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Abstract 22 

Plant climate-responses may depend on site-specific environmental context. Using fences and open 23 

top chambers (OTCs), we enhanced snow depth (identifying Ambient, Medium and Deep regimes) in 24 

Svalbard for 11 years and increased temperatures for two summers. Comparison of growth-form live 25 

abundance and diversity responses in two habitats showed that response was more limited in dry 26 

Heath than moist Meadow. In both habitats, shrub abundance was lowest in Deep. Additionally in 27 

Heath, bryophytes increased in Deep but OTC had no effect. In Meadow, graminoids decreased and 28 

forbs increased in Deep. Bryophytes were high in Medium, and in the Deep- OTC combination. 29 

Vascular plant species richness decreased in Deep in both habitats, and in Medium in Meadow. 30 

However, in Meadow only, when combined with OTC there was no negative snow effect when 31 

bryophyte taxa were included into richness measures. Bryophyte richness in Meadow was slightly 32 

promoted in Medium and in the Deep- OTC combination, counteracting snow-regime reduction of 33 

vascular richness.  Conclusions: 1. Habitat affects plant community structure and diversity response 34 

to climate; 2. Multi-year snow enhancement dramatically changes vegetation composition; 3. Even 35 

two summers of warming can affect lichen and bryophyte abundance; 4. Bryophyte identification is 36 

important to include in diversity assessments.  37 

Keywords: snow fence, Open Top Chamber, context dependency, plant growth form, bryophytes 38 
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Introduction  40 

Large Arctic areas are predicted to have increased snow and warmer temperatures during summer 41 

(ACIA 2005; Saha et al. 2006). Deeper snow affects nutrient cycling (Schimel et al. 2004) and may 42 

delay snowmelt and onset of growing season (Callaghan et al. 2011).  Such changes affect phenology, 43 

(van der Wal et al. 2000, Semenchuk et al. 2013) reproductive success (Semenchuk et al. 2013) and 44 

productivity of some species (Rumpf et al. 2014), which ultimately changes the structure and 45 

diversity of plant communities (Wahren et al. 2005; Wipf and Rixen 2010).   Only some Arctic plants 46 

profit from warmer summers (Elmendorf et al. 2012a), while others disappear (Callaghan et al.  2004; 47 

CAFF 2013), thus changing vegetation. Several experimental studies tried to infer generalities of 48 

Arctic plant growth form responses to climatic change, but the “winners” and “losers” are still 49 

unknown, since growth forms respond differently in various habitats amongst and within study 50 

areas.   51 

Manipulations of Arctic snow promoted contrasting community structure responses at 52 

different sites, as shown by Wipf and Rixen  (2010) and Table 1. These highly site-specific outcomes 53 

imply that general statements about vegetation responses to enhanced snow cannot be made, and 54 

that the direction of responses may depend on environmental context, and may differ between 55 

habitats within the same site as shown in Alaska (e.g. Wahren et al. 2005). Modifications of the 56 

habitat- specific moisture regime during the growing season in Arctic tundra are thereby likely to play 57 

a role in determining responses of community structure to enhanced snow (Leffler et al. 2016; 58 

Cooper et al. 2019), as was also found in the Alpine (e.g. Knight et al. 1979). However, short-term 59 

responses of community structure to experimentally enhanced snow lay may also be different from 60 

long-term responses (Natali et al. 2014) and there is little experimental evidence from studies that 61 

assessed changes of Arctic vegetation structure over a time period of more than a decade (Leffler et 62 

al. 2016). Furthermore, long-term responses to enhanced snow depth might be modified by warmer 63 

summer air temperatures (Leffler et al. 2016). Atmospheric heating during summer is associated with 64 
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shrub expansion throughout the Arctic (Myers-Smith et al. 2011; Elmendorf et al. 2012a), yet 65 

experiments show that such trends depend on soil moisture and the manipulations duration 66 

(Elmendorf et al. 2012b). Long-term responses of vegetation structure to climatic changes might also 67 

affect plant diversity, because some growth forms are important niche constructors in tundra and 68 

any abundance change may affect local vascular plant species richness (Bråthen and Ravolainen 69 

