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Abstract We experimentally imposed three different

kinds of warming scenarios over 3 years on an alpine

meadow community to identify the differential effects of

climate warming and extreme climatic events on the

abundance and biomass of bryophytes and lichens. Treat-

ments consisted of (a) a constant level of warming with

open top chambers (an average temperature increase of

1.87 �C), (b) a yearly stepwise increase of warming

(average temperature increases of 1.0; 1.87 and 3.54 �C,

consecutively), and (c) a pulse warming, i.e., a single first

year pulse event of warming (average temperature increase

of 3.54 �C only during the first year). To our knowledge,

this is the first climate change study that attempts to dis-

tinguish between the effects of constant, stepwise and pulse

warming on bryophyte and lichen communities. We

hypothesised that pulse warming would have a significant

short-term effect compared to the other warming

treatments, and that stepwise warming would have a sig-

nificant mid-term effect compared to the other warming

treatments. Acrocarpous bryophytes as a group increased in

abundance and biomass to the short-term effect of pulse

warming. We found no significant effects of mid-term

(third-year) stepwise warming. However, one pleurocar-

pous bryophyte species, Tomentypnum nitens, generally

increased in abundance during the warm year 1997 but

decreased in control plots and in response to the stepwise

warming treatment. Three years of experimental warming

(all treatments as a group) did have a significant impact at

the community level, yet changes in abundance did not

translate into significant changes in the dominance hierar-

chies at the functional level (for acrocarpous bryophytes,

pleurocarpous bryophytes, Sphagnum or lichens), or in

significant changes in other bryophyte or lichen species.

The results suggest that bryophytes and lichens, both at the

functional group and species level, to a large extent are

resistant to the different climate change warming simula-

tions that were applied.

Keywords Bryophytes � Climate change �
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Introduction

Global climate forecasts include an increase in both the

frequency and the magnitude of climatic events; for exam-

ple, heat waves, drought, heavy rainfall and floods are all

predicted to occur more frequently (IPCC 2007). These

climate events will likely have different impacts on singular

organisms and whole ecosystems (Jentsc and Beierkuhnlein

2008). For bryophytes, heat waves have been shown to

trigger the die-off of peat mosses of the genus Sphagnum

This article is part of the special issue Vegetation in cold
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(Bragazza 2008). Experimentally imposed winter warming

was shown to have a negative impact on the net photosyn-

thetic rate of Hylocomium splendens, whereas the lichen

Peltigera aphthosa was unaffected by the same experi-

mental treatment (Bjerke et al. 2011).

Polar and alpine ecosystems are assumed to be particularly

vulnerable to climate change, as organisms in these envi-

ronments live at temperatures just above the zero-degree

threshold during the very short summer season. This has

drawn the attention of the climate change research commu-

nity that has attempted to assess the impact of climate

warming on tundra plants and plant communities in a number

of experiments. For logistical reasons, many of these climate

change experiments involve passive warming devices. Open-

top chambers (OTCs) are one of the most commonly used

devices in polar and alpine areas to assess warming effects on

terrestrial ecosystems where durable, low-maintenance

experimental devices are especially suitable (Alatalo 1998;

Arft et al. 1999; Walker et al. 2006). OTCs have been used to

simulate above-ground climate change effects on single

species of vascular plants (Klanderud 2008; Alatalo and Little

2014), bryophytes (e.g., Molau and Alatalo 1998; Jägerbrand

et al. 2003, 2006, 2009), lichens (e.g., Alatalo 1998; Molau

and Alatalo 1998; Cornelissen et al. 2004), functional groups

(Dormann and Woodin 2002) and entire plant communities

(Alatalo 1998). Similarly, OTCs have also been used to

simulate climate change effects on subsurface bacteria

(Rinnan et al. 2009), fungi (Olsrud et al. 2004) and arthropods

(e.g., Bokhorst et al. 2007; Hågvar and Klanderud 2009;

Makkonen et al. 2011). However, vascular plants have been

the focus of the majority of experimental climate change

studies in the Arctic (e.g., Alatalo and Totland 1997; Arft

et al. 1999; Dorji et al. 2013).

Although bryophytes and lichens are often overlooked in

ecological studies (Jägerbrand et al. 2009), these groups play

an important role in Arctic and subarctic vegetation com-

munities, and their relative influence on cover, biomass and

nutrient cycling tends to increase at higher latitudes (Longton

1984). Bryophytes in particular have been shown to influence

the recruitment of vascular plants (e.g., Soudzilovskaia et al.

