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Abstract 13 

Bryophytes are a diverse group of plants, both taxonomically and functionally. Although 14 

they are a major vegetation component in many tundra habitats and affect ecosystem 15 

function in various ways, they have not received full attention in studies on responses of 16 

tundra plant communities to climate warming.  17 

Here we compared bryophyte community structure, taxonomic composition, diversity and 18 

bryophyte functional group (BFG) composition among five contrasting tundra habitats 19 

across Arctic bioclimatic sub-zones and how those communities responded to long-term 20 

(decadal) experimental warming. We further explored how selected functional traits of the 21 

dominating bryophyte species responded to warming.  22 

Bryophyte cover and layer depth declined in response warming in only one of the habitats, 23 

the oro-Arctic Betula nana heath (BH) in Iceland, while increasing or unaffected in the other 24 

four habitats that all lacked erect-growing and warming-responsive deciduous shrubs. 25 

Warming also affected both taxonomic and BFG composition in BH and increased bryophyte 26 

diversity, while communities in the other habitats were not affected except in a high-Arctic 27 

moist snowbed in Svalbard. Shoot annual growth increased in the warmed plots in BH and 28 

tended to increase in the high-Arctic Cassiope heath in Svalbard, apparently due to shoot 29 
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etiolation in response to increased shrub shading. Nitrogen fixation by bacteria associated 30 

with the most abundant bryophyte species was at lower rates in the warmed plots than in 31 

controls in all habitats and water holding capacity (only measured in the two Icelandic 32 

habitats) was not affected by warming despite reduced moss colony density. 33 

We conclude that an extensive and deep bryophyte layer generally enhances tundra plant 34 

community resistance to warming in tundra habitats. However, in habitats with warming-35 

responsive erect deciduous shrubs, warming intensifies bryophyte-shrub interactions 36 

causing a decline in bryophyte cover and layer depth, which may further accelerate 37 

community change with implications for the soil environment and ecosystem processes.   38 

Key words: bryophyte community composition, bryophyte layer depth, bryophyte 39 

functional groups, bryophyte diversity, water holding capacity, nitrogen fixation, high Arctic, 40 

sub-Arctic, oro-Arctic, Iceland, Svalbard 41 
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Introduction 42 

Bryophytes are a major vegetation component in many habitats, particularly in the Arctic 43 

tundra (Berner, 2024; Longton, 1984). They play a key role in nutrient and carbon cycling 44 

both directly and indirectly by shaping the soil environment, thus increasing ecosystem 45 

stability and resilience (e.g. Turetsky et al., 2012). Bryophytes are a diverse group of plants, 46 

both taxonomically and functionally and bryophyte community composition may therefore 47 

strongly affect overall tundra plant community dynamics and ecosystem processes as well 48 

as how they respond to environmental changes. However, because bryophytes have often 49 

been neglected in ecological studies, we have limited understanding of how bryophytes may 50 

impact plant community and ecosystem responses to climate warming in contrasting tundra 51 

habitats.  52 

As all green plants, bryophytes sequester atmospheric carbon through photosynthesis but 53 

being mostly non-vascular and poikilohydric their tissue composition, physiology and 54 

nutrient acquisition differ widely from vascular plants (e.g. Turetsky, 2003) and those 55 

differences result in a relatively recalcitrant litter (Lang et al., 2009). Bryophytes also provide 56 

habitats for diverse microbes, protists, micro- and meso-invertebrates, the bryosphere, that 57 

may take part in nutrient and carbon cycling (Grau-Andrés et al., 2022; Klarenberg et al., 58 

2021; Lindo & Gonzalez, 2010; Papinot Lecomte et al., 2026). A good example is nitrogen 59 

fixation by bryophyte-associated cyanobacteria (Rousk, 2022). In moss-rich ecosystems, 60 

where bryophytes form a continuous ground layer, they efficiently absorb precipitation and 61 

atmospheric wet deposited nutrient ions (Armitage et al., 2012; Jónsdóttir et al., 1995; 62 

Koranda et al., 2023) and provide an insulating layer that shapes the soil microclimate in 63 

various Arctic and alpine habitats with consequences for soil microbial activity and nutrient 64 
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cycling (Gornall et al., 2007; Jaroszynska et al., 2023; Koranda et al., 2023).  The insulating 65 

capacity of the bryophyte layer depends on various bryophyte traits related to morphology 66 

and water retention as well as the layer depth (mat thickness) (Gornall et al., 2007; 67 

Schuuring et al., 2024; Soudzilovskaia et al., 2013). Bryophytes interact both directly and 68 

indirectly with vascular plants in tundra habitats where they either facilitate or negatively 69 

affect seedling establishment (Jónsdóttir, 1995; Klanderud & Totland, 2004; Soudzilovskaia 70 

et al., 2011) and plant growth (Gornall et al., 2011), largely depending on the moss layer 71 

depth. Similarly, vascular plants may either facilitate or negatively affect bryophytes in 72 

various ways depending on the functionality of the bryophyte and vascular plant species. 73 

For instance, shading by shrubs may favour certain bryophyte species due to more 74 

favourable moisture conditions in the understory, while negatively affecting others through 75 

light competition (Alatalo et al., 2020; Jägerbrand et al., 2012; Pajunen et al., 2011; van Wijk 76 

et al., 2004).  77 

The bryophyte component of tundra plant communities may vary in diversity from being 78 

dominated by one or a few species to a high evenness and species richness of over ten 79 

species per square meter. However, when assessing plant community composition in 80 

general and in Arctic tundra in particular, bryophytes are frequently treated as only one or a 81 

few units due to difficulties in species identification in the field. This is unfortunate because 82 

bryophyte floras are relatively rich at northern latitudes (Geffert et al., 2013; Mateo et al., 83 

2016) and bryophytes outnumber vascular plant species in many regions such as Iceland and 84 

Svalbard.  85 

High species diversity usually also reflects functional variability, which is still an 86 

understudied, but fast-growing field of research among bryophytes (Coe et al., 2024; 87 
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Cornelissen et al., 2007). A few functional trait studies on bryophytes sampled from Arctic 88 

and alpine tundra reveal large differences between species in important bryophyte traits 89 

such as decomposition rates, nutrient contents (Lang et al., 2009; van Zuijlen, Klanderud, et 90 

al., 2022), association with nitrogen fixing bacteria (Rousk, 2022; Rzepczynska et al., 2022; 91 

Stuart et al., 2021), water holding capacity (WHC) (Elumeeva et al., 2011; Roos et al., 2019; 92 

van Zuijlen, Klanderud, et al., 2022; Volkova et al., 2023) and other traits related to thermal 93 

conductivity (Soudzilovskaia et al., 2013). Because of the important role that bryophytes 94 

play in ecosystem functioning, there is an urgency to better understand how both 95 

taxonomic and functional diversity is affected by climate change, particularly at northern 96 

latitudes where climate is warming almost four times faster than the global average 97 

(Rantanen et al., 2022). One way to encourage higher bryophyte resolution in plant 98 

community analyses is to apply bryophyte functional groups (BFGs) where species that 99 

share similar functional traits are grouped together. Assessment of BFG community 100 

composition may also be useful to provide first insights into the functional characteristics of 101 

the communities. Several classifications have been suggested and based on previous 102 

attempts Lett et al. (2022) recently identified twelve BFGs to be applied to tundra 103 

communities, a classification that is still under evaluation.  104 

Experimental studies in the tundra have demonstrated a general decline in bryophyte cover 105 

in response to long-term climate warming across tundra sites (Elmendorf, Henry, Hollister, 106 

Björk, Bjorkman, et al., 2012) and similar trends have been detected as a response to 107 

ambient warming  (Elmendorf, Henry, Hollister, Björk, Boulanger-Lapointe, et al., 2012). 108 

However, bryophyte cover responses to experimental and ambient warming vary between 109 

sites and habitat types, which may reflect either the functional variability among dominating 110 
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bryophyte species or indirect responses through vascular plant interaction (Alatalo et al., 111 

2020; Jónsdóttir et al., 2005; Lang et al., 2012; van Wijk et al., 2004; van Zuijlen, Asplund, et 112 

al., 2022). For instance, some tundra bryophytes decline in response to increased shading 113 

caused by warming induced increase in shrub canopy height and litter deposition (Alatalo et 114 

al. 2020). Cover is, however, only one (two dimensional) aspect of bryophyte abundance. To 115 

assess how warming affects the capacity of the bryophyte layer to absorb precipitation and 116 

atmospheric deposition, as well as its insulating capacity, we also need to know how the 117 

third dimension, the bryophyte layer depth (mat thickness), is affected by warming. So far, 118 

that is rarely assessed.  119 

Climate change is generally assumed to affect bryophytes and vascular plants differently 120 

due to the differences in morphology and physiology. He et al., (2016) argued that 121 

bryophyte diversity would decline in response to warming climate primarily due to a 122 

relatively low temperature optima for photosynthesis in many species and a narrow 123 

temperature ranges for net photosynthetic gain, which would in turn alter ecosystem 124 

structure and function. Furthermore, a recent modelling study indicated a slow expansion of 125 

bryophyte distribution ranges despite high wind dispersal capacities, predicting that 126 

bryophytes in general might not be able to track fast climate changes (Zanatta et al., 2020). 127 

The model predicted that Arctic and alpine bryophyte species will experience the highest 128 

range loss. Due to the challenge of bryophyte species identification only a few site-specific 129 

studies on the effects of climate warming on plant community diversity are available where 130 

bryophytes are included (Alatalo et al., 2020; Jägerbrand et al., 2006; Jónsdóttir et al., 2005; 131 

Lang et al., 2012; van Zuijlen, Asplund, et al., 2022). Although warming responses vary 132 

between bryophyte taxonomic groups, those studies showed a general decline in bryophyte 133 
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cover and a decline or no change in species diversity. The mechanisms behind are poorly 134 

understood but one might be the indirect warming effect through bryophyte-shrub 135 

interactions as suggested by some of those papers. However, all those studies are either 136 

from low-Arctic, sub-Arctic or alpine sites leaving a knowledge gap for the high-Arctic. The 137 

mechanisms may also be through direct effects of warming resulting in loss of species with 138 

low temperature optima or through some other bryophyte functional traits.  139 

Bryophyte trait responses to warming may vary considerable between species as was 140 

demonstrated in a laboratory study of species-specific trait responses to temperature 141 

gradients: Sphagnum species increased shoot growth in response to temperature, which 142 

was partly attributed to increasing nitrogen fixation rates by associated bacteria 143 