2015). Experimental snow enhancements in Alpine tundra indicate that diversity often declines with 70 

a deeper and longer snow lay (Wipf and Rixen 2010). Similar trends were shown for the Arctic, but 71 

only if enhanced snow depth promotes shrub abundance, causing more shading and an exclusion of 72 

small statue forb or bryophyte species (Wahren et al. 2005). However, habitat related context 73 

dependencies of long-term plant diversity responses to year-round climatic changes remain poorly 74 

investigated in the Arctic. Existing assessments often lack information on bryophyte diversity 75 

(Elmendorf et al. 2012b), but inclusion of bryophytes into diversity measures may be important, since 76 

they respond to both winter and summer changes in some Arctic sites (Elmendorf et al. 2012b; 77 

Cooper et al. 2019). 78 

In this study, we contributed evidence to the environmental context dependencies of long-79 

term vegetation responses to enhanced winter snow depths in the Arctic, and tested potential 80 

interaction effects of long-term snow enhancement and short-term summer warming. Snow 81 

manipulations were conducted for 11 years and summer air temperatures were increased for two 82 

summers during the course of the experiment, using Open Top Chambers (OTCs) (Marion et al. 83 

1997). Within our study area on Svalbard, we compared plant growth form abundances and diversity 84 

in two nearby habitat types: a relatively dry heath and a comparably mesic meadow. We 85 

hypothesized that: H1) Long-term snow enhancement caused an abundance change of the major 86 

plant growths forms within the community including shrubs, graminoids, forbs and bryophytes. Also 87 

the abundance of lichens may be adversely affected by a deeper and prolonged snow lay (Scott and 88 

Rouse 1995; Christiansen et al. 2018). However, based on contrasting evidence presented from the 89 

literature (above) we expect the direction and magnitude of responses in each growth form to be 90 
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habitat-specific and potentially different between our dry heath habitat and the mesic meadow 91 

habitat. H2) Responses to snow depth may interact with short-term increases in summer air 92 

temperatures, but also here, effects may depend on the habitat type of investigation. H3) In 93 

accordance to growth form responses to climate change scenarios, we expect changes of within-94 

community plant diversity. H4) Diversity measures using vascular plants only were expected to differ 95 

from those including bryophytes. 96 

     97 

Materials and methods 98 

Field site and experimental setup 99 

Our study was conducted in a high Arctic valley site on Svalbard (78˚10´N, 16˚04´E). The overall 100 

vegetation in the area is classified as prostrate dwarf-shrub, herb tundra (CAVM Team, 2003). 101 

However, in a more detailed classification, Elvebakk (2005) defined the vegetation as part of the 102 

middle Arctic tundra, with two distinct habitat types: Heath: Relatively dry and well-drained Cassiope 103 

tetragona (L.) D. Don heath sloping slightly down towards Advent River in the North; and Meadow: 104 

flat, less-well drained mesic Dryas octopetala L. -Tomentypnum nitens (Hedw.) Loeske meadows 105 

overlying peat and shale-derived gelisols (Lupascu et al. 2018).     106 

Mean annual precipitation and temperature for 2009 - 2018 was 228 mm and -2.5˚C, respectively. 107 

The coldest month was March with - 10.6˚C and the warmest was July with 7.4˚C (www.eklima.no). 108 

Geological parental material in the valley bottom consisted of basic calcareous sand, silt and shale 109 

stones, which originated from Mesozoic sedimentary bedrocks (Hjelle 1993; Tolgensbakk et al. 2000). 110 

Soils typically have an organic layer, which is followed by A-horizons reaching down to a depth of 111 

maximum 10 cm, followed by the B/C horizons (Strebel et al. 2010). Soil pH typically ranges between 112 