2011) and affect permafrost stability (Harden et al. 2006;

Romanovsky et al. 2010; Turetsky et al. 2012).

When bryophytes and lichens are studied by climate

change experiments, they are typically included as func-

tional types (e.g., Graglia et al. 2001; Van Wijk et al. 2003;

Elmendorf et al. 2012) or a limited number of species (e.g.,

Potter et al. 1995; Jägerbrand et al. 2003, 2012; Bjerke et al.

2011). Only a small number of studies have been conducted

on bryophytes and lichens at the species level for whole

communities (e.g., Jägerbrand et al. 2006, 2009; Klanderud

2008; Lang et al. 2012).

In most cases, experimental configurations that simulate

climate change using OTCs have not allowed for a

differentiation between the effects of rare extreme climatic

events, a stepwise increase in warming or a stable warming

enhancement (but see Bjerke et al. 2011). It is unknown

whether the impact of a singular climate event may differ

from a general warming trend, such as the effects simulated

in most warming experiments, or successively increased

warming. Thus, there is a need for studies that can distin-

guish between the impacts of singular warming events and

more general warming. This study aimed to (a) distinguish

between the impact of a constant (i.e., standard OTC treat-

ment, a stable increased temperature; Marion et al. 1997),

pulse (a 1-year event of high-impact warming simulating an

extreme climatic event) and stepwise (a warming that is

successively raised among years) temperature change on

bryophyte and lichen communities and to (b) examine the

extent to which bryophytes and lichens are responsive or

resilient to different warming experiments. To better

understand the differences in community responses and to

evaluate these responses in comparison with previous OTC

studies, it was necessary to study the bryophyte and lichen

responses at three different hierarchical levels. Thus, we

examined the effects of the warming treatments on the

community composition, abundance and biomass at both the

functional group and individual species level.

The following questions were addressed: (1) are respon-

ses to standard OTC warming similar to the responses to

stepwise and pulse warming?, (2) are responses to stepwise

and pulse warming significantly different?, and (3) do bry-

ophytes and lichens show resilience, or do they respond to

the experimental warming treatments? Specifically, we

hypothesised that pulse warming would have a significant

short-term effect compared to the other warming treatments,

and stepwise warming would have a significant mid-term

effect compared to the other warming treatments.

Methods

Study area

Fieldwork was conducted in northern Sweden at the Lat-

njajaure Field Station (LFS) in the valley of Latnjavagge,

68�210N, 18�290E, at an elevation of 1,000 m. Since the

early spring of 1992, a year-round automatic station has

provided a continuous climate data set.

The valley is covered by snow for most of the year, and

the climate is characterised by cool summers and relatively

mild, snow-rich winters (annual minimum temperature

ranging from -27.3 to -21.7 �C). The site has a mean

annual temperature of -2.0 to -2.7 �C (data from 1993 to

1999) and is classified as subarctic (Polunin 1951; Alatalo

and Molau 1995). The annual precipitation ranges from

605 mm (1996) to 990 mm (1993), and the mean for
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1990–1999 was 808 mm. July is the warmest month, with a

mean temperature ranging from ?5.2 �C (1995) to ?8.0 �C

(1997). Climate data for the study years 1995–1998 are

provided in Table 1.

The vegetation in the valley comprises a wide range of

communities, and the environment varies from dry to wet

and from acidic to base-rich. Although the geographical

environment is subarctic-alpine, the vegetation of the area is

representative of the Low Arctic, and Cassiope tetragona,

Dryas octopetala and Carex bigelowii are among the dom-

inant species (Molau and Alatalo 1998).

Experimental design

The experiment was performed in a rich meadow commu-

nity (see Alatalo 1998; Molau and Alatalo 1998 for detailed

description) ca. 300-m southeast of the LFS on a gentle

northwest-facing slope with an abundant ground water

supply. In July 1995, four blocks, each with four 1 9 1 m

plots, were marked and numbered. All plots were as similar

as possible with respect to the floristic composition and

edaphic conditions.

At the end of the 1995 season, the subsequent treatments

were distributed within the blocks using a simple lottery.