(Rzepczynska et al., 2022), while other species, including Racomitrium species, showed 144 

limited shoot growth responses to temperature increase. However, for poikilohydric 145 

organisms like bryophytes, moisture regimes may modulate certain intraspecific trait 146 

responses to experimental warming as for example nitrogen fixation by bryophyte 147 

associated bacteria, one of the most studied bryophyte traits (Rousk, 2022). Most bryophyte 148 

species, including bryophytes in tundra ecosystems, are associated with nitrogen fixing 149 

bacteria, mainly cyanobacteria, although to a highly variable degree (Rousk, 2022; Stuart et 150 

al., 2021), and it has been estimated that the nitrogen input associated with mosses in 151 

moss-rich Arctic tundra may match or exceed input through nitrogen deposition (Ramm et 152 

al., 2022). Although nitrogen fixation is generally positively related to temperature when 153 

moisture is constantly kept at high levels (Rzepczynska et al., 2022) moisture availability 154 

varies greatly in time and space in nature, which may affect how this trait responds to 155 

climate warming (Lett et al., 2024). Water holding capacity is another commonly studied 156 
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bryophyte trait and at a colony level it is usually positively related to colony density 157 

(Elumeeva et al., 2011; Volkova et al., 2023). The effects of climate on water holding 158 

capacity have mainly been evaluated at the community level (as community weighted 159 

means) where it increased along an elevation gradient in alpine tundra (Roos et al., 2019) 160 

and decreased in response to simulated warming within the same region (van Zuijlen, 161 

Klanderud, et al., 2022). In both studies community level trait variability was mainly 162 

explained by species turnover rather than intraspecific trait variability, indicating low 163 

bryophyte trait plasticity.  164 

In this paper we compile data on bryophyte community structure, composition, diversity 165 

and function from long-term (decades) warming experiments in contrasting tundra habitats 166 

across Arctic bioclimatic sub-zones to explore whether the above general findings apply to 167 

those habitats, aiming at increasing our understanding of how climate warming affects 168 

tundra ecosystems. Specifically, we hypothesize that 1) both bryophyte cover and layer 169 

depth in Arctic tundra decreases in response to warming, particularly in habitats with 170 

substantial shrub abundance, 2) those structural responses are reflected by a shift in 171 

bryophyte community composition and diversity as well as 3) bryophyte functional group 172 

composition and diversity. Furthermore, we expect 4) experimental warming to affect 173 

functional traits of the dominating bryophyte species such that growth of individual shoots 174 

increases, while nitrogen fixation by associated bacteria, water holding capacity and colony 175 

density decrease. To test the hypotheses, we compared the effect of warming treatments in 176 

two habitats in Iceland, one within the sub-Arctic and another within sub-Arctic-alpine (oro-177 

Arctic), and three habitats in high Arctic Svalbard. 178 

Methods 179 
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Research sites and study design 180 

Warming experiments were established in contrasting habitats at two sites in Iceland, 181 

Thingvellir in 1995 and Audkúluheidi in 1996, and a few years later, in 2002, in three 182 

different habitats in Endalen, Svalbard (Figure 1). Both regions have experience ambient 183 

warming; an average increase of 1°C per century in Iceland (Bjornsson et al., 2008) and 0.32 184 

°C per decade in Svalbard  (Nordli et al., 2020). We followed the protocols of the 185 

International Tundra Experient (ITEX) (Henry et al., 2022) and simulated climate warming by 186 

year-round application of transparent open top chambers (OTCs) (Hollister et al., 2023).  187 

 188 

Figure 1. The geographical position of the five studied tundra habitats. BH = Betula nana 189 

heath in the Icelandic highlands (480 m above sea level) – oro-Arcitc; MH = Racomitrium 190 

lanuginosum moss heath in the Icelandic sub-Arctic (120 m above sea level); DH = Dryas 191 

octopetal heath in high Arctic Svalbard; CH = Cassiope tetragona heath in high Arctic 192 

Svalbard; SB = snowbed in the high Arctic Svalbard. The Icelandic sites, BH and MH, were 193 

established in 1996 and 1995, respectively. The Svalbard sites, DH, CH and SB, were all 194 

established in 2002. Map credit: Arto Vitikka, Arctic Centre, University of Lapland. 195 

Audkúluheidi comprises rangelands in the northwestern highlands of Iceland that have been 196 

heavily utilised for livestock grazing, mainly sheep, and until 1980s also by horses (Jónsdóttir 197 
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et al., 2005). The bedrock is basalt covered with loose glacial deposits, and the soils are 198 

classified as well-drained Brown Andosols. Mean annual temperature was 0.7 ± 0.3 °C and 199 

mean annual precipitation 357 ± 14 mm for the period 1996–2017 (Kolka weather station, 200 

Icelandic Meteorological Office). In terms of Arctic bioclimatic sub-zones (Walker et al., 201 

2009), this area is classified as sub-Arctic alpine or oro-Arctic with climate conditions 202 

resembling the low Arctic. The research site (65°26ʹN, 20°25ʹW, 480 m elevation) is located 203 

within a levelled mesic habitat (a zonal habitat sensu Walker et al. 2009), dominated within 204 

a moss rich Betula nana dwarf shrub heath with 25% vascular plant cover, 20% lichen and 205 

70% bryophyte cover (Jónsdóttir et al. 2005). Other common species are the evergreen 206 

dwarf shrub Empetrum nigrum, the moss Racomitrium lanuginosum and the lichen Cetraria 207 

islandica. This habitat will be referred to here as Betula heath (BH). Ten pairs of 0.75 x 0.75 208 

m plots were marked in 1996 and within each pair one plot was randomly assigned to a 209 

warming treatment. The OTCs increased summer temperatures at the cryptogam layer 210 

surfaces by 0.7-1.0°C but did not affect soil temperatures (Jónsdóttir et al. 2005). To prevent 211 

disturbance from the sheep the experimental plots were fenced (additional plots 212 

established to control for the sheep exclusion effect, not included here). 213 

The Thingvellir research site is located on an 8000-year-old post-glacial basaltic lava field 214 

within Thingvellir National Park in southwestern Iceland (64°28ʹN, 21°08ʹW) at 120 m 215 

elevation, slightly below the treeline of the sub-Arctic mountain birch forest. Livestock 216 

grazing has been prevented within the park since its establishment in 1928. The soils are 217 

shallow, classified as Brown Andosols with high organic matter content (Jónsdóttir et al., 218 

2005). Mean annual temperature was 4.1 ± 0.3 °C and mean annual precipitation 1242 ± 37 219 

mm for the period 1996–2017 (Thingvellir weather station, Icelandic Meteorological Office). 220 
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The vegetation is characterised by open Racomitrium lanuginosum moss heath and patches 221 

of Salix dwarf shrubs and mountain birch (Betula pubescence). The research site is located 222 

within a levelled area dominated by the moss heath with more than 90% moss cover, sparse 223 

cover of vascular plants (5-6%), most commonly the sedge Carex bigelowii, the grass Festuca 224 

richardsonii, and the forb Galium boreale (Jónsdóttir et al., 2005). This habitat will be 225 

referred to here as moss heath (MH). Ten pairs of 0.75 x 0.75 m plots were marked in 1995 226 

and within each pair one plot was randomly assigned to a warming treatment. The OTCs 227 

increased summer surface temperatures by 1-2 °C and tended to decrease soil 228 

temperatures (Jónsdóttir et al. 2005). 229 

The three high-Arctic habitats in Svalbard were all located on a south-east facing slope in 230 

the valley Endalen (78°11ʹN, 15°45ʹE), 10 km east of Svalbard Airport, all within the Arctic 231 

bioclimatic sub-zone C (Walker et al., 2009). The soils are Cryosols with a thin organic layer 232 

on top of inorganic sediments (Jones et al., 2010). Mean annual temperature for 1981–2010 233 

at Svalbard Airport was −5.2 °C and mean annual precipitation was 191 mm (Førland et al., 234 

2011). The habitats in the area are strongly shaped by topography and snow conditions in 235 

winter (Jónsdóttir et al., 2023). The three studied habitats were (i) dry exposed ridges with 236 

thin snow cover (∼10 cm) and early snowmelt in spring with vegetation characterised by the 237 

prostrate evergreen dwarf shrub Dryas octopetala, (ii) mesic zonal habitats (sensu Walker et 238 

al. 2009) in shallow depressions with deeper and later melting snow (12 -15 days later than 239 

the ridges) and vegetation characterised by the evergreen erect dwarf shrub Cassiope 240 

tetragona, and (iii) moist moss-rich snowbeds in deep depressions, with snow depth in 241 

winter over 100 cm and snow melt typically 24-27 days later than on the ridges. The 242 

habitats will be referred to here as Dryas heath (DH), Cassiope heath (CH) and snowbed 243 
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(SB), respectively. In DH other abundant vascular plants were Salix polaris, Bistorta vivipara 244 

and Carex rupestris (total vascular plant cover over 60%) and the most abundant bryophyte 245 

species was the moss Sanionia uncinata (bryophyte cover around 50%, lichen 5%). In CH 246 

other common vascular plant species were Salix polaris, Bistorta vivipara (total vascular 247 

plant cover over 70%) and the most abundant bryophytes were Tomentypnum nitens and 248 

Sanionia uncinata (bryophyte cover over 50%, lichen 7%). In SB the vascular plant cover was 249 

less than 50% with Bistorta vivipara and the grasses Poa arctica and Festuca richardsonii 250 

most common and Tomentypnum nitens and Sanionia uncinata as the most abundant 251 

bryophyte species (85% bryophyte cover). In each habitat ten 0.75x0.75 m plots were 252 

selected in 2002 and five of them were randomly assigned to a warming treatment. The 253 