5 and 6.5. The area is underlain by continuous permafrost, which had an active layer depth of on 113 

average 105 cm between 2000 and 2007 (Morgner et al. 2010). 114 
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The experiment was set up in the flat valley bottom, within an altitude between 25 and 100 m above 115 

sea level. The experimental manipulations within the site were established in 2006, in order to assess 116 

effects of altered winter snow regimes on Arctic vegetation (Cooper et al. 2011). Snow fences were 117 

set up and placed perpendicular to the main wind direction (southeast), trapping snow in the 118 

leeward side of the fence. The fences are spatially distributed within four experimental blocks. Two 119 

blocks were within dry heath and two blocks within mesic meadow habitats. The blocking caused 120 

fences from different blocks to be spread more than 500 m apart from each other, covering a total 121 

area of approximately 2.5 x 1.5 km. Three snow fences were erected within each block, each 1.5 m 122 

high and 6.2 m long. Snow accumulates to a maximum depth of approx. 150 cm within a zone of 123 

three to 12 m behind the fence, an area henceforth termed Deep. Further away behind the fence (10 124 

-20 m), snow accumulates to a maximum of approx. 100 cm, henceforth termed Medium. Ambient 125 

areas with natural snow deposition (maximum of approx. 35 cm) are found adjacent to- but not 126 

affected by the fences. The vegetation in the location of fences and unmanipulated areas were 127 

visually estimated to be comparable, before the fences were established. Temperature loggers 128 

(Gemini, Tinytag, model TGP-4020, UK) were installed just below soil surface in each snow regime 129 

around each fence, and recorded temperatures in 30 min intervals since start of the experiment.  130 

Previous studies showed that soils in enhanced snow regimes were warmer during the winter, and 131 

melt out was delayed between 1-3 weeks, compared to Ambient (Semenchuk et al. 2013; Mörsdorf 132 

et al. 2019).  Meadow takes longer to drain after snowmelt and retains a higher soil moisture content 133 

than that of Heath (Cooper et al. 2011), and enhanced snow regimes are moister than Ambient, 134 

especially at start of growing season (Mörsdorf et al. 2019). 135 

At the start of the experiment, six spots were randomly selected within Deep and Ambient snow 136 

regimes, in order to establish 75 x 75 cm vegetation plots for long-term monitoring. Half of those 137 

plots were stratified to contain Dryas octopetala as a focal plant species and the other half had to 138 

contain C. tetragona (Cooper et al. 2011). In 2010, three further plots were established by random 139 

choice within Medium regime, containing both of the two foci species. This study only concerns data 140 
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from plots with D. octopetala as a focal species (in Ambient and Deep) and the Medium plots. At 141 

snowmelt 2015 and 2017, we additionally erected open top chambers (OTCs), with a two m 142 

diameter, in order to enhance summer temperatures (Marion et al. 1997). OTCs were placed out 143 

when plots in the respective snow regime were snow free, and removed at the end of growing 144 

season. At each fence an OTC was placed on a randomly selected Ambient and Deep D. octopetala 145 

plot, and a Medium plot.  146 

The species present in the two vegetation types were quite similar but the vegetation cover and the 147 

dominant species differed (Supplementary Table S1). Dominant vascular plants species in Heath plots 148 

(highest live abundance first): D. octopetala, Salix polaris Wahlenb., C. tetragona; in Meadow plots: D. 149 

octopetala, Alopecurus borealis Trin., S. polaris, Luzula confusa Lindeb., and Bistorta vivipara (L.) 150 

Delarbre. Dominant mosses in Heath: Sanionia uncinata (Hedw.) Loeske, Tomenthypnum nitens 151 

(Hedw.) Loeske, Hylocomium splendens (Hedw.) Schimp., Dicranum spp. and Distichium spp.; and in 152 

Meadow: S. uncinata, Polytrichum spp., Aulacomnium spp., T. nitens, and H. splendens. 153 

 154 

Recordings of plant community and environmental data 155 

Between 3rd and 31st of July 2017, we assessed plant community properties within the experiment. 156 

We used the Point Intercept Method (Jonasson 1988) within a 75 x 75 cm squares frame placed over 157 

the permanent vegetation plot.  The frame was split up into 100, regularly distributed, sub-squares 158 

using strings. The strings were aligned in parallel in two horizontal levels. At each point where the 159 

strings crossed, we registered vegetation by aligning the two parallel strings and recording the plant 160 

species at this point. Recordings were done throughout the canopy layer, by carefully moving the 161 

higher vegetation layers aside and noting species within all subsequent vegetation layers at this point 162 