Within each of the four blocks, four different treatments

were implemented starting in June 1996. The treatments

included (1) control, (2) standard OTC warming, (3) step-

wise warming and (4) pulse warming. The OTC experiments

(2), configured according to Marion et al. (1997), used

hexagonal polycarbonate chambers with a base diameter of

1 m (Marion et al. 1997; Molau 2001; Molau and Alatalo

1998) fixed to the ground from early June 1996 to late

August 1998. In the stepwise manipulation (3), an OTC was

installed in the plot on 10 cm-high pylons throughout the

1996 season; the OTC was affixed to the ground during the

1997 season, and a polyethylene lid was used throughout the

1998 season, thus increasing the experimental warming each

year. In the pulse treatment (4), a closed-top chamber [CTC;

a standard OTC with a polyethylene lid as in (3)] was

installed in the plot during the 1996 season only and was

removed in late August of the same year. Closed top

chambers have commonly been used in agricultural research

for studies on methane emissions (Knapp and Yavitt 1992),

CO2 and H2O fluxes (Dugas et al. 1997; Steduto et al. 2002),

photosynthesis and evapotranspiration (Reicosky 1990; Nie

et al. 1992). A general overview of the warming treatments

is presented in Fig. 1.

The experiment was specifically developed for this

present study, and the plots were not previously studied in

any project. The experiment was designed using the BACI

(before-after-control-impact) approach, and all plots were

mapped in the first year (1995) prior to any manipulation

(Underwood 1994). The experiment was ended after the

final data collection period in August 1998.

Measurements

All 16 plots were mapped in early August of each year

(1995–1998) in the same sequence such that each individual

plot was mapped on approximately the same date every year.

A 1 9 1 m grid frame (Walker 1996) was used to map the

plots; in each of the grid points, the specific identities of the

bottom-layer species were noted. A single person, experi-

enced field botanist Vivian Aldén, performed the plot

Table 1 Climate data for the Latnjajaure Field Station during the summers (1 June–31 August) of 1995–1998

Year Total

precipitation (mm)

Maximum

temperature (�C)

Minimum

temperature (�C)

Mean

temperature (�C)

Thawing

degree days

Accumulated global

radiation (MJ m-2)

1995 268.1 ?18.3 -1.6 ?5.19 479.49 1,303.93

1996 200.7 ?19.1 -3.0 ?6.83 633.84 1,372.06

1997 99.1 ?20.5 -5.7 ?8.02 748.06 1,620.65

1998 190.7 ?18.8 -6.4 ?6.46 617.00 1,420.29

Thawing degree days (TDD) are the cumulative sum of daily temperatures above 0 �C

Fig. 1 Schematic overview of the warming treatments. Each step

above the baseline corresponds to ca. 1 �C. Treatments: control

(Control), constant warming enhancement with open-top chambers

(OTC), a stepwise increase in the magnitude of warming (Step) and a

single-summer high-impact warming event (Pulse)
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mapping in all 4 years. The bryophyte collection from the

point framing in 1995 was determined to the species level by

Sven Fransén, Göteborg University. The discovery of the

bryophyte Campylopus schimperi (det. S. Fransén) in one of

the plots was one of the first records of that species in Sweden;

a complete list of the bryophyte and lichen species found in

the experimental plots is provided in the species list (Table

S1). The nomenclature of Hallingbäck et al. (2006) was used

for the bryophytes, and that of Moberg and Holmåsen (1990)

was used for the lichens. In the 1 9 1 m control plots, 96

sampling points were consistently used for the bottom layer

(four points were sacrificed for orientation screws (5-mm

diameter), enabling the proper re-installation of the grid frame

each year; Walker 1996). Due to their hexagonal shape, the

OTCs reduced the number of points per plot to 87–94. Soli-

fluction at the study site was very low, totalling less than 1 cm

of the horizontal distance over the 4 years of the study. The

biomass of the various functional groups was estimated using

the life form-specific algorithms established for the site

(Table 2, after Karlsson 1998; Molau 2010).

The air temperature at the surface of the soil in some of

the manipulated plots (always in comparison with parallel

control plots) was measured using TinytagTM temperature

loggers; the loggers recorded at 30 min intervals, and mean

temperatures were calculated using series comprising

1000–5600 timed readings.

Data analysis

To investigate whether the treatments influenced the abun-

dance and composition of the communities of bryophytes

and lichens, we used a multivariate gradient analysis that

incorporated environmental (i.e., treatment) variables as

constrained factors to optimise the fit of the data. Because it

was unknown whether the underlying responses were linear

or non-linear, we performed both constrained canonical

correspondence analysis (CCA) and redundancy analysis

(RDA), and the first three axes explained 29.53 and 49.77 %,

respectively, of the cumulative proportion of variance. Thus,

we chose to use RDA and performed a full RDA that

included the treatments, years and blocks as constrained

factors followed by three partial RDA tests to calculate the

variance explained by each constraining factor. The signif-

icance of the constraining factors was analysed in the full

RDA using an ANOVA-like permutation test (Oksanen et al.