OTCs increased July temperatures by 1.6°C across all habitats and tended to increase soil 254 

temperatures (Jónsdóttir et al. 2023). 255 

Bryophyte community structure and composition and bryophyte functional groups 256 

To test hypotheses 1 and 2 we used plant community composition data collected by the 257 

point intercept method at the beginning of the experiment and then at 3-7 years intervals. 258 

All species intercepted at 100 equally distributed points across the plots were recorded as 259 

well as litter and bare ground. If bryophytes or lichens were present in a point, they were 260 

only recoded once as “the last hit” in that point. The sum of all bryophyte (and lichen) 261 

records within a plot could, therefore, be translated into cover (one hit out of 100 = 1 % 262 

cover). All bryophytes (and lichens) were identified at the species or the genus level. In the 263 

latter case, the abundance was usually low and most likely only represented by a single 264 

species. We avoided disturbance of the bryophyte layer and, therefore, may have missed 265 

some liverwort species growing as single shoots within the layer. For those two reasons, 266 
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bryophyte species  (taxonomic) richness and diversity estimates can be regarded as 267 

conservative.  268 

The mean relative abundances of six major plant growth forms in control plots and warmed 269 

plots are shown in Figure S1 for all habitats at the start of the experiment and after 12-18 270 

years of warming. More detailed account on overall plant community change is provided for 271 

the Svalbard sites by Jónsdóttir et al. (2023) and is being prepared for the two Icelandic 272 

sites. 273 

Following the detailed point intercept analyses in 2014 and 2019 at the Icelandic sites and in 274 

2015 at the Svalbard sites the bryophyte layer depth was estimated non-destructively in 25 275 

evenly distributed points within each plot. After some trials the most accurate non-276 

destructive method was to gently insert a split bamboo pin (grill pin) into the moss layer, 277 

until an increased resistance was sensed. That was assumed to by the moss-soil interface. 278 

The length of the inserted part of the pin provided an estimate of the bryophyte layer 279 

depth. The grill pin had the advantage over metal pins that it provided more resistance, 280 

which made it easier to determine the change in resistance when the moss-soil interface 281 

was reached. 282 

To test hypothesis 3, each recorded bryophyte species (or genera) was assigned to one of 283 

the twelve bryophyte functional groups sensu Lett et al. (2022), (Table S1). Because lichens 284 

and biological soil crust (biocrust) are a part of the cryptogam layer we also report their 285 

abundance within each habitat, but do not include them in any statistical analyses. 286 

Bryophyte trait measurements  287 
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To test hypothesis 4, we assessed warming responses of two traits of the dominating 288 

species in each habitat, annual shoot growth and potential nitrogen fixation rate, and in the 289 

two Icelandic habitats we also measured warming responses of the water holding capacity 290 

and colony density. 291 

Annual shoot growth 292 

We used two methods to measure the annual shoot growth, the shoot transplantation 293 

method and the less accurate cranked wire method as described in (Jónsdóttir et al., 1997). 294 

For the shoot transplantation in the Icelandic habitats, shoots of Racomitrium lanuginosum, 295 

were collected and trimmed to 30 mm lengths. Ten fresh trimmed shoots were weighed and 296 

gently fitted into a mesh bag of the same length. On 6th and 12th of June 2014 three mesh 297 

bags were transplanted into each experimental plot in a systematic way at BH and MH, 298 

respectively at. Five a priory fixed positions within the plot were numbered 1-5 and the 299 

mesh bags were transplanted into the first three, unless they did not fulfil the criterion of >3 300 

cm bryophyte layer depth. Then the mesh bags were transplanted into positions 4 or 5. 301 

Cranked wires with fixed length of the upper vertical part were installed at the same 302 

positions, such that the 2 cm horizontal part was at the same level as the moss tips of the 303 

moss mat. In that way, each cranked wire provided a collective growth measure of several 304 

moss shoots. The mesh bags were collected by the end of June 2015 and the length of the 305 

vertical part of the cranked wire extending above the moss tips of the bryophyte layer 306 

measured. In the lab the length of the transplanted shoots within each mesh bag was 307 

measured individually and the dry weight of the pooled ten shoots measured.  308 
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In the Svalbard we used the same two methods as in Iceland with a slight modification of 309 

the transplant method The bryophyte layer at the Dryas heath (DH) was too shallow to 310 

allow application of those methods but in the other two habitats, CH and SB, shoots of 311 

Sanionina uncinata were collected from the respective habitat. Since this species is more 312 

delicate than R. lanuginosum and because the bryophyte layer was generally shallower, the 313 

shoots were trimmed to 20 mm lengths, and 15 trimmed shoots were fitted into each mesh 314 

bag. On 17 July 2014 three mesh bags were transplanted into each experimental plot within 315 

each habitat in the same systematic way as in Iceland but using the criterion of >2 cm 316 

bryophyte layer depth. The mesh bags were collected and the cranked wire measured on 4 317 

August 2015, and the mesh bag shoots measured individually and weighed as described 318 

above.  319 

N2-fixation 320 

To measure nitrogen fixation capacities of the dominating bryophytes, we followed the 321 

procedure described in DeLuca et al., (2002) and Zackrisson et al., (2004). We collected 15 322 

shoots of Racomitrium lanuginosum of 5 cm length per control plot and OTC in June, July 323 

(only controls) and August 2014 in each of the two habitats in Iceland and 15 shoots of 324 

Sanionia uncinata in early August 2013 in each of the Svalbard habitats. The 15 moss shoots 325 

were divided into three independent samples of 5 shoots each, placed in 20 ml vials, 326 

moistened with 2 ml of deionized water and sealed with a rubber septum. N2-fixation rates 327 

were assessed by 24hr acetylene reduction assay (ARA) as described by Stuiver et al., (2015) 328 

and Gundale et al. (2012) in which 10% of the head space was removed and replaced with 329 

acetylene generated by mixing CaC2 and water. The samples were incubated in a climate 330 

chamber for 24 hr at 13°C with a ratio of 21 hr day light to 4 hr dark. One set of 3 tubes was 331 
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employed as control and treated in the same manner except for the headspace substitution 332 

to assess the endogenous moss ethylene production; and one set of 3 tubes with 2 ml of 333 

deionized water and acetylene was used as blank samples to assess the concentration of 334 

ethylene in the acetylene employed (Gentili et al., 2005). Each vial was analysed for 335 

ethylene concentration by a Clarus 400 gas chromatograph (PerkinElmer Ltd., Beaconsfield, 336 

UK) equipped with an automatic split/splitless injector and a flame ionization detector (FID), 337 

and an Elite-Alumina column (30 m, 0.53 mm; PerkinElmer Ltd., Beaconsfield, UK). After 338 

being analysed, moss samples were dried at 70°C for 48 hr and weighed. Ethylene values 339 

were expressed as μmol g−1 day−1 using the universal law theoretical stoichiometric ratio of 340 

acetylene to N (3:1) (DeLuca et al., 2002; Zackarisson et al., 2004). 341 

Water holding capacity and colony density 342 

Water holding capacity (WHC) was determined for Racomitrium lanuginosum, the 343 

dominating species in the Icelandic habitats BH and MH. To get the most ecologically 344 

relevant information we measured WHC of moss colonies (i.e. including external water; 345 

following Elumeeva et al., (2011); Lett et al., 2022) of a standardised volume. In June 2020, 346 

two moss cores were taken from each plot along a line running through the middle of the 347 

plot, 20 cm from the opposite plot edges, following these rules: (i) select only healthy moss; 348 

(ii) If dead moss shoots move to the side of line; (iii) if vascular plants are in the way, move 349 

to the side of the line. A metal core of 5 cm diameter was gently inserted into the moss 350 

layer and the moss shoots within that area carefully pulled out to make sure to get the full 351 

length of all shoots. After measuring the length (depth) of the collected moss colony at four 352 

sides it was trimmed to 5 cm length/depth providing a standard volume of 98.17 cm3. Each 353 

standardised colony was place in a pre-weighed plastic container, 5 cm in diameter, 7 cm 354 
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deep, with a mesh fixed at 2 cm from the bottom such that the uppermost shoot tips were 355 

levelled with the rim of the container, allowing water drainage. The colonies were 356 

moistened to field saturation by spraying with water (all excess water was poured off) and 357 

weighed to measure the saturation weight, then dried at 70°C to assess their dry weight. 358 

The WHC was calculated as the difference between saturated and dry weight, divided by dry 359 

weight (g g-1).  Colony density was calculated as dry weight per volume (g cm-3). 360 

Data analyses  361 

An overview of all data included in this paper and when collected in each habitat is provided 362 

in Table S2.  363 

To test whether warming affected bryophyte layer depth, cover, species richness, Shannon 364 

diversity, shoot growth, shoot biomass, nitrogen fixation, water-holding capacity and colony 365 

density (hypotheses 1,2 and 4), we fitted Bayesian generalized linear mixed models using 366 

the R package MCMCglmm (Hadfield, 2010). Models were defined based on the design of 367 

each response variable: layer depth was modelled across habitat × year × treatment, cover 368 

across habitat × treatment, nitrogen fixation across habitat × treatment × month in Iceland 369 

and habitat × treatment in Svalbard, and the remaining trait and diversity variables across 370 

habitat × treatment. Random effects reflected the nested sampling structure of each 371 

dataset and included plot, colony, and/or shoot identity as appropriate (e.g., plot for layer 372 

depth, cover and nitrogen fixation; colony for water-holding capacity and colony density; 373 

shoot and plot for shoot growth). Continuous (Gaussian, identity-link) responses (layer 374 

depth, shoot growth, shoot and colony biomass, water-holding capacity and Shannon 375 

diversity) were modelled on their measured scale, whereas count-based responses (cover 376 



 18 

and species richness) were modelled with a Poisson family (log link) and back-transformed 377 

to the response scale for presentation. We used weakly informative priors and ran chains 378 

with sufficient iterations to achieve effective sample sizes (> 1000) for all parameters. 379 