(‘all-hits’).  For the community assessment within each plot, we recorded living vascular plants to 163 

species level. For woody plants, we distinguished live from dead plant material when dead branches 164 

easily broke off the main plant as soon as they were touched. We were able to confidently identify 165 
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some bryophytes and lichens to species level in the field. Bryophytes and lichens were found below 166 

the canopy of vascular plants and for each of the 100 points, we noted all species that were found in 167 

an approx. radius of one cm around the respective point. Each bryophyte species could therefore get 168 

up to a maximum of 100 hits in each plot. Due to practical circumstances, species within the groups 169 

which could not be identified without microscopy in the lab, had to be identified to genera level only. 170 

Bryophytes for which we could not guarantee a secure identification to genera level in the field, had 171 

to be combined into one group of un-identified bryophytes, since we could not attain abundance 172 

estimates of those plants otherwise. We followed the same approach for all lichens within the plots.  173 

Crustose lichens were not further identified in our study. The taxonomic units we used in this study 174 

are shown in Table 2. Nomenclature for vascular plants follows the Pan Arctic flora 175 

(http://panarcticflora.org/). Nomenclature for bryophytes is according to Prestø et al. (2014) and 176 

lichen nomenclature is according to Øvstedal et al. (2009).      177 

For this study we used 10 of the original 12 fences, as two of the fences collapsed due to breakage 178 

and soil subsidence. Since one of the fences (C8) had no Medium plots it had only 6 (three Ambient 179 

and three Deep) instead of the planned 9 plots. For this study we therefore used a total of 87 180 

permanent vegetation plots [10 fences x 3 snow treatments x (2 non-OTC + 1 OTC)- 3 Medium plots 181 

missing at C8). 182 

Temperature loggers (Gemini, Tinytag, model TGP-4020, UK) were additionally installed below soil 183 

surface within each OTC and recorded temperatures at 30 min intervals. We extracted temperature 184 

data for each snow and temperature regime for the period between 1st June to 31st July 2017 to 185 

represent soil temperatures during peak growing season. Volumetric soil moisture was measured at 186 

each plot corner using a Theta Probe ML 2x (Delta-T Devices, Cambridge, UK) once during 6th to 27th 187 

July 2017. Vegetation was not removed prior to probing. 188 

 189 

Statistical evaluation 190 

http://panarcticflora.org/
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We decided to focus on growth forms, and not species, in this study since we may not be able to 191 

compare individual species responses in our, to other Arctic sites, if species are lacking there. 192 

Furthermore, most species in our site were not frequently found in each plot, which would lead to 193 

very unbalanced data and different replicates for different models. We first combined the hits of 194 

recorded live vegetation in each plot into growth forms, which were defined as shrubs, graminoids, 195 

forbs, bryophytes and lichens (see Table 2). The records of unidentified bryophytes and lichens were 196 

included in the respective groups here. Pteridophytes were patchily distributed with very low 197 

abundance, so we added these values to the ‘forbs’ group. We split the dataset according to plots 198 

within the Heath and Meadow habitats. In order to estimate group abundances and the effects of 199 

snow enhancement and summer warming, we used linear mixed effects models within R (version 200 

3.6.0), applying lme function of the nlme package (Pinheiro and Bates 2000). For each group, we set 201 

the number of hits within a plot as response variable, being representative for the abundance of 202 

each growth form within plots. The treatments of snow enhancement (Ambient, Medium, Deep) and 203 

summer warming (no OTC, OTC), including their two-way interaction were defined as fixed effects. 204 