2013). Multivariate analysis was performed on non-trans-

formed species data with the default settings. The abundance

and biomass were log-transformed prior to the univariate,

parametric analyses to meet normality assumptions.

ANOVA tests were performed to analyse the significant

effects of years, blocks and treatments on the abundance and

biomass of functional groups and individual species. On

individual species level, the analyses were conducted on the

ten most common bryophyte species and the four most

common lichen species. Species with less than 100 hits from

the point framing from all 4 years were excluded from the

species specific analysis, thus the low number of lichen

species in the species specific analysis.

To investigate the responses in abundance and biomass for

each treatment and during all 4 years of the experiment, we

conducted repeated ANOVA tests with the treatment and block

as well as their interactions as independent factors and the year

as the repeated factor. However, the abundance of the species

Anthelia juratzkana, Dicranum elongatum, Polytrichum stric-

tum, Sphaerophorus globosus and Tomentypnum nitens could

not be transformed and was therefore tested using the non-

parametric Friedman’s test in SPSS. Significant effects were

subsequently analysed by generalised linear models for poisson

distributed data with a loglinear link function. Effects of year,

treatment and their interactions were tested for best fit in the

GLM with AIC, Akaike information criterion.

To test for an effect of the first-year pulse on relative

changes in the abundance and biomass, we conducted a

univariate ANOVA with the treatment as the fixed factor and

the block as the random factor. Power analysis was used to

compute the effect size and required sample size for abun-

dance, number of species and biomass, since the number of

replicates combined with the short-term time-period may

have been restraining responses. Power analysis settings

were f-test ANOVA repeated measures.

Repeated ANOVA tests were conducted using R version

2.15.2, and multivariate analyses were performed using the

R package vegan 2.0-7 (Oksanen et al. 2013). Univariate

ANOVA tests, Friedman’s tests and generalised linear

models were conducted using SPSS Statistics software

(IBM, version 21). Power analysis was conducted in

G*Power 3.1.9.2 (Faul et al. 2009).

Results

Effect of treatments on temperature regime

Although the climate differed among the study years, the

warming of the air temperature at the surface of the soil

Table 2 Regressions from Karlsson (1998) used to calculate the

above-ground cryptogam biomass in alpine communities at Latnjaj-

aure Field Station, northern Sweden

Life form Regression equation

Acrocarpous bryophytes B = 2.992 9 c

Pleurocarpous bryophytes and liverworts B = 2.973 9 c

Sphagnum B = 4.252 9 c

Lichens B = 0.785 9 c

B biomass (dry mass, g m-2), c abundance %
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provided by the standard OTC remained relatively constant

at an average of 1.87 ± 0.25 �C (mean ± SE, n = 7) above

the ambient temperature (i.e., the air temperature at the

surface of the soil in adjacent control plots). The ventilated

OTCs in the first treatment year in the stepwise simulation

created a warming of 1.00 ± 0.42 �C (n = 2), and the CTC

treatment in the stepwise (year 3) and pulse experiments

created an increase of 3.54 ± 0.24 �C (n = 3) above the

control plots. The surface temperature of the reference

control plots averaged 9.25 ± 0.55 �C during the study

seasons. Thus, the experimental warming treatments can be

classified into three temperature equivalents of ca. 1 �C each

(see Fig. 1): the cumulative sum after the entire experiment

was equal for the OTC and stepwise treatments with a total

of six units, whereas the pulse treatment received only three

units above the control, although in one single season.

Community-level responses

There were only a few species that varied substantially with

the RDA axes, while the species composition of the plots in

the RDA were more prone to be clustered together, see

Fig. 2. The first two axes of the constrained RDA for the

bryophyte and lichen communities explained 41.2 % of the

variation, and the ANOVA-like permutation test showed

that the treatments, years and blocks had a significant

influence (Table 3; Fig. 2). The full and partial RDA

showed that the treatments (standard OTC, pulse and step-

wise) and blocks explained the largest proportion of the

inertia (Table 4).

