsys-110512-
135750.

Totland, @. 1993. Pollination in alpine Norway: flowering phenology, insect visitors, and visitation rates in
two plant communities.  Canadian  Journal of Botany, 71(8), 1072-1079.
doi:https://doi.org/10.1139/b93-124.

Totland, @. 1994a. Influence of climate, time of day and season, and flower density on insect flower
visitation in alpine  Norway. Arctic and Alpine Research, 26(1), 66-71.
doi:https://doi.org/10.1080/00040851.1994.12003041.

Totland, @. 1994b. Intraseasonal variation in pollination intensity and seed set in an alpine population of
Ranunculus acris in southwestern Norway. Ecography, 17(2), 159-165.
doi:https://doi.org/10.1111/j.1600-0587.1994.tb00089.x.

Totland, @. 1997a. Effects of flowering time and temperature on growth and reproduction in Leontodon
autumnalis var. taraxaci, a late-flowering alpine plant. Arctic and Alpine Research, 29(3), 285-290.
doi:https://doi.org/10.1080/00040851.1997.12003246.

Totland, @. 1997b. Limitations on reproduction in alpine Ranunculus acris. Canadian Journal of Botany,
75(1), 137-144. doi:https://doi.org/10.1139/b97-016.

Totland, @. & Alatalo, J. M. 2002. Effects of temperature and date of snowmelt on growth, reproduction,
and flowering phenology in the arctic/alpine herb, Ranunculus glacialis. Oecologia, 133(2), 168-
175. doi:https://doi.org/10.1007/s00442-002-1028-z.

Totland, @. & Birks, H. 1996. Factors influencing inter-population variation in Ranunculus acris seed
production in an alpine area of southwestern Norway. Ecography, 19(3), 269-278.
doi:https://doi.org/10.1111/j.1600-0587.1996.tb01254.x.

Totland, @. & Eide, W. 1999. Environmentally-dependent pollen limitation on seed production in alpine
Ranunculus acris. Ecoscience, 6(2), 173-179.
doi:https://doi.org/10.1080/11956860.1999.11682518.

Totland, @. & Esaete, J. 2002. Effects of willow canopies on plant species performance in a low-alpine
community. Plant Ecology, 161(2), 157-166. doi:https://doi.org/10.1023/A:1020345632498.

© The Author(s) or their Institution(s)


https://doi.org/10.1111/j.1469-7998.1997.tb01980.x
https://doi.org/10.1038/s41586-018-0005-6
https://doi.org/10.1098/rspb.1998.0526
https://doi.org/10.1080/15230430.2019.1578163
https://doi.org/10.1038/s41558-018-0231-9
https://doi.org/10.1146/annurev-ecolsys-110512-135750
https://doi.org/10.1146/annurev-ecolsys-110512-135750
https://doi.org/10.1139/b93-124
https://doi.org/10.1080/00040851.1994.12003041
https://doi.org/10.1111/j.1600-0587.1994.tb00089.x
https://doi.org/10.1080/00040851.1997.12003246
https://doi.org/10.1139/b97-016
https://doi.org/10.1007/s00442-002-1028-z
https://doi.org/10.1111/j.1600-0587.1996.tb01254.x
https://doi.org/10.1080/11956860.1999.11682518
https://doi.org/10.1023/A:1020345632498

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239

Arctic Science (Author?s Accepted Manuscript)

Turchin, P., Oksanen, L., Ekerholm, P., Oksanen, T. & Henttonen, H. 2000. Are lemmings prey or predators?
Nature, 405(6786), 562-565. doi:https://doi.org/10.1038/35014595.

Van Wijk, M., Clemmensen, K., Shaver, G., Williams, M., Callaghan, T., Chapin lii, F., Cornelissen, J., Gough,
L., et al. 2004. Long-term ecosystem level experiments at Toolik Lake, Alaska, and at Abisko,
Northern Sweden: generalizations and differences in ecosystem and plant type responses to
global change. Global Change Biology, 10(1), 105-123. doi: https://doi.org/10.1111/j.1365-
2486.2003.00719.x.

Van Zuijlen, K., Asplund, J., Sundsbg, S., Dahle, O. S. & Klanderud, K. 2022a. Ambient and experimental
warming effects on an alpine bryophyte community. Arctic Science, 8(3), 831-842.
doi:https://doi.org/10.1139/as-2020-0047.

Van Zuijlen, K., Klanderud, K., Dahle, O. S., Hasvik, A., Knutsen, M. S., Olsen, S. L., Sundsbg, S. & Asplund,
J. 2022b. Community-level functional traits of alpine vascular plants, bryophytes, and lichens after
long-term experimental warming. Arctic Science, 8(3), 843—857. doi:https://doi.org/10.1139/as-
2020-0007.