The snow fence location, and plot within fence, were defined as nested random variables, to account 205 

for variation being caused by the spatial hierarchy of the experimental setup. For each model, we 206 

conducted model comparisons to a simplified model structure, only including additive fixed effects of 207 

both treatments, by consultation of AIC. The parsimonious model with lower AIC was finally chosen 208 

to estimate parameters.  209 

To estimate plant diversity within plots and the effects of snow enhancement and summer warming, 210 

we defined five diversity indices: 1) The number of vascular plant species within each plot, 211 

resembling vascular plant species richness; 2) the number of taxonomic bryophyte units that could 212 

be identified in the field (excluding unidentified bryophytes), resembling an estimate of bryophyte 213 

richness; 3) the sum of vascular plant species and bryophyte richness; as well as 4) the Shannon-214 

Index based on vascular plant species; and 4) the Shannon-Index based on all taxonomic units of 215 

vascular plants and bryophytes that we were able to distinguish in the field. Each of the five diversity 216 
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indices was set as a response variable, and we used the same modelling approach as described for 217 

growth form abundances.  218 

We also assessed treatment effects on soil temperatures and moisture during the growing season 219 

2017. Daily soil temperature means were averaged for the period 1st June – 31st July 2017 for each 220 

logger and the four soil moisture measurements at each plot corner were averaged for each plot. We 221 

used the same modelling approach as for plant growth forms and diversity. Soil temperature models 222 

had only snow fence location as random effect. For soil moisture models, we used the same random 223 

effects structure as for plant abundance and diversity models. We assessed all models in terms of 224 

outliers, homogenous and normally distributed residuals, using diagnostic plots. For all models, we 225 

declared treatment effects of snow enhancement and summer warming as statistically significant if 226 

the 95% confidence intervals of effect sizes did not overlap with a value of zero.  227 

 228 

Results 229 

Effects of winter and summer treatments on soil environment during growing season 2017 230 

In both habitats, growing season soil temperatures were highly affected by interactions between 231 

snow treatment and summer warming. Heath soils tended to be cooler in Deep than Ambient 232 

without OTC (Figure 1a), but 3.5°C warmer with OTC (Figure 1a).  Meadow soils without OTCs were 233 

4.3°C cooler in Medium and 4.6°C cooler in Deep than Ambient, whereas OTCs ameliorated this snow 234 

regime response and warmed soils by 3.1°C more in Deep than Ambient (Figure 1a).  This led to a 235 

large temperature difference in both habitats between the OTC and non-OTC plots in Deep. Ambient 236 

temperatures in Meadow appeared slightly higher than those in Heath. 237 

Heath soil moisture was not affected by snow enhancement or by summer warming (Figure 1b). 238 

Meadow soils were 11 % moister in Deep than Ambient, and slightly, though insignificantly drier with 239 

OTC (Figure 1c). Soils in Meadow appeared moister than Heath. 240 
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  241 

Effects of winter and summer treatments on Community Structure  242 

The two habitats differed in their vegetation composition, as well as the amount and direction of 243 

change due to treatment. 244 

In Heath, snow enhancement affected plant growth form abundance of some groups, but the passive 245 

warming treatment during summer had no effect (Table 3).  The abundance of shrubs was 246 

significantly lower in Deep than Ambient (Fig 2a), whilst other vascular plant groups such as forbs 247 

were not significantly affected (Fig 2b). On the contrary, bryophyte abundance was significantly 248 

greater in Deep than in Ambient (Fig 2c).  Lichen abundance was not affected by snow regime or OTC 249 

(Table 3).  250 

In Meadow, all plant growth forms responded to enhanced snow (Table 4). Shrub abundance was 251 

significantly lower in both Medium and Deep than Ambient (Fig 3a). Forbs had significantly greater 252 

abundance in Deep (Fig. 3b). Bryophyte response showed interaction between snow enhancement 253 

and summer warming (Table 4). In plots without OTC, bryophyte abundances were higher in Medium 254 

than Ambient, but not in Deep. In plots with OTC, bryophyte abundances were higher in both 255 

Medium and Deep (Fig 3c). Lichen abundance was only affected by OTC and was higher in warmed 256 

than in Ambient plots (Table 4). Bare ground increased with snow depth (Supplementary Figure S1). 257 

Within a growth form, not all the species responded to snow regime in the same direction (See 258 

Supplementary Table S1), and for some species, the size or direction of response was habitat 259 

dependent. Interpretation of the responses of 52 species/ groups is complicated and must be carried 260 

out with caution. However, several moss species increased with snow depth (e.g. S. uncinata, 261 