Functional group-level responses

As predicted, the pulse warming had a significant effect on

relative change of abundance and biomass (univariate

ANOVA, p = 0.003), however, this effect was limited to

acrocarpous bryophytes, which showed a positive response

in terms of the relative change in abundance and biomass in

the first year. Pleurocarpous bryophytes, Sphagnum and

lichens did not show any significant response to the pulse

warming (Fig. 3). The 3 years of constant or stepwise

warming did not result in any significant effects on the

functional group level of acrocarpous, pleurocarpous

Fig. 2 Plot of the constrained redundancy analysis (RDA) of the

change in abundance in bryophyte and lichen communities at Latnjaj-

aure Field Station, subarctic Sweden, after 3 years of experimental

treatment. RDA 1 and 2 explain 41.2 % of the variation. Constrained

variables shown in the plot (blue): OTC constant warming enhancement

with open-top chambers, PU a short-term high-impact warming (Pulse),

C controls, block B1, B2, B3, B4. Species abbreviations are listed in

Table 2. Each row represents one plot. Species and site scores are

unscaled (scaling 0) (colour figure online)

Table 3 Results from the ANOVA-like permutation test showing the significance of constraining factors in the redundancy analysis (RDA)

df Variance Pseudo-F Number of permutations Pr ([F)

RDA model (species abundance * treatments ? years ? block) 9 255 8.5 199 0.005**

Residual 54 180

The constraining factors included the experimental treatments, years and block

** Significance level \0.001

Table 4 Results for the full and partial redundancy analysis (RDA)

of the species composition of bryophytes and lichens and the influ-

ence of the constrained factors (treatments, year and block)

Explained

variance

Inertia Proportion

Full RDA

treatment ? year ? block

Total 434.7 1.00

Constrained 254.8 0.59

Unconstrained 179.9 0.41

Partial RDA treatment ? year Total 434.7 1.00

Constrained 143.0 0.33

Unconstrained 291.8 0.67

Partial RDA treatment ? block Total 434.7 1.00

Constrained 247.2 0.57

Unconstrained 187.6 0.43

Partial RDA year ? block Total 434.7 1.00

Constrained 119.5 0.28

Unconstrained 315.2 0.73

Calculated inertia Total 434.7 1.00

Treatment Constrained 135.3 0.31

Year Constrained 7.6 0.02

Block Constrained 111.8 0.26
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bryophytes (including liverworts), Sphagnum or lichens

when evaluated by repeated ANOVA tests on abundance

and biomass (Figs. 4, 5). Thus, we found no support for the

hypothesised third-year effect of stepwise warming on

functional groups.

Individual species-level responses

Of the ten most common bryophyte species recorded in

the constant, stepwise and pulse warming plots, we only

found significant effects on the abundance of T. nitens

(Fig. 6) (treatment and years, Friedman’s test,

p = 0.047). The generalised linear model of T. nitens

with lowest AIC included year and treatment as single

explanatory factors. Results show that the abundance of

T. nitens increased in 1997 (parameter estimates:

B = 0.26; df = 1, p = 0.03), decreased in control plots

(B = -0.68; df = 1, p \ 0.0001) and decreased in

response to the stepwise warming treatment (B = -1.6;

df = 1, p \ 0.0001). Other years and treatment were not

significant (not presented).

No significant effects due to constant, stepwise and pulse

warming were observed with respect to the four most

common lichen species that were analysed. Thus, at the

species level, most bryophyte and lichen species exhibited

strong resilience to the short-term warming treatments

(Figs. S1, S2).

Fig. 3 Boxplots of the relative changes (1995–1996) in abundance

and biomass at the functional group level with different treatments at

Latnjajaure Field Station: Acro acrocarpous bryophytes, Lich lichens,

Pleu pleurocarpous bryophytes, Spha Sphagnum spp. Treatments:

control (Control), constant warming enhancement with open-top

chambers (OTC), a stepwise increase in the magnitude of warming

(Step) and a single-summer high-impact warming event (Pulse).

Boxplots show the 10th to 90th percentile of the data; n = 4 plots per

treatment

Fig. 4 Boxplots of the

abundance at the functional

group level after different

treatments and years at

Latnjajaure Field Station:

a acrocarpous bryophytes,

b pleurocarpous bryophytes,

c Sphagnum spp. and d Lichens.

Treatments: control (Control),

constant warming enhancement

using open-top chambers

(OTC), a stepwise increase in

the magnitude of warming

(Step) and a single-summer

high-impact warming event

(Pulse). Boxplots show the

10th–90th percentile of the data;

n = 4 plots per treatment
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Power analysis

Effect size (f) was small; 0.077, 0.085 and 0.0685, respec-

tively for cover, number of species and biomass. Computed

required total sample sizes were 1,544 for abundance, 1,264

for the number of species and 1,952 for biomass. The low

effect size indicated that we had low probability to detect

significant effects if present.