Convergence was assessed visually from trace and density plots. Posterior summaries are 380 

reported as means with 95% credible intervals (CI). We evaluated warming effects by 381 

assessing whether credible intervals for control and OTC distributions overlapped and 382 

treated an effect as credible if intervals did not overlap.  383 

To assess whether bryophyte cover and layer depth were related to vascular plant variables, 384 

we fitted ordinary least-squares linear regressions of cover and layers depth on canopy 385 

height, litter abundance, total shrub abundance, deciduous and evergreen shrub 386 

abundance, separately by habitat and survey year (hypothesis 1; means ±SD for vascular 387 

plant variable used in Table S3). Predictors were reduced by backward selection using 388 

Akaike's information criterion (AIC), retaining a variable only when its removal increased AIC 389 

by more than two (Burnham & Anderson, 2002).  Regression fits are shown with 95% 390 

confidence bands; slopes, coefficients of determination (R²) and p-values were extracted 391 

from the corresponding lm models. 392 

To test whether warming shifted bryophyte species composition and functional-group 393 

composition (hypotheses 1 and 2), we used permutational multivariate analysis of variance 394 

(PERMANOVA) on Bray–Curtis dissimilarities with the adonis2 function in the vegan package 395 

(Oksanen, 2024), fitting year and treatment as marginal terms (by = "margin") with 10,000 396 

permutations, separately for each habitat. Multivariate homogeneity of group dispersions 397 

was checked with betadisper for both treatment and year groupings. Where dispersion 398 

differed significantly between groups (e.g., for treatment in BH), this is noted as a caveat to 399 
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the corresponding PERMANOVA result. Compositional change was visualized per habitat 400 

using principal components analysis (PCA) for both species and functional group-based 401 

community composition.  402 

 403 

Results 404 

Bryophyte community structure 405 

Bryophyte cover was above 40% on average in all habitats and reached over 97% in the 406 

Racomitrium lanuginosum moss heath (MH) (Figure 2). Cover declined in response to 407 

warming in the Betula heath (BH) in Iceland, although it was only significantly reduced in BH 408 

after 23 years of treatment (19% lower on average in warmed plots in 2019; Figure 2a). In 409 

contrast, cover significantly increased in response to warming in the Cassiope tetragona 410 

heath in Svalbard (CH, 35% higher on average in warmed plots) (Figure 2b). Cover did not 411 

differ between treatments in the other three studied habitats.  412 

Bryophyte layer depth varied greatly between the habitats ranging from less than one cm in 413 

the Dyas octopetala heath (DH) to over 15 cm on average in the MH (Figure 2c and d). The 414 

bryophyte layer depth showed contrasting trend in warming responses among the habitats. 415 

It BH it declined by 2 cm on average in the warmed plots after 23 years of treatment (31% 416 

shallower than in control plots; Figure 1c) while it was not significantly affected in MH. In 417 

Svalbard, however, the moss depth increased in CH by 2 cm on average in response to 418 

warming (54% deeper in warmed plots than controls), while not depth was not affected by 419 

treatment in the other two habitats (Figure 2d).  420 
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Bryophyte community structure was negatively related to vascular plant variables in three 421 

of the studied habitats. In BH, bryophyte cover declined with litter abundance and 422 

bryophyte layer depth declined with shrub abundance in 2014 (Table S4) and deciduous 423 

shrub abundance in 2019 (Figure 3a and b, Table S4). In MH bryophyte cover declined with 424 

litter abundance both in 2014 and 2019 (Table S4; Figure 3c; relationships only shown for 425 

2019) and a significant negative relationship was maintained, albeit less sharp, after 426 

removing the outlier in 2019 (p = 0.002). The only vascular plant relationship detected in the 427 

Svalbard habitats was a negative relationship between bryophyte layer depth and deciduous 428 

shrubs in CH, where depth declined even more sharply (higher slope value) than in BH 429 

(Figure 3d, Table S4). 430 

 431 

 432 
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Figure 2. Effects of experimental warming on bryophyte community structure in different 433 

tundra habitats. Posterior mean and 95% credible intervals based on results from 434 

MCMCglmm models. Blue = control plots, Red = warmed plots. a) Bryophyte cover in the 435 

two Icelandic habitats, Betula nana heath (BH) and the Racomitrium lanuginosum moss 436 

heath (MH) in 2014 and 2019 (the two years of layer depth measurements). b) Bryophyte 437 

cover in the three high-Arctic Svalbard habitats, Dryas heath (DH), Cassiope heath (CH) and 438 

snowbed (SB) in 2015 (the final year of analysis). c) Bryophyte layer depth in the two 439 

Icelandic habitats. d) Bryophyte layer depth in the three Svalbard habitats.  440 

 441 

 442 

Figure 3. Significant relationships between bryophyte community structure and vascular 443 

plant variables. Lines show linear regression fits with 95% confidence bands. a) Bryophyte 444 
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cover and litter abundance in BH (slope = -0.38 ± 0.09, R2 = 0.47, p < 0.001). b) Bryophyte 445 

layer depth and deciduous shrub abundance in BH (slope = −0.016 ± 0.004, R² = 0.53, p < 446 

0.001). c) bryophyte cover and litter abundance in MH (slope = −0.21 ± 0.04, R² = 0.58, p < 447 

0.001). d) Bryophyte layer depth and deciduous shrub abundance in CH (slope = -0.296 ± 448 

0.078, R2 = 0.46, p < 0.01). 449 

Bryophyte community composition and diversity 450 

The bryophyte community in the Racomitrium lanuginosum moss heath (MH) in Iceland, 451 

only composed of that single species (Table S1), did not change in response to warming. In 452 

the Betula heath (BH) the first PCA ordination axis explained over 90% of the overall 453 

variation in bryophyte community composition and both year and warming treatment 454 

significantly contributed to that variation (Figure 4a; Table S5). The trajectories of the 455 

treatment x year centroids differed greatly, which is related to the significant homogeneity 456 

of group dispersion for treatment (Table S5). This may reflect that treatment differences 457 

were more strongly driven by increased spread of the plots within the ordination space than 458 

shifts in the group centroids. The bryophyte community composition in the Dryas (DH) and 459 

Cassiope heaths (CH) in Svalbard shifted with time but were not affected by the warming 460 

treatment (Figures 4b, c; Table S5). It should be noted that homogeneity of group dispersion 461 

for year was significant in DH, indicating an increasing spread of the plots with time within 462 

the ordination space. While community composition showed no temporal trend in the 463 

snowbed habitat (SB) it was significantly affected by the warming treatment (Figure 4d; 464 

Table S5). 465 

 466 



 23 

 467 

Figure 4.  Principal component analysis (PCA) of bryophyte species composition in control 468 

(circles) and warmed (OTC, triangles) plots in four of the five studied habitats (the moss 469 

heath (MH) only had one species): a) Betula heath (BH) (Iceland) and the Svalbard habitats 470 

b) Dryas heath (DH), c) Cassiope heath (CH) and d) snowbed (SB). Points are individual plots 471 

coloured by survey year (see legend); large black-outlined symbols are treatment × year 472 

centroids, connected by arrows to show the direction of compositional change through time 473 

for each treatment. Significant terms from habitat-specific PERMANOVAs (Bray–Curtis 474 

dissimilarity; year and treatment as predictors; 10,000 permutations) are indicated in each 475 

panel (* p < 0.05). Full PERMANOVA results, including tests of multivariate dispersion 476 

homogeneity, are given in Table S5. 477 

Species richness was in general lower in the two Icelandic habitats than the three Svalbard 478 

habitats, or only 1-4 species per plot compared with 3-11 in the Svalbard plots (Figure 5a). 479 

Warming did not significantly affect species richness in any of the habitats, but it tended to 480 

increase richness in warmed BH plots (Figure 5a). That increase was reflected in a 481 

significantly higher species diversity in warmed BH plots than controls (Figure 5b). Warming 482 

did not affect species diversity in any of the other habitats.  483 

 484 
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av 485 

Figure 5. Effects of experimental warming on bryophyte species richness and° Shannon 486 

diversity in different tundra habitats in the final year of analyses.  Posterior mean and 95% 487 

credible intervals based on results from MCMCglmm models. Blue = control plots; red = 488 

warmed plots. a) Species richness in the Icelandic habitats, Betula nana heath (BH) and 489 

Racomitrium lnuginosum moss heath (MH) in 2019 after 23 years of warming and in the 490 

three Svalbard habitats Dryas heath (DH), Cassiope heath (CH) and snowbed (SB) in 2015 491 

after 13 years of warming. b) Shannon diversity in the two Icelandic habitats and the three 492 

Svalbard habitats.  493 

Bryophyte functional group composition 494 
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 Eight of the twelve bryophyte functional groups (BFG) suggested by Lett et al. (2022) were 495 

represented in our study and their number varied from one group in the Racomitrium 496 

lanuginosum moss heath in Iceland (MH) to two in the Betula nana heath (BH), four in the 497 

snowbed (SB) and five in the Dryas (DH) and Cassiope heaths (CH) (Table S1).  Ordination of 498 

the bryophyte community composition based on BFGs rather than species largely reflected 499 

the species-based ordination although with some interesting differences (Figure 6; Table 500 

S6). In BH the first axis also here explained the over 90% of the variation and both year and 501 

treatment were significant, with significant dispersion homogeneity for treatment (Figure 502 

6a). In DH both treatment and year were significant with significant dispersion homogeneity 503 

for year (Figure 6b). Here the trajectories of the control plots and warmed plots were similar 504 

but more extended along the first axis for the warmed plots. In CH, year was significant but 505 

not treatment as for the species-base ordination (Figure 6c), while in the SB neither year or 506 

treatment were significant (Figure 6d), although treatment was close to significance 507 

(p=0.05339; Table S6).   508 

 509 

 510 

Figure 6.  Bryophyte functional group (BFG) composition shown by principal component 511 

analysis (PCA) for four habitats (the moss heath (MH) was only composed of a single 512 
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species) where bryophyte taxa had been assigned to one of the twelve BFGs suggested by 513 