Polytrichum spp.) whilst some decreased (T. nitens, H. splendens) and others increased with snow in 262 

Heath but decreased in Meadow (Aulacomnium spp., Dicranum spp. and Distichium spp.). 263 

  264 
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Effects of winter and summer treatments on plant diversity  265 

Heath diversity responded only to snow regime and not to short-term summer warming. However, 266 

effects were dependent on the diversity measure used (Table 5). Species richness of vascular plants 267 

was lower in Deep than Ambient (Fig 4a). We found the same general pattern when including 268 

taxonomic units of bryophytes into the richness measure (Fig 4b), as the bryophyte richness did not 269 

respond to treatment. The Shannon-Index of vascular plants, and of the whole plant community, 270 

were not significantly affected by snow enhancement or summer warming (Table 5). 271 

Meadow vascular plant species richness was only affected by snow enhancement and was lower in 272 

both Medium and Deep than Ambient (Fig. 5a, Table 6). However, bryophyte richness was stable, and 273 

marginally higher, in Medium and Deep when combined with OTC (Table 6). Species richness 274 

including vascular plant and bryophyte taxa was thereby only lower in Deep without summer 275 

warming (Fig. 5b, Table 6). Plots with OTCs had similar values of overall plant richness in all snow 276 

regimes (Fig. 5b). Shannon-Index of vascular plants or of the whole plant community, was not 277 

affected by snow enhancement or summer warming (Table 6).  278 

 279 

Discussion 280 

Habitat-specific treatment effects on plant community structure  281 

Our results support our hypothesis H1 that snow enhancement would change the abundance of plant 282 

growth forms and lichens and that responses would be habitat-specific.  However, the interaction of 283 

snow enhancement and short-term summer warming that we hypothesized in H2 were only 284 

observed within the Meadow habitat.  285 

The only growth forms that were consistently affected by snow enhancement in both habitats of our 286 

study were shrubs and bryophytes (Table 7). In general, shrub abundance was lower with enhanced 287 

snow, and bryophyte abundance was higher. These patterns of change are the opposite to that 288 
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found at other Arctic sites in Canada and Alaska, where experimental snow enhancement often 289 

increased either evergreen or deciduous shrub abundance (Leffler et al. 2016; Christiansen et al. 290 

2018). Such findings were usually related to elevated nutrient availability, which results from higher 291 

depolymerization and mineralization rates with enhanced snow (Schimel et al. 2004). Arctic plant 292 

communities that are dominated by shrubs were thereby predicted to accumulate even more snow, 293 

causing a positive feedback loop of these mechanisms and enforcing shrub expansion (Sturm et al. 294 

2005). However, several findings from our site indicate that such mechanisms cannot be generalized 295 

for the Arctic. Previous assessments showed that elevated nutrient availability in enhanced snow 296 

regimes are also found at our site and that vascular plants show higher nitrogen uptake (Mörsdorf et 297 

al. 2019), increasing the growth of some species (Rumpf et al. 2014; Semenchuk et al. 2015).  298 

However, enhanced snow can also adversely affect vascular plant growth. Cooler summer soils (due 299 

to late melt and enhanced moisture especially early in the season), together with reduced growing 300 

season length (due to late onset of green-up) negatively affect the vegetative- and reproductive 301 

success of some vascular plants (Mallik et al. 2011; Semenchuk et al. 2013, 2016). Furthermore 302 

during the winter period, soil temperatures were significantly elevated due to the insulating effect of 303 

enhanced snow, and plants with overwintering organs (stems, rhizomes and roots, as well as 304 

preformed leaf and flower buds) experienced increased respiration rates and carbon loss during this 305 

season (Morgner et al. 2010; Semenchuk et al. 2016).  306 

Another key factor that may determine responses of community structure to enhanced snow is the 307 

extent to which snow regimes alter soil moisture during the growing season. Treatment related 308 

alterations of soil moisture might explain the contrasting responses of community structure in our 309 

site compared to others and also explain the between habitat-specific responses at our site. Long-310 

term increases of shrub abundance at Toolik Lake with enhanced snow were related to deepened 311 

active layer and increased drainage (Leffler et al. 2016). This mechanism can be speculated but not 312 

confirmed for our site. Although soil moisture during peak growing season only showed significant 313 

increase with snow depth in Meadow, our data indicated a general increase of moisture with snow 314 
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enhancements of both habitats (Figure 1b, c), and high soil moisture contents in enhanced 315 

treatments were shown to be especially pronounced at the start of growing season (Mörsdorf et al. 316 