Discussion

To our knowledge, this is the first climate change study that

attempted to distinguish between the effects of constant,

stepwise and pulse warming on bryophyte and lichen com-

munities. The 3 years of environmental warming (all

treatments as a group) had a significant effect at the com-

munity level. However, this effect did not translate into

significant changes in the dominance hierarchies at the

functional type level (acrocarpous and pleurocarpous bryo-

phytes, Sphagnum and lichens) or at the species level, except

for in one species, T. nitens. This finding is in general

agreement with modelling results suggesting that northern

ecosystems must experience extreme warming before mos-

ses will disappear (Turetsky et al. 2012).

However, a literature review on responses to different

perturbations (e.g., fire, warming, nutrient addition and

drought) in different ecosystems (e.g., tundra, meadow,

forest and peatland) reported that bryophytes declined in

40 % of studies in Arctic ecosystems (Turetsky et al. 2012).

Studies on bryophytes and lichens have reported contrasting

Fig. 5 Boxplots of the biomass

(dry mass g m-2) after different

warming treatments and years at

Latnjajaure Field Station:

a acrocarpous bryophytes,

b pleurocarpous bryophytes,

c Sphagnum spp. and d Lichens.

Treatments: control (Control),

constant warming enhancement

using open-top chambers

(OTC), a stepwise increase in

the magnitude of warming

(Step) and a single-summer

high-impact warming event

(Pulse). Boxplots show the

10th–90th percentile of the data;

n = 4 plots per treatment

Fig. 6 Boxplots of abundance on Tomentypnum nitens after different

warming treatments and years at Latnjajaure. Treatments: control

(Control), constant warming enhancement using open-top chambers

(OTC), a stepwise increase in the magnitude of warming (Step) and a

single-summer high-impact warming event (Pulse). Boxplots show

the 10th–90th percentile of the data; n = 4 plots per treatment
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effects, and bryophytes and lichens have been shown to have

highly site-specific responses to warming experiments, with

responses varying at the local scale among different vege-

tation types (e.g., Jägerbrand et al. 2009) or among larger

geographical scales (e.g., Lang et al. 2012; Turetsky et al.

2012). The responses to constant warming applied using

OTCs have varied, including no effect on the abundance of

bryophytes (Chapin et al. 1995; Alatalo 1998; Jägerbrand

et al. 2003, 2009, 2012), a negative effect on bryophytes

(Press et al. 1998), no effect on lichens (Jägerbrand et al.

2009), a negative effect on lichens (Press et al. 1998; Lang

et al. 2012) and positive effects on lichens (Chapin et al.

1995; Alatalo 1998; Biasi et al. 2008; Jägerbrand et al.

2009). It has been hypothesised that these contrasting

responses to treatments are dependent on the level of com-

petition between bryophytes and lichens and vascular plants

as well as the extent to which they can thrive under com-

petition for light (Alatalo 1998). In sites with existing dense

canopies of vascular plants, the bottom layer is dominated by

shade-tolerant species, whereas in sites with less-developed

vascular plant canopies, the bottom layer is dominated by

shade-intolerant species, which are more likely to be nega-

tively affected if the competition for light increases (Alatalo

1998). This hypothesis was supported by a study on the

effect of neighbouring vascular plants on the abundance of

bryophytes in different vegetation types showing that the

relationship between bryophytes and different functional

types of vascular plants differed at the local scale among

vegetation types (Jägerbrand et al. 2012). Specifically, they

found that the abundance of bryophytes was negatively

correlated with the abundance of deciduous shrubs, ever-

green shrubs and lichens under natural conditions in heath

community; however, no such relationship was found in the

meadow, suggesting that bryophyte species in the meadow

with dense canopy were less sensitive to light competition

than the bryophyte species found in the heath community

with more sparse canopy of vascular plants (Jägerbrand et al.