Lett et al., (2022): (a) Betula heath (BH) in Iceland and (b–d) the Svalbard habitats Dryas 514 

heath (DH), Cassiope heath (CH) and snowbed (SB). Individual plots are coloured by survey 515 

year, with control and warmed plots distinguished by shape (circles and triangles, 516 

respectively). Bold, outlined symbols mark the centroid of each treatment in each year; 517 

arrows trace these centroids chronologically, so their length and direction summarise how 518 

each treatment's functional composition shifted over the monitoring period. Asterisks 519 

report the terms retained as significant (* p < 0.05) in per-habitat PERMANOVA. Complete 520 

results are tabulated in table S6.  521 

In the BH the cover of branched turf mosses (BT) tended to decline in response to warming 522 

and weft mosses (We) (mainly Hylocomium splendens) significantly increased (Figure 7; 523 

Figure S2). Two new BFGs established in the BH, short unbranched (SU) (Pohlia spp., Tortula 524 

spp.) and leafy liverwort (LL) (Ptilidium ciliare). No new BFG became established in the 525 

warmed plots of any of the other four habitats (Figure 7). In the DH BT mosses tended to 526 

decline in the warmed plots and SU mosses tended to increase, while no obvious abundance 527 

trends were detected in CH (Figure 7; Figure S2). In SB opposite trends were observed: We-528 

mosses tended to decline and BT to increase in abundance in response to warming (Figure 529 

7; Figure S2). Lichens were present in three of the habitats, BH, DH and CH and biocrust in 530 

two habitats, DH and CH. Interestingly, lichen cover decreased in response to warming in BH 531 

but increased in DH and CH, while biocrust decreased in both DH and CH (Figure 7). 532 
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 533 

Figure 7. Effects of experimental warming on mean cover (+SE) of different 534 

bryophyte functional groups (BFG) in the last year of analysis (2019 for BH and 535 

MH, 2015 for DH, CH and SB). CTL = control plots; OTC = warmed plots. The cover 536 

of two other cryptogam groups, biocrust and lichens, is also shown within the 537 

stacked bars, which provides the average total cover of the cryptogam layer for 538 

each habitat and treatment. BT = branched turf; LL = leafy liverwort; Ma = mat; 539 

Po = Polytrichales; SC = small cushion; SU = short unbranched turf; TU = tall 540 

unbranched turf; We = weft. Also shown is the cover of lichen and biological soil 541 

crust (CRUST). 542 

 543 

Bryophyte functional traits of the dominating species  544 

Annual shoot growth of the dominating species within the Icelandic habitats, the BT moss 545 

Racomitrium lanuginosum, was on average between 6.5 mm (Betula heath, BH) and 6.9 mm 546 
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(moss heath, MH) in the control plots and it significantly increased in response to warming 547 

only in BH (39% increase) (Figure 8a). Annual shoot growth of the We moss Sanionia 548 

uncinata in control plots in the Svalbard habitats was on average 2.5 mm and 3.4 mm in the 549 

Cassiope heath (CH) and snowbed (SB), respectively, and tended to increase in response to 550 

warming only in CH (Figure 8). Interestingly, annual growth estimates using the less accurate 551 

cranked wire method showed similar patterns with significant warming effect only in BH 552 

(Figure S3). The total biomass of ten R. lanuginosum shoots in the two Icelandic habitats 553 

was almost six-fold greater than the 15 shoots of S. uncinata and was not affected by the 554 

warming treatment in any of the habitats (Figure 8b). 555 

 556 

 557 

Figure 8. Effects of experimental warming on the annual shoot growth and shoot biomass of 558 

the dominating bryophyte species in different habitats. Posterior mean and 95% credible 559 

intervals based on results from MCMCglmm models. Blue = control plots; red = warmed 560 

plots. a) Annual shoot growth of Racomitrium lanuginosum in the two Icelandic habitats 561 
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Betula heath (BH) and moss heath (MH) and of Sanionia uncinata in two of the Svalbard 562 

sites, the Dryas heath (DH) and Cassiope heath (CH). b) shoot biomass. 563 

Potentila nitrogen fixation rates in Racomitrium lanuginosum from the Icelandic habitats BH 564 

and MH were up to four times faster in June than in July and August and in both habitats the 565 

warming treatment decreased the fixation rates significantly in June (55-71% reduction) 566 

(Figure 9). The fixation rates in Sanionia uncinata in early August in the Svalbard habitats 567 

were about 14-fold faster than the highest rates in R. lanuginosum. Warming tended to 568 

reduce the rates in all habitats, but the reduction was only significant in the SB habitat 569 

(reduced by 84% on average). 570 

 571 

Figure 9. Effects of experimental warming on nitrogen fixation rates in dominating 572 

bryophyte species in different habitats. Posterior mean and 95% credible intervals based on 573 

results from MCMCglmm models. Blue = control plots; red = warmed plots A) 574 

Measurements in Racomitrium lanuginosum from control plots in the Icelandic habitats 575 

Betula nana heath (BH) and moss heath (MH) in June, July and August 2014 and warmed 576 

plots in June and August, B) measurements in Sanionia uncinata from control and warmed 577 

plots in the Svalbard habitats Dryas heath (DH), Cassiope heath (CH) and snowbed (SB) in 578 

early August 2013.   579 
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Water holding capacity of R. lanuginosum colonies in the control plots was lower in BH than 580 

in MH and it was not affected by the warming treatment (Figure 10a). Colony density was 581 

similar in the control plots of both habitats and was reduced by warming in the BH by 46% 582 

(Figure 10b). 583 

 584 

 585 

Figure 10. Effects of experimental warming on a) colony water holding capacity and b) 586 

colony density of Racomitrium lanuginosum in the two Icelandic habitats Betula heath (BH) 587 

and moss heath (MH) in Iceland. Posterior mean and 95% credible intervals based on results 588 

from MCMCglmm models. Blue = control plots; red = warmed plots.  589 

 590 

Discussion  591 

Our results revealed contrasting responses to experimental warming across the five studied 592 

tundra habitats. Warming decreased bryophyte cover and layer depth only in one habitat, 593 

the Betula nana heath (BH) in Iceland, leaving bryophyte communities of other habitats 594 
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either unaffected or with increased cover and layer depth (Cassiope heath, CH, in Svalbard). 595 

The cover and layer depth responses were only partly reflected by shifts in bryophyte 596 

community composition diversity. Shifts in bryophyte functional group (BFG) composition 597 

largely mirrored shifts in taxonomic composition over time and in response to warming in all 598 

habitats and the functional trait measurements of the dominating species provided some 599 

insights into functional warming responses and how they may differ across contrasting 600 

tundra habitats.  601 

 Bryophyte community structure  602 

The decline in bryophyte cover that has been found in responses to long-term experimental 603 

and ambient warming across the tundra (Elmendorf, Henry, Hollister, Björk, Bjorkman, et 604 

al., 2012; Elmendorf, R Henry, & Hollister, 2012) and further demonstrated in site-specific 605 

papers from low Arctic and alpine tundra  (Alatalo et al., 2020; Lang et al., 2012; Sistla et al., 606 

2013; van Zuijlen, Asplund, et al., 2022) was not found in all the habitats studied here. Most 607 

likely, the cover-decline in the oro-Arctic Betula nana heath (BH), was indirectly caused by 608 

warming through interactions with shrubs, deciduous shrubs in particular, that increased in 609 

abundance in response to warming (Jónsdóttir et al., 2005). This is supported by the 610 

negative relationships between bryophyte cover and the abundance of deciduous shrubs 611 

and vascular plant litter, where most of the deposited litter was composed of senescent 612 

leaves from Betula nana. Similar negative bryophyte-deciduous shrub relationships have 613 

been indicated in other studies from the low Arctic and alpine tundra (Alatalo et al., 2020; 614 

Lang et al., 2012; Pajunen et al., 2011; van Wijk et al., 2004). Further support for shrubs 615 

being the main driver of bryophyte cover decline in warmed plots in BH was provided by the 616 

lack of direct treatment effect on bryophyte cover in the sub-Arctic shrub-free Racomitrium 617 
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lanuginosum moss heath in Iceland (MH) where moss cover was consistently high across 618 

time and treatments (80-100%). Interestingly, even though cover was unaffected by the 619 

warming treatment in the shrub-free MH a significant negative cover-vascular plant litter 620 

relationship was detected. That litter originated primarily from the grass Avenella flexuosa 621 

that had increased in abundance in a few of the warmed plots.  622 

The lack of change and even a cover increase in response to warming in the three high-623 

Arctic habitats in Svalbard also contrasted with the expected bryophyte cover decline. Such 624 

responses have also been reported for other high-Arctic communities, where cover 625 

increased in both a sedge meadow and an evergreen (Cassiope) heath, similar to the CH in 626 

Svalbard (Edwards & Henry, 2016; Hudson & Henry, 2010). Common to all those high-Arctic 627 

communities is that the vascular plant component responded less strongly to the 628 

experimental warming than reported from warmer sites and, overall, the plant communities 629 

were more resistant to warming (Edwards & Henry, 2016; Hudson & Henry, 2010; Jónsdóttir 630 

et al., 2023). In our study this was reflected by the absence of any significant bryophyte 631 

cover relationships with vascular plant variables in the Svalbard habitats. In this context it is 632 

important to note that the deciduous shrubs, where present, were rather prostrate a in all 633 

those high-Arctic communities and, therefore, may not have been as competitive as the 634 

more erect-growing deciduous shrubs in tundra habitats at warmer sites. On the opposite, 635 

the only deciduous shrub species in the Svalbard habitats, the small prostrate Salix polaris, 636 

tended to decline in response to experimental warming (Jónsdóttir et al., 2023).  637 

Despite the strength of bryophyte impacts on vascular plants (specifically: seedling 638 

establishment, growth and survival), as well as the soil environment through insulation is 639 

strongly related to the depth of the bryophyte layer (Gornall et al., 2007; Jaroszynska et al., 640 
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2023; Schuuring et al., 2024; Soudzilovskaia et al., 2013), experimental warming effects on 641 

bryophyte layer depth are rarely assessed. Here we demonstrate that in tundra habitats 642 

where bryophyte cover is affected by experimental warming, either positively (CH) or 643 

negatively (BH), the bryophyte layer depth responds in the same direction. Interestingly, 644 

there was a negative relationship between bryophyte layer depth and deciduous shrub 645 

abundance in CH. Most likely the causal relationship here is opposite to the negative 646 

relationship in found in BH: an increase in bryophyte layer depth by over 60% together with 647 

an increased vascular plant canopy height (Jónsdóttir et al. 2023) may have caused an 648 

increased shading of the small prostrate S. polaris. Even with the caveat in mind that the 649 

open top chambers may have reduced trampling by large herbivores (reindeer) in the high-650 