2019).  The flat terrain in our Meadow may slow drainage especially from the enhanced snowpack. 317 

Extremely high soil moisture and associated anoxia soon after snowmelt may adversely affect shrubs 318 

usually found in well drained conditions (Leffler et al. 2016). Some high Arctic plants are well adapted 319 

to anoxia, although these are mostly forbs, which were not adversely affected by snow 320 

enhancements at our site (Crawford et al. 1994). Both small statue forbs (in Meadows) and 321 

bryophytes (both habitats) may profit from reduced light competition from shrubs in enhanced snow 322 

regimes. However, the extent to which snow enhancements alter moisture conditions also seems to 323 

determine the extent to which changes in community structure are induced. 324 

Significant increases of forbs were only registered in Meadow in our study, where also alterations of 325 

soil moisture via snow enhancements seemed to be more extreme than in Heath (Figure 1b, c). 326 

Further, high bryophyte abundance in Meadow was only registered in Medium and not Deep, as long 327 

as no summer warming was applied. As outlined above, we generally assume that bryophytes profit 328 

from a release of vascular plant competition and an increase in nutrients and moisture in enhanced 329 

snow regimes (Cooper et al. 2019). However, Deep regime has extremely long lasting snow cover, 330 

which may promote the prevalence of diseases, such as parasitic fungi that can harm plants 331 

(Olofsson et al. 2011). The host-specific fungal parasites, Exobasidium hypogenum Nannfeldt on 332 

vascular plant C. tetragona, and Pythium polare on mosses (especially S. uncinata), both increased 333 

with enhanced snow at our site, and may be a factor driving vegetation change and increasing the 334 

amount of bare ground (Moriana-Armendariz et al., submitted, this issue). We can only speculate 335 

how short-term summer warming offsets the snow regime effect observed in Deep in our Meadow 336 

habitat. We found that OTCs reversed the soil temperature decline from Ambient towards enhanced 337 

snow regimes (Figure 1a). The reduced shrub abundance, and therefore soil shading in Deep may 338 

enable the OTCs to warm the soil more effectively, providing a warmer environment which 339 

bryophytes can exploit since they are not moisture-limited (Figure 1b, c) unlike in many other OTC 340 
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experiments (Elmendorf et al. 2012b). Ameliorated growing conditions in our experiment include 341 

higher nutrient availability, which is known to be exploited by bryophytes (Sjögersten et al. 2010). 342 

These factors may help to compensate for losses that are caused by fungal pathogens under such 343 

conditions. These mechanisms need further research to be fully understood. 344 

Since vegetation structure of the habitats was different (Supplementary Table S1), it was not totally 345 

surprising that some responses were habitat-dependent, and serves to remind us of the importance 346 

of including species lists for the habitats when describing experimental results. As speculated by 347 

others (Leffler et al. 2016), we conclude that some Arctic plant communities may locally become 348 

more wet with enhanced snow depth, and experience expansion of bryophytes (Epstein et al. 2000), 349 

rather than shrubs (Aerts et al. 2006; Christiansen et al. 2018). Such “bryofication” of Arctic plant 350 

communities may strongly affect ecosystem properties. Bryophytes can affect several ecosystem 351 

functions in the Arctic, including alterations of C, N and water cycling (Lindo and Gonzalez 2010; 352 