2012). While we have not analysed the vascular plant data

from this study (the vascular plant canopy cover ranged 63

and 98 %), this study was conducted in a similar meadow as

the study by Jägerbrand et al. (2012), but with different

perturbations. In our study, the lack of a response in abun-

dance at the functional type and species levels may also have

been because most bryophytes and lichens are highly resil-

ient to short-term fluctuations in their environment, and

additional time may have been required to observe any

effect. In addition, the pulse treatment may have required a

higher amplitude (i.e., more ‘‘extreme’’ warming) to have a

direct effect, as a die-off response to increased temperature

has been reported for Sphagnum (Bragazza 2008). In our

study, ventilated OTCs and OTCs increased the temperature

with 1.00 and 1.87 �C, respectively, whereas CTCs and

pulse treatments increased the temperature by 3.54 �C above

average. Thus, the mean temperature increase from Pulse

treatment with CTCs was actually higher than the heat wave

that caused die-off of Sphagnum during a heat wave over

5 months, where they experience a mean average monthly

temperature of 13.5 �C compared to a normal temperature of

11.5 �C (Bragazza 2008). However, the heat wave con-

curred with a drought spell, causing interactive effects of

increased temperature and water stress (Bragazza 2008).

The treatments in our experiment may have affected the

moisture levels by keeping out precipitation and by

increasing evaporation rates following the increased tem-

peratures. Since extreme events of climate change are

anticipated to coincide with lower precipitation and higher

evaporation (e.g., De Boeck et al. 2010), our treatments may

show a rather realistic scenario. Unfortunately, it is difficult

to compare our treatments with the few studies available on

extreme events due to different methodological problems.

For example, Bragazza (2008) used climatic thresholds (i.e.,

the ratio of precipitation to temperature) as a measure of the

detrimental effects of extreme events on Sphagnum. Even

so, compared to a climatic threshold, our CTCs (closed

open-top chambers) used in the pulse treatment with no

precipitation and a mean average temperature increase of

3.54 �C for the summer period must be considered a rather

extreme perturbation. Still, we did not notice any sign of die-

off and in contrast the only significant responses were

increases in the abundance and biomass of acrocarpous

bryophytes. A possible explanation for this may be that we

did not experimentally impose ‘‘draught’’ that was severe

enough as the experimental plots had no water barrier to the

surrounding soil.

A study by Klanderud (2008) reported almost the oppo-

site effects: some bryophyte species decreased in abundance

with warming perturbations, whereas there were no signifi-

cant effects at the community level. In our study, there was a

significant effect at the community level but on species

level, only one species changed significantly in abundance

(T. nitens). The differences found between community and

species-level responses between our study and Klanderud’s

(2008) may depend upon initial site-specific such as, for

example, moisture conditions or species composition. As

Klanderud’s experiment (2008) was conducted in a dry

heath and ours in a meadow, the differences in moisture

conditions might have affected the responses of the com-

munity by limiting the responses of bryophytes and/or

lichens. Moisture availability will significantly affect bryo-

phytes and lichens ability to respond to temperature

treatments since they are greatly dependent on water for

their photosynthesis and growth.

In our study, T. nitens, a pleurocarpous bryophyte,

decreased in control plots and to the stepwise warming

treatment but increased generally in 1997, an exceptionally

warm year. Still, acrocarpous bryophytes as a group
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increased in abundance and biomass to the stepwise warm-

ing treatment. Even though acrocarpous and pleurocarpous

species may have different ecology due to their different

growth forms, there is no clear explanation for different

responses between acrocarpous bryophytes as a group

compared to the responses by T. nitens. However, acrocar-

pous species are known to possess more advanced water

conducting structures compared to the more basic structures

found in pleurocarpous species (e.g. Glime 2007) and that

could be beneficial when exhibiting drier circumstances, for

example as in the stepwise warming treatment.

T. nitens had a non-significant lower growth increase in

response to a temperature warming experiment during the

summer 1996 at the same site (Jägerbrand 2007). Yet,

4 years of standard OTC warming treatment between 1995

and 1999 did not result in any significant change in the

abundance of T. nitens (Jägerbrand et al. 2009). Thus, it is

uncertain what responses this species have to different

temperature regimes but it is possible it may be able to

increase in growth when other environmental factors are

beneficial (such as in the year 1997), while studies of rela-

tively small temperature increases, such as OTCs per se fail

to induce significant responses.

Confounding responses of bryophytes have previously

been shown in longer-term warming experiments comparing

responses between two continents (Lang et al. 2012). Lang

et al. (2012) found that non-Sphagnum bryophytes showed a

negative response to warming at a low-altitude site in

Sweden, and the Shannon index, species richness and

abundance of lichens, liverworts and non-Sphagnum mosses

all significantly decreased in response to warming at Toolik

Lake, Alaska. In addition, they found that warming treat-

ments had no significant effect on Sphagnum at the two sites

(Lang et al. 2012).