Arctic Svalbard habitats (plots not fenced), our results strongly suggest a divergent response 651 

of bryophyte-rich tundra ecosystems to warming. In high-Arctic ecosystems and other 652 

tundra ecosystems lacking erect and responsive deciduous shrubs, bryophyte cover and 653 

layer depth may stay unchanged or even increase, thus further increasing the insulation of 654 

the soil environment, which contributes to slower ecosystem processes and overall 655 

community resistance to climate change. In contrast, tundra ecosystems at warmer sites 656 

with more responsive, erect deciduous shrubs the bryophyte cover and layer depth will 657 

decline, driven by the bryophyte-deciduous shrub interaction, and may eventually enter a 658 

positive feedback loop further accelerating ecosystem processes and warming-induced 659 

overall community change. 660 

Bryophyte community composition and diversity 661 

The community structural responses to climate warming were only partly reflected in 662 

community taxonomic composition over time and treatments. The community composition 663 



 34 

of the BH shifted over time and was significantly affected by the warming treatment, similar 664 

to the findings of the few previous experimental studies assessing bryophyte community 665 

composition (Alatalo et al., 2020a; van Zuijlen, Asplund, et al., 2022). However, opposite to 666 

those studies, bryophyte diversity increased in the warmed plots in the BH. The explanation 667 

may be related to land use change (Jónsdóttir et al. 2005). BH is within a degraded 668 

rangeland and despite the increase in vascular plant abundance in response to warming the 669 

overall vegetation had not have fully recovered after 23 years of grazing protection and 670 

warming, which allowed new bryophyte species to establish and shading-tolerant species to 671 

increase in abundance, thus enhancing bryophyte diversity. This may also explain the 672 

significant treatment effect on the homogeneity of group dispersion reflecting increased 673 

plot differences within treatment. Community differences between treatments were mainly 674 

driven by a decline in the abundance of the branched turf moss (BT) Racomitrium 675 

lanuginosum and an increase in the abundance of more shading tolerant species, 676 

particularly the weft (We) moss Hylocomium splendence, in the warmed plots.  677 

In the moist snowbed (SB) in Svalbard communities responded in a unique way, showing no 678 

shift in composition in the control plots over time while the warming treatment significantly 679 

shifted community composition, but without affecting bryophyte diversity. The DH and CH 680 

communities shifted over time while unaffected by the warming treatment despite the 681 

significant positive warming effects on bryophyte cover and layer depth in CH. In both 682 

habitats the community trajectories of the control and warmed plots were similar, and the 683 

warming treatment did not affect any of the diversity metrics. Interestingly, the community 684 

change in response to warming in the SB seemed to be driven by a decrease in the We moss 685 

Sanionia uncinata and an increase in more erect species such as the BT moss Tomentypnum 686 
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nitens, while no such warming trends were detected in the drier habitats. This may 687 

potentially be a consequence of an intensified bryophyte-bryophyte species competition 688 

without vascular plant interference in this moss-rich moist habitat. 689 

BFG composition 690 

The shifts in BFG community composition over time and in response to warming largely 691 

mirrored the shifts in species composition in the studied habitats and the differences in 692 

species diversity between habitats were also reflected by the number and abundance of 693 

BFGs. Overall, the BT group was most negatively affected by warming and We the most 694 

positively affected group, but the opposite trend was found in the snowbed (SB). Besides 695 

difference in morphology, other functional traits that have been documented so far for the 696 

BT and We groups do not seem to differ much, although water holding capacity tended to 697 

be higher in We mosses (Lett et al. 2022). Even though there were no significant effects of 698 

warming on the abundance of individual BFGs except for an increase in We in the BH, we 699 

detected a opposite trends in warming responses of BT and We between the snowbed on 700 

one hand and the other two Svalbard habitats on the other. The SB had the highest 701 

moisture levels of all studied habitats, which may have enhanced the competitiveness of the 702 

BT mosses in the SB warmed plots.  703 

Although bryophytes were the focus of this study, it is interesting to note that other 704 

cryptogam groups responded differently to warming in the different habitats. Lichen cover 705 

decreased in the BH and increased in the high-Arctic DH and CH, while biological soil crust 706 

decreased in the same two habitats. 707 
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To our knowledge, this is the first study to assign the BFG classification by Lett et al. (2022) 708 

to bryophyte community data. Previous attempts to assign functional groups to bryophyte 709 

communities distinguished only between mosses and liverworts, Sphagnum mosses and 710 

other mosses and sometimes between acrocarp vs. pleurocarp mosses. Sphagnum mosses 711 

have been found to be more resistant to warming than non-Sphagnum mosses (Lang et al., 712 

2012) and acrocarp mosses to be more negatively affected by warming than pleurocarp 713 

mosses, although that varied substantially (Elmendorf et al., 2012a; van Zuijlen et al., 2022). 714 

Our study shows that even though more detailed functional trait measurements for the 715 

twelve BFGs are needed for interpretations of the functional warming responses of the 716 

bryophyte communities, their application is useful in enhancing bryophyte resolution in 717 

future tundra plant community assessments and understanding bryophyte functional 718 

diversity.  719 

Bryophyte functional traits  720 

The few functional traits we measured in the dominating species provided some preliminary 721 

insight to functional responses of the bryophyte component to warmer climate and how 722 

they may differ between tundra habitats.   723 

Generally, bryophyte shoot growth rate is enhanced by increasing temperature when 724 

moisture levels are kept constant up to an optimum, although growth rates vary 725 

substantially among species (Furness & Grime, 1982; Rzepczynska et al., 2022). However, 726 

bryophyte shoot growth in natural environments is also strongly affected by moisture 727 

regimes and nutrient availability (nitrogen deposition, N2-fixation etc.) and it is therefore 728 

important to assess growth responses to climate warming in situ. Our growth 729 
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measurements showed large difference in annual shoot growth between the two species 730 

where Rachomitrium lanuginosum annual shoot growth in the two Icelandic habitats was 2-731 

3 times greater than in Sanionia uncinata in the Svalbard sites. The two species belonged to 732 

different BFGs and this difference is most likely more related to inherent species differences 733 

than climatic conditions. The warming treatment affected annual shoot growth only in the 734 

BH where it was on average 30% greater than in the controls. However, since warming did 735 

not affect annual growth of R. lanuginosum in the “unshaded” MH and shoot biomass was 736 

not affected in any of the Icelandic habitats, increased annual shoot growth in warmed BH 737 

was most likely a result of an etiolation, which is a common shading response in many moss 738 

species. That may also have been the case in CH where annual shoot growth tended to 739 

increase in the warmed plots and where vascular canopy hight increased (Jónsdóttir et al. 740 

2023). Such etiolation in response to warming was also indicated in a warming experiment 741 

in an alpine Dryas heath by a higher specific shoot length (van Zuijlen et al, 2022).  742 

The potential nitrogen fixation rates in R. lanuginosum in the two Icelandic habitats were at 743 

low levels as was also found for this species in the study by Rzepczynska et al. (2022) in 744 

comparison with nine other species from sub-Arctic sites. The decline in nitrogen fixation 745 

over time in the deep layers of R. lanuginosum in both the Icelandic habitats most likely 746 

reflects seasonal changes in moisture regimes as the uppermost moss segments, containing 747 

most of the N2-fixing bacteria (Papinot Lecomte et al., 2026), gradually dry out. The nitrogen 748 

fixation rates in S. uncinata in the three high-Arctic Svalbard habitats in early August were 749 

much faster than in R. lanuginosum. While this suggests a strong difference in bryophyte-750 

contributed ecosystem nitrogen input, the difference between the species may have been 751 

somewhat exaggerated by the relatively larger shoot proportion that did not host any N2-752 
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fixing bacteria in R. lanuginosum. In a study of nitrogen fixation potentials in 34 bryophyte 753 

species sampled from various Alaskan sites, nitrogen fixation rates in R. lanuginosum were 754 

the second fastest and fixation rates of S. uncinate were quite low (Stuart et al., 2021). This 755 

discrepancy may either be caused by differences in environmental conditions at the time of 756 

sampling or due to methodological differences (acetylene reduction assay and 15N2 757 

incubation, respectively) or a combination of both.  758 

The decrease in nitrogen fixation in response to experimental warming in our study 759 

(significantly so in the two Icelandic habitats in June and the snowbed in Svalbard) agrees 760 

with negative response to the warming treatment in previous experimental studies in the 761 

tundra (Permin et al., 2022; Sorensen et al., 2012) and has been attributed to dryer 762 

conditions under warming. Indeed, both moss species and precipitation may modulate the 763 

effects of long-term experimental warming on bryophyte-associated nitrogen fixation (e.g. 764 