Van Zuijlen, K., Roos, R. E., Klanderud, K., Lang, S. I. & Asplund, J. 2020a. Mat-forming lichens affect
microclimate and decomposition by different mechanisms. Fungal Ecology, 44, 100905.
doi:https://doi.org/10.1016/j.funeco.2019.100905.

Van Zuijlen, K., Roos, R. E., Klanderud, K., Lang, S. |., Wardle, D. A. & Asplund, J. 2020b. Decomposability
of lichens and bryophytes from across an elevational gradient under standardized conditions.
Oikos, 129(9), 1358-1368. doi:https://doi.org/10.1111/0ik.07257.

Vandvik, V., Skarpaas, O., Klanderud, K., Telford, R. J., Halbritter, A. H. & Goldberg, D. E. 2020. Biotic
rescaling reveals importance of species interactions for variation in biodiversity responses to
climate change. Proceedings of the National Academy of Sciences, 117(37), 22858-22865.
doi:https://doi.org/10.1073/pnas.2003377117.

Vassvik, L. 2019. Which abiotic and biotic factors influence reproductive output in alpine populations of
Ranunculus acris L.? MSc thesis, Univeristy of Oslo. url:http://urn.nb.no/URN:NBN:no-75116

Violle, C., Navas, M. L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I. & Garnier, E. 2007. Let the concept
of trait be functionall Oikos, 116(5), 882-892. doi:https://doi.org/10.1111/j.0030-
1299.2007.15559.x.

Wahren, C. H., Walker, M. & Bret-Harte, M. 2005. Vegetation responses in Alaskan arctic tundra after 8
years of a summer warming and winter snow manipulation experiment. Global Change Biology,
11(4), 537-552. doi:https://doi.org/10.1111/j.1365-2486.2005.00927.x.

Walsh, J. E., Ballinger, T. J., Euskirchen, E. S., Hanna, E., Mard, J., Overland, J. E., Tangen, H. & Vihma, T.
2020. Extreme weather and climate events in northern areas: A review. Earth-Science Reviews,
209, 103324. doi:https://doi.org/10.1016/j.earscirev.2020.103324.

Walther, G.-R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T. J., Fromentin, J.-M., Hoegh-
Guldberg, 0., et al. 2002. Ecological responses to recent climate change. Nature, 416(6879), 389-
395. doi:https://doi.org/10.1038/416389.

Wang, L., Ting, M. & Kushner, P. 2017. A robust empirical seasonal prediction of winter NAO and surface
climate. Scientific Reports, 7(1), 1-9. doi:https://doi.org/10.1038/s41598-017-00353-y.

Wang, Q., Fan, X. & Wang, M. 2016. Evidence of high-elevation amplification versus Arctic amplification.
Scientific Reports, 6. doi:https://doi.org/10.1038/srep19219.

Welker, J. M., Molau, U., Parsons, A. N., Robinson, C. H. & Wookey, P. 1997. Responses of Dryas octopetala
to ITEX environmental manipulations: a synthesis with circumpolar comparisons. Global Change
Biology, 3 Suppl.1(S1), 61-73. doi:https://doi.org/10.1111/j.1365-2486.1997.gcb143.x.

Wheeler, H. C., Hgye, T. T., Schmidt, N. M., Svenning, J.-C. & Forchhammer, M. C. 2015. Phenological
mismatch with abiotic conditions—implications for flowering in Arctic plants. Ecology, 96(3), 775-
787. doi:https://doi.org/10.1890/14-0338.1.

© The Author(s) or their Institution(s)

Page 38 of 48


https://doi.org/10.1038/35014595
https://doi.org/10.1111/j.1365-2486.2003.00719.x
https://doi.org/10.1111/j.1365-2486.2003.00719.x
https://doi.org/10.1139/as-2020-0047
https://doi.org/10.1139/as-2020-0007
https://doi.org/10.1139/as-2020-0007
https://doi.org/10.1016/j.funeco.2019.100905
https://doi.org/10.1111/oik.07257
https://doi.org/10.1073/pnas.2003377117
http://urn.nb.no/URN:NBN:no-75116
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1111/j.1365-2486.2005.00927.x
https://doi.org/10.1016/j.earscirev.2020.103324
https://doi.org/10.1038/416389
https://doi.org/10.1038/s41598-017-00353-y
https://doi.org/10.1038/srep19219
https://doi.org/10.1111/j.1365-2486.1997.gcb143.x
https://doi.org/10.1890/14-0338.1

Page 39 of 48

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

1240
1241
1242
1243
1244
1245

1246

1247

Arctic Science (Author?s Accepted Manuscript)

Wright, 1. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F., Cavender-Bares, J., Chapin,
T., et al. 2004. The worldwide leaf economics spectrum. Nature, 428(6985), 821.
doi:https://doi.org/10.1038/nature02403.