Further, in a meta-analysis of 61 warming experiments

across the tundra biome, Elmendorf et al. (2012) found that

lichens decreased in almost all experiments included in the

study, bryophytes on the other hand were found to have

contrasting responses. However, the data were grouped as

‘‘mosses’’ and ‘‘lichens’’. This can be compared with

grouping on the level of ‘‘vascular plants’’, and gives little

predictive information about the responses on functional

group level of bryophytes (acrocarpous and pleurocarpous

bryophytes and Sphagnum spp.), or species level responses

of bryophytes and lichens. Consequently, temperature

responses by bryophytes as functional groups or at the spe-

cies level may show rather divergent patterns, depending on

study site, the study species and other abiotic and biotic

factors. Additionally, bryophyte populations of Pleurozium

schreberi originating from different altitudes have been

shown to vary in responses to short-term temperature

treatments ex situ depending on site of origin (Jägerbrand

et al. 2014). It is unknown how common such site-dependent

responses are in other bryophyte species but site-dependent

response patterns may explain some of the confounding

patterns show by bryophytes to experimental treatments

performed at different sites.

Above-average temperatures were recorded in the sum-

mers of 1996 and 1997 at the high-alpine site. The mean

summer monthly temperature in 1996 was the highest on

record in the 20th century (at the time of the study) in the

northern Scandes, and the mean August temperature in 1997

was again the highest on record since the onset of meteo-

rological observations in the region (at the time of the study).

Together, these two consecutive seasons of unusually warm

conditions for plant growth and reproduction represent a rare

event, which was unique in the 20th century (Molau 2001).

Because treatment responses may be attenuated in warm

years (see Molau 2001), this situation may have had a neg-

ative influence on the study, diminishing the differences in

experimentally induced responses. Thus, the intended

warming experiments were also accompanied by a ‘‘natural

forcing’’ effect similar to what that was found in a nearby

5 years experiment with nutrient enhancement and warming

(Jägerbrand et al. 2009). However, many bryophytes species

have been reported to have a temperature optima between

?15 and ?25 �C, with bryophytes from polar regions hav-

ing somewhat lower temperature optima, ?10 �C to ?15 �C

(Oechel and Collins 1976; Furness and Grime 1982).

Therefore, it is not likely that the unusually warm summers

had mean temperatures above the temperature optima

reported for bryophytes from polar regions, with only a few

days surpassing the temperature optima.

As hypothesised, the pulse warming had a significant

effect. However, this effect was limited to acrocarpous

bryophytes, which showed a positive response in terms of

the relative change in abundance and biomass in the first

year. Pleurocarpous bryophytes in general, Sphagnum and

lichens did not show any significant response to the pulse

warming. We found no support for the hypothesis that

stepwise warming would have a significant third-year effect

compared to the other warming treatments. One species, T.

nitens decreased significantly to stepwise warming and

control treatments, but in general, bryophytes and lichens

appeared to be more conservative in their responses to

experimental warming than many vascular plants. It is also

possible that the experimental warming was within the

natural span of temperature variation at the site or that the

magnitude of the pulse was insufficient to elicit a response.

Thus, even more ‘‘extreme’’ warming or longer periods of

extreme warming, might be needed to trigger significant

effects. The power analysis indicated that the effect size was

small and that the number of plots required would have

needed to surpass 1200 for the experiment, pointing out the

difficulty to conduct field experiments with high power in

reality.
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Conclusions

The results suggest that bryophytes and lichens, both at the

functional group and species level, are to large extent

resilient to the various climate change warming simulations

that were applied, which included a constant elevated tem-

perature, a single pulse warming event, and a stepwise

increase in warming among years. Thus, the results support

previous studies showing that bryophytes, to a large extent,

are resistant to short-term warming perturbations in simu-

lated climate change experiments (at a constant elevated

temperature). While our pulse warming treatment surpassed

the mean monthly temperature increase during the heat wave

that caused the Sphagnum die-off reported by Bragazza

(2008), we found no such drastic effects on bryophytes and

lichens. Thus an extreme climatic warming event may need

to be accompanied by draught to cause high mortality in

bryophytes and lichens. Our results supported the hypothe-

sised pulse effect on acrocarpous bryophytes, increasing

their abundance and biomass, but not for other functional

groups. Neither the constant OTC warming nor the stepwise

warming had any impact on abundance of bryophytes or

lichens at the functional group, or on species level (with

exception for T. nitens).
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