Lett et al., 2024). However, reduction in nitrogen fixation may also reflect warming induced 765 

shifts in the moss-associated bacterial communities towards less efficient N2-fixing bacteria 766 

as was the case in the experimental plots in BH (Klarenberg et al., 2021). Reduced nitrogen 767 

input through N2- fixation by bryophyte associated bacteria in response to climate warming 768 

may have consequences for the ecosystem nutrient availability unless compensated by 769 

faster ecosystem nitrogen cycling. 770 

The lack of warming effects on the capacity of the uppermost five cm of the R. lanuginosum 771 

layer to retain moisture in the two Icelandic habitats, here expresses as colony water 772 

holding capacity (WHC), was surprising and contradicts results from other warming 773 

experiments (van Zuijlen et al., 2022). Even more surprising was the decline in colony 774 

density in response to warming (only significant in the BH) without a decrease in WHC, but 775 
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previous studies have demonstrated positive relationships between WHC and colony 776 

density (Elumeeva et al., 2011; Volkova et al., 2023). Apparently, the WHC-temperature 777 

relationship may be complicated under field conditions. For instance, Roos et al. ( 2019) 778 

found decreasing WHC with decreasing temperatures along an elevation gradient in an 779 

alpine tundra.  780 

Conclusions  781 

All five tundra habitats had relatively high cover of bryophytes but differed in moss layer 782 

depth, bryophyte species composition, diversity and bryophyte functional group 783 

composition and in deciduous shrub abundance. All those aspects may have influenced how 784 

the bryophyte communities responded to simulated climate warming although bryophyte 785 

cover and layer depth and the presence of erect deciduous shrubs seemed to play a key 786 

role. Bryophyte cover and layer depth in habitats lacking erect deciduous shrubs most likely 787 

contributed to overall community resistance to warming, while interaction with the 788 

warming-responsive erect deciduous shrubs resulted in bryophyte cover and layer depth 789 

decline, which in turn may have accelerated ecosystem processes and overall community 790 

change. Finally, the BFG classification and the trait measurements of the dominating species 791 

provided some understanding of the complex mechanisms behind bryophyte community 792 

responses to warming, or the lack of responses. The high bryophyte community diversity in 793 

the high-Arctic habitats may have contributed to their warming resistance although the 794 

single-species sub-Arctic moss heath community was also highly resistant. 795 

This study highlights the important role of bryophytes in tundra communities, how that role 796 

is shaped by habitat differences across bioclimatic sub-zones and how it is modulated by 797 
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warming climate. It also emphasises the need for further bryophyte focused studies to 798 

better understand tundra ecosystem functioning as well as their response to climate 799 

change. 800 
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Supporting figures 1105 
 1106 
 1107 

 1108 
 1109 
Figure S1. The relative abundance (point intercept hits) of major growth forms (functional 1110 
groups) within the control (CTL) and experimentally warmed plots (OTC) at the five studied 1111 
habitats. A) at the start of the experiment and B) after 12-18 years of experimental 1112 
warming. BM = Betula nana heath in the Icelandic highlands, 480 m above sea level; (oro-1113 
Arctic); MH = Racomitrium lanuginosum moss heath at 120 m altitude in Iceland (sub-1114 
Arctic); DH = Dryas octopetala heath in high Arctic Svalbard; CH = Cassiope tetragona heath 1115 
in high Arctic Svalbard; SB = snowbed in high Arctic Svalbard. The Icelandic sites, BH and 1116 
MH, were established in 1996 and 1995, respectively. The Svalbard sites, DH, CH and SB, 1117 
were all established in 2002. Treatments: CTL = control/ambient temperatures; OTC = 1118 
experimentally warmed plots. Growth forms: FORBS = herbs other than graminoids; GRAM 1119 
= graminoids: LICHEN = lichens; MOSS = bryophytes: SDECI = deciduous dwarf-shrubs; SEVER 1120 
= evergreen dwarf-shrubs. (Data from BH and MH: Jónsdóttir et al. 2005, Jónsdóttir et al., in 1121 
preparation. Data from DH, CH and SB: Jónsdóttir et al. 2023). Figure credits: Katrín 1122 
Björnsdóttir. 1123 
 1124 
 1125 
 1126 
 1127 
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 1128 
 1129 
Figure S2. Effects of experimental warming on the cover of the most abundant bryophyte 1130 
functional groups (BFGs) in the final year of analyses in the five studied tundra habitats. 1131 
BT=branched turf; We=weft; SU= short unbranched; TU=tall unbranched. Posterior mean 1132 
and 95% credible intervals based on results from MCMCglmm models. Blue = control plots; 1133 
red = warmed plots. 1134 
 1135 
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         1136 
 1137 
            1138 
 1139 

      1140 
 1141 
 1142 
Figure S3. Annual moss growth in four of the studied habitats using cranked wire. The 1143 
method measures the growth of a collection of moss shoots, (rather than a single shoot) as 1144 
extension above the horizontal part of the cranked wire one year after installation. The 1145 
treatment GRA (=grazed) in the Betula heath was not considered further in this study. 1146 
Statistical evaluation: mixed effect model (lmer) with Treatment as a fixed factor and Plot as 1147 
random (3 measurements per plot).  1148 
Betula heath: Contrast estimate (CTL – OTC) =  -5.23 ± 1.02 (SE), p <0.0001 1149 
Moss heath: Contrast estimate (CTL – OTC) =  -1.4 ± 1.12 (SE), p= 0.2118 1150 
Cassiope heath: Contrast estimate (CTL – OTC) = -0.453 ± 1.19 (SE), p= 0.7042 1151 
Snowbed: Contrast estimate (CTL – OTC) =  0.344 ± 1.31 (SE), p=0.7934 1152 
 1153 
 1154 



 51 

Supporting Tables 1155 
 1156 
 1157 
 1158 
 1159 
Table S1. Bryophyte taxa recorded in the plant community analyses in the five habitats and their 1160 
bryophyte functional groups (BFG) sensu Lett et al. (2022). BH = Betula nana heath in Iceland; MH = 1161 
moss heath in Iceland; DH = Dryas heath in Svalbard; CH = Cassiope heath in Svalbard; SB = snowbed 1162 
in Iceland. 1163 
 1164 

Species BFG* BH MH DH CH SB 

Aulacomnium turgidum (Wahlenb.) Schwägr. SU   X X X 
Bryum sp. SU   X X X 
Campylium stellatum (Hedw.) Lange & 
C.E.O.Jensen TU     X 
Dicranoweisia crispula (Hedw.) Milde SC X     
Dicranum sp. SU X  X X X 
Distichium sp. SU   X  X 
Ditrichum sp. SU   X  X 
Encalypta sp. SU     X 
Hylocomium splendens (Hedw.) Schimp. We X  X X  
Hypnum bambergeri Schimp. Ma X     
Hypnum revolutum (Mitt.) Lindb. Ma   X   
Meesia uliginosa Hedw. SC    X  
Oncophorus wahlenbergii Brid. SC     X 
Orthotrichum sp. SC   X X  
Pohlia sp. SU X  X X X 
Polytrichum alpinum Hedw.  Po X     
Polytrichum sp. Po   X X  
Ptilidium ciliare (L.) Hampe  LL X   X  
Racomitrium cansecence (Hedw.) Brid.  BT   X X  
Racomitrium ericoides (Brid.) Brid.  BT X     
Racomitrium lanuginosum (Hedw.) Brid.  BT X X X X  
Racomitrium sp. BT X     
Sanionia uncinata (Hedw.) Loeske We X  X X X 
Tomentypnum nitens (Hedw.) Loeske BT X  X X X 
Tortula sp. SU   X   
Leafy liverwort, unidentified LL     X X X 

 1165 
*LL = leafy liverwort; Po = Polytrichales; SC = small cushion; SU = short unbranched turf; TU = tall 1166 
unbranched turf; We = weft; Ma = mat; BT = branched turf. 1167 

 1168 
 1169 
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Table S2. Overview of the raw data used in this paper and when collected at the five tundra habitats 1170 
 1171 

 Iceland Svalbard 
 Betula heath Moss heath Dryas 

heath 
 Cassiope 
heath 

 Snowbed 

Point-intercept data  1997, 2000, 
2007, 2015, 
2019 

1995, 1998, 
2000, 2007, 
2014, 2019 

2003, 
2009, 
2015 

2003, 2009, 
2015 
 

2003, 2009, 
2015 
 

Bryophyte layer 
depth 

2014, 2019 2014, 2019 2015 2015 2015 

Annul shoot growth 2014-2015 2014-2015 2014-2015 2014-2015 2014-2015 
N2 fixation 2014, June, 

July, August 
2014, June, 
July, August 

2013 early 
August 

2013 early 
August 

2013 early 
August 

Water holding 
capacity and colony 
density 

2020 2020    

 1172 
 1173 
 1174 
Table S3. The vascular plant variables (mean ± SD) used in regression analysis for bryophyte 1175 
cover and layer depth.      1176 
 1177 

Locatio Habitat Year Treatment 

Canopy 
height 
(cm) 

Deciduous shrub 
abundance (hits) 

Evergreen shrub 
abundance (hits) 

Shrub 
abundance 
(hits) 

Litter 
abundance 
(hits) 

Iceland BH 2019 CTL 2.19 ± 1.75 42.60 ± 40.91 17.10 ± 16.68 59.70 ± 56.85 26.30 ± 17.85 

Iceland BH 2019 OTC 
13.53 ± 
5.01 191.40 ± 57.09 32.40 ± 18.61 223.80 ± 65.96 53.90 ± 28.14 

Iceland MH 2019 CTL 0.55 ± 0.38 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 11.40 ± 8.40 

Iceland MH 2019 OTC 0.82 ± 0.73 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 30.30 ± 21.51 
 
Svalbard DH 2015 CTL 1.13 ± 0.18 13.00 ± 6.00 68.00 ± 18.21 81.00 ± 21.01 63.00 ± 7.35 

Svalbard DH 2015 OTC 1.73 ± 0.60 6.80 ± 4.76 112.20 ± 20.61 119.00 ± 23.39 75.60 ± 6.66 
 
Svalbard CH 2015 CTL 1.29 ± 0.55 9.20 ± 5.76 43.60 ± 41.20 52.80 ± 44.80 67.40 ± 5.86 

Svalbard CH 2015 OTC 2.17 ± 1.48 1.80 ± 2.05 66.40 ± 100.33 68.20 ± 101.51 59.80 ± 14.20 

Svalbard SB 2015 CTL 1.09 ± 0.56 6.40 ± 5.22 0.00 ± 0.00 6.40 ± 5.22 40.80 ± 14.70 

Svalbard SB 2015 OTC 1.26 ± 0.14 3.40 ± 1.14 2.40 ± 4.34 5.80 ± 4.76 38.40 ± 23.48 

 1178 
 1179 
 1180 
 1181 
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Table S4. Multiple regression models for effects of vascular plant variables on moss cover 
and moss depth in the five studied tundra habitats. BH=Betula heath; MH= moss heath; 
DH=Dryas heath; CH=Cassiope heath; SB snowbed. Data for warmed and ambient plots are 
combined. Significant predictors are shown in bold. 
  Predictors  Estimates  SE  CI  Statistic  p  
Bryophyte 
cover  BH 2014  Intercept  73.14  4.38  63.79 – 