Ostman, S. a. H. 2018. Plant-pollinator interactions in the alpine: Landscape heterogeneity acts as a
potential buffer against climate-change induced mismatch in the pollinator-generalist Ranunculus
acris. MSc thesis, The University of Bergen. url:https://hdl.handle.net/1956/18086

© The Author(s) or their Institution(s)


https://doi.org/10.1038/nature02403
https://hdl.handle.net/1956/18086

Arctic Science Downloaded from cdnscienc

eFub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/06/22

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

1248

1249

1250
1251
1252
1253
1254
1255
1256

1257

1258
1259
1260
1261
1262
1263
1264
1265

1266

1267
1268
1269
1270
1271
1272
1273

Arctic Science (Author?s Accepted Manuscript)

Figure captions

Figure 1.

Map of the Finse area showing the sites of the 80 studies included in this synthesis. Each unique study
location is indicated with a number, which refers to Supplementary Table S1. One central coordinate was
used for studies that included multiple sites close to each other. Location 6 includes the studies that do
not refer to any specific study site and location 19 refers to the main ITEX-site at Mt. Sanddalsnuten. The
circle size (surface area) of each pie chart is relative to the number of studies performed at each site, while
the colors indicate the relative representation of study topics. The map was created with ArcGIS Prov2.5.0

(Esri, 2020) using a standard background map.

Figure 2.

Timeseries of annual (a); winter: December-February (b); spring: March-May (c); summer: June-August
(d); and autumn: September-November (e) temperatures at the Finse (1969-1994) and Finsevatn (2003-
2020) weather station. Annual and seasonal temperatures where at least one month of interpolated data
from the SeNorge database were used are indicated with open circles. Closed circles indicate that data
are entirely based on station observations. Dashed lines indicate the 1970-1990 average for the respective
season, while dotted lines show a smoothed 5-year rolling average. Trendlines (solid) were calculated
from a simple linear model, and shaded areas indicate a 95% Cl. Note that y-axis scales differ between

panels.

Figure 3.

Day of the year when the growing season starts (circles) and ends (triangles), using a 0 °C (blue) and 5 °C
(orange) threshold to define the growing season (a). The length of the 0 °C and 5 °C growing season in
days (b). Accumulated thawing degree days (heat sum with 0 °C base temperature) and growing degree
days (heat sum with 5 °C base temperature) (c). The number of days with minimum temperatures below
freezing point during the 0 °C and 5 °C growing seasons (d). Data were calculated from daily temperature
(2 m), measured at the Finse (1970-1994) and Finsevatn (2003 — present) weather stations. Shaded areas

indicate 95% confidence intervals. Solid lines denote significant trends (p < 0.05).
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Figure 4.

Maximum recorded snow depth at the Finse weather station (1970-1994) versus winter (December-
March) North Atlantic Oscillation (NAO) index (a). Colors denote average temperatures over the same

period. Winters with a predominantly positive NAO phase accumulate a significantly deeper snowpack

(b).

Figure 5.

The number of ecological studies (80) performed at Finse per topic (a) and experimental design (b)
included in this synthesis. A study can be assigned to multiple topics or experimental designs. Here,
Environmental manipulation includes experiments where temperature, nutrient availability or other
abiotic conditions were altered and compared to control sites. Environmental gradient is used in its
broadest sense and includes traditional gradients in environment, including elevation, the use of
contrasting sites, as well as variations in microclimatic conditions across space or time. Observational
studies monitor species presence, performance, and behavior in situ, across time and space. Successional
gradient includes studies performed (across different successional stages) at glacial forelands. In
community manipulations one or more species were actively removed or added to an ecological
community, while in individual manipulations individual organisms were manipulated to investigate their
performance. Transplant experiments are those where organisms or materials from a common
environment are actively transplanted across sites with different environmental conditions. Vice versa,
common garden comprises those studies where one or more species or materials were moved from their
native environments into a common environment. Cafeteria trials offer a variety of food items to

organisms to establish their dietary preferences.

Figure 6.

Graphical summary of the observed climate and climate trends at Finse, and of the ecological responses
to experimental and ambient environmental change at Finse over the past three decades. The top
segment “observed climate” refers to the observed trends and dynamics of the climate at Finse. The right
segment “warming response” summarizes the observed responses individual species, communities, and
ecological processes to both experimental and ambient climate change. The left segment “nutrient
addition response” summarizes the observed responses of species, communities, and ecological

processes to experimental nutrient addition.
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