82.48  16.68  <0.001  

  Litter abundance  -1.27  0.34  -2.00 – -0.54  -3.69  0.002  
  Canopy height  1.37  0.90  -0.54 – 3.29  1.53  0.147  
  Shrub abundance  1.42  0.84  -0.37 – 3.20  1.69  0.111  

  Deciduous shrub 
abundance  -1.46  0.87  -3.32 – 0.40  -1.68  0.114  

  Observations  20      

  R2 / R2 adjusted  0.697 / 
0.617      

Bryophyte 
cover  BH 2019  Intercept  78.57  4.66  68.65 – 

88.50  16.88  <0.001  

  Litter abundance  -0.50  0.21  -0.95 – -0.04  -2.34  0.033  
  Canopy height  2.87  1.78  -0.93 – 6.68  1.61  0.128  
  Shrub abundance  0.37  0.25  -0.17 – 0.91  1.46  0.164  

  Deciduous shrub 
abundance  -0.63  0.35  -1.39 – 0.12  -1.79  0.094  

  Observations  20      

  R2 / R2 adjusted  0.618 / 
0.516      

Bryophyte 
cover  MH 2014  Intercept  99.01  1.21  96.46 – 

101.56  81.93  <0.001  

  Litter abundance  -0.64  0.13  -0.92 – -0.37  -4.93  <0.001  
  Canopy height  1.67  1.24  -0.95 – 4.29  1.35  0.196  
  Observations  20      

  R2 / R2 adjusted  0.624 / 
0.580      

Bryophyte 
cover  MH 2019  Intercept  98.65  1.23  96.05 – 

101.24  80.18  <0.001  

  Canopy height  1.89  1.95  -2.21 – 6.00  0.97  0.344  
  Litter abundance  -0.25  0.06  -0.38 – -0.12  -4.11  0.001  
  Observations  20      

  R2 / R2 adjusted  0.600 / 
0.553      

Bryophyte 
cover MH 2019 Intercept  

99.99 1.84 96.10 – 
103.88 

54.45 <0.001 
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Without 
outlier 
(litter 

abundance 
88) 

 

Canopy height  

1.04 2.13 -3.49 – 5.56 0.49 0.634 

 Litter abundance  -0.30 0.08 -0.48 – -0.13 -3.73 0.002 
 Observations  19     

 
R2 / R2 adjusted  0.468 / 

0.401     

Bryophyte 
cover   DH 2015  Intercept  13.29  47.88  -109.78 – 

136.37  0.28  0.792  

 Model NS  Canopy height  -16.41  15.94  -57.37 – 
24.56  -1.03  0.350  

  Litter abundance  1.01  0.84  -1.16 – 3.18  1.20  0.283  

  Deciduous shrub 
abundance  -0.36  0.94  -2.76 – 2.05  -0.38  0.720  

  Shrub abundance  -0.06  0.23  -0.65 – 0.53  -0.27  0.797  
  Observations  10      

  R2 / R2 adjusted  0.268 / -
0.317      

Bryophyte 
cover  CH 2015  Intercept  44.06  26.66  -24.48 – 

112.61  1.65  0.159  

 Model NS  Canopy height  9.28  4.58  -2.49 – 
21.05  2.03  0.099  

  Litter abundance  0.03  0.40  -1.01 – 1.07  0.07  0.946  

  Deciduous shrub 
abundance  -0.90  0.56  -2.35 – 0.55  -1.60  0.171  

  Shrub abundance  -0.10  0.10  -0.35 – 0.15  -1.04  0.345  
  Observations  10      

  R2 / R2 adjusted  0.702 / 
0.463      

Bryophyte 
cover  SB 2015  Intercept)  112.41  28.39  39.42 – 

185.39  3.96  0.011  

 Model NS  Canopy height  -17.09  13.05  -50.63 – 
16.46  -1.31  0.247  

  Litter abundance  -0.03  0.25  -0.67 – 0.61  -0.13  0.900  
  Shrub abundance  -1.38  1.50  -5.23 – 2.46  -0.92  0.398  

  Evergreen shrub 
abundance  1.61  1.72  -2.82 – 6.04  0.93  0.394  

  Observations  10      

  R2 / R2 adjusted  0.309 / -
0.244      
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Bryophyte 
depth  BH 2014  Intercept  11.42  0.64  10.05 – 

12.79  17.77  <0.001  

  Litter abundance  -0.10  0.05  -0.21 – 0.01  -2.00  0.064  
  Canopy height  0.14  0.13  -0.14 – 0.42  1.08  0.298  
  Shrub abundance  -0.27  0.12  -0.53 – -0.01  -2.21  0.043  

  Deciduous shrub 
abundance  0.23  0.13  -0.04 – 0.50  1.81  0.091  

  Observations  20      

  R2 / R2 adjusted  0.786 / 
0.729      

Bryophyte 
depth  BH 2019  Intercept  8.33  0.61  7.02 – 9.63  13.57  <0.001  

  Litter abundance  -0.06  0.03  -0.12 – 0.00  -2.04  0.059  
  Canopy height  0.50  0.24  -0.00 – 1.00  2.13  0.050  
  Shrub abundance  0.06  0.03  -0.01 – 0.13  1.87  0.081  

  Deciduous shrub 
abundance  -0.11  0.05  -0.21 – -0.01  -2.38  0.031  

  Observations  20      

  R2 / R2 adjusted  0.647 / 
0.553      

Bryophyte 
depth  MH 2014  Intercept  13.26  0.76  11.65 – 

14.87  17.33  <0.001  

  Litter abundance  0.19  0.08  0.02 – 0.37  2.33  0.032  
  Canopy height  -2.00  0.79  -3.66 – -0.34  -2.54  0.021  
  Observations  20      

  R2 / R2 adjusted  0.306 / 
0.225      

Bryophyte 
depth  MH 2019  Intercept  15.66  0.68  14.23 – 

17.09  23.12  <0.001  

 Model NS  Litter abundance  0.05  0.03  -0.03 – 0.12  1.36  0.191  

  Canopy height  -1.86  1.07  -4.12 – 0.40  -1.74  0.100  
  Observations  20      

  R2 / R2 adjusted  0.152 / 
0.052      

Bryophyte 
depth  DH 2015 Intercept  1.99 0.62 0.52 – 3.45 3.21 0.015 

 Model NS  Canopy height  -0.45 0.34 -1.24 – 0.35 -1.33 0.226 

  Deciduous shrub 
abundance  -0.05 0.03 -0.12 – 0.02 -1.76 0.121 

  Observations  10     

  R2 / R2 adjusted  0.380 / 
0.203     
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Bryophyte 
depth  CH 2015  Intercept  5.85 0.69 4.27 – 7.43 8.54 <0.001 

  Deciduous shrub 
abundance  -0.24 0.09 -0.45 – -0.04 -2.71 0.027 

  Observations  10     

  R2 / R2 adjusted  
 
0.478 / 
0.413 

   

Bryophyte 
depth  CH 2015  Intercept  9.3 2.39 3.16 – 15.44 3.89 0.012 

 Model NS  
Litter abundance  

-0.04 0.02 -0.09 – 0.02 -1.84 0.126 

  Canopy height  -1.24 1.1 -4.06 – 1.59 -1.13 0.311 
  Shrub abundance  0.26 0.1 0.01 – 0.52 2.69 0.043 

  Deciduous shrub 
abundance  -0.34 0.15 -0.72 – 0.03 -2.37 0.064 

  Observations  10     

  R2 / R2 adjusted  0.715 / 
0.487     

 1182 
 1183 
 1184 
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Table S5. Results of Permanova's of the effect of treatment and year on bryophyte species 
composition in five different in four of the five studied tundra habitats – the moss heath (MH) only 
had a single species. BH=Betula heath; DH=Dryas heath; CH=Cassiope heath; SB snowbed.. 
Significant predictors are shown in bold. Homogeneity of multivariate dispersions (betadisper) was 
tested before PERMANOVA analysis; p-values > 0.05 indicate equal variance assumption is met. 
 

Habitat   DF  Sum of 
Squares  R2  F  P  Homogeneity P 

BH  
Year  1  0.1888   0.05455   6.0345   0.006799  0.052 

Treatment  1  0.2372  0.06855  7.5825  0.001200  0.002 
Residual  97  3.0350     0.87690     

DH  
Year  1  0.7944   0.19941   7.2216   9.999e-05  0.006 

Treatment  1  0.2193   0.05504   1.9933     0.07369  0.419 
Residual  27  2.9700   0.74555     

CH  
Year  1  0.6185   0.16792   5.7978   9.999e-05  0.378 

Treatment  1  0.1846    0.05011     1.7303       0.121  0.809 
Residual  27  2.8801   0.78197     

SB  
Year  1  0.11593   0.04222   1.3287   0.2538  0.692 

Treatment  1  0.27445   0.09994   3.1456   0.0435  0.374 
Residual  27  2.35571   0.85784     

 1185 
 1186 
 1187 
 1188 
 1189 
 1190 
 1191 
 1192 
 1193 
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Table S6. Results of Permanova's of the effect of treatment and year on 
bryophyte functional group composition in the five studied tundra 
habitats. BH=Betula heath; MH= moss heath; DH=Dryas heath; 
CH=Cassiope heath; SB snowbed. Significant predictors are shown in bold. 
  

Habitat   DF  Sum of 
Squares  R2  F  P  

Homogeneity 

BH  

Year  1  0.1847 0.05642 6.3154 0.006399 

0.069 

Treatment  1  0.2519 0.07965 8.6133 0.0015 
0.002 

Residual  99 2.8364 0.86662    

DH  

Year  1  0.66193 0.22791 8.8774 9.999e-05  

0.013 

Treatment  1  0.22917 0.07891 3.0734 0.0215 
0.452 

Residual  27  2.0132 0.69318    

CH  

Year  1  0.41935 0.16146 5.5757 0.0014 

0.104 

Treatment  1  0.14719 0.05667 1.957 0.1204 
0.616 

Residual  27  2.03069 0.78187    

SB  

Year  1  0.03081 0.01255 0.3823 0.71463 

0.642 

Treatment  1  0.24869 0.10127 3.0855 0.05339 
0.289 

Residual  27  2.17614 0.88618    
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