Turetsky et al. 2012) or soil energy budgets (Gornall et al. 2007).  353 

 354 

Habitat-specific treatment effects on within plant community diversity  355 

Our results support hypothesis 3 that plant diversity response to experimental treatments is 356 

dependent on the habitat type and highlight that H4 the direction of response depends on the 357 

taxonomic resolution of plant assessments and the diversity measures used.  358 

In both Heath and Meadow, vascular plant species richness decreased in enhanced snow regimes at 359 

our site. Patterns of Shannon index indicated the same direction of response, but were not 360 

statistically significant, likely due to the much higher abundance of the vascular plants compared to 361 

bryophyte abundances used in calculating these indices. However, the use of different diversity 362 

indices is important since it demonstrates that patterns of diversity change may not be observed 363 

with only one index. 364 
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Those results are similar to findings from other Arctic (Wahren et al. 2005) and Alpine sites (Scott and 365 

Rouse 1995; Seastedt and Vaccaro 2001; Litaor et al. 2008) where vascular plant species richness 366 

decreased with enhanced snow, but those studies attributed their diversity decline to increased 367 

shrub growth and competitive exclusion of small statue plants (Wahren et al. 2005). Since we did not 368 

find such growth form responses at our site, we assume that other mechanisms are responsible for 369 

the declines in richness. Many vascular plant growth forms, including shrubs, can promote 370 

biodiversity in the Arctic through being niche constructors for other species (Bråthen and Ravolainen 371 

2015). A loss of such nurse plants could thereby lead to an overall loss of species within the 372 

community. Furthermore, assessments in Meadow showed that treatment effects on plant diversity 373 

may depend on the taxonomic resolution that is used. 374 

When including bryophytes into diversity measures, there was no decline in plant richness with 375 

enhanced snow regimes for plots with summer warming, indicating that bryophyte richness in the 376 

Meadow was increased in Medium and also with OTC in Deep regime, thus counteracting the snow’s 377 

effect of reduction of vascular plant richness. These results relate to the ameliorated conditions for 378 

bryophytes and indicate that responses in vascular plant diversity might not necessarily reflect 379 

responses of the overall plant diversity to climatic change in the Arctic. We assume that our 380 

outcomes of bryophyte richness represent a rather conservative estimate of such effects, since we 381 

were not able to identify bryophytes to species level in the field.  Monitoring of taxonomic 382 

information on bryophytes should therefore be a key feature to predict Arctic plant diversity to 383 

climatic changes. We acknowledge the fact that abundance assessments of some bryophyte species 384 

are not possible in the field, and that a sensible classification of bryophytes into groups, relating to 385 

essential ecosystem functions in tundra, is so far lacking but highly necessary. A current study is 386 

contributing to resolve this issue in future (Lett et al., submitted, this issue). 387 
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 562 

Table Captions 563 

Table 1. Plant growth form response to experimentally increased winter snow depth, with habitat, 564 

site and reference. 565 

 566 

Table 2. Vascular plants, bryophytes and lichens, which were identified during the field campaign and 567 

the corresponding grouping into growth forms. All vascular plants could be identified to species in 568 

the field. Since we did not sample destructively, some bryophytes and lichens could only be 569 

identified to genera level. 570 

 571 

Table 3. Dry Heath: Model estimates for live growth form abundances (based on average number of 572 

hits per plot). The first line of values represents means in unmanipulated conditions (i.e. Ambient 573 

snow regime and no summer warming) including their lower and upper 95% confidence interval 574 

limits. Values on subsequent lines represent effect sizes of experimental treatments in comparison to 575 

Ambient. Statistically significant effects at the 5% level are marked with “*”. 576 
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 577 

Table 4. Mesic Meadow: Model estimates for live growth form abundances (based on average 578 

number of hits per plot). The first line of values represents means in unmanipulated conditions (i.e. 579 

Ambient snow regime and no summer warming) including their lower and upper 95% confidence 580 

interval limits. Values on subsequent lines represent effect sizes of experimental treatments in 581 

comparison to Ambient. Statistically significant effects at the 5% level are marked with “*”. 582 

 583 

Table 5. Dry Heath: Model estimates of diversity. The first line of values represents means in 584 

unmanipulated conditions (i.e. Ambient snow regime and no summer warming) including their lower 585 

and upper 95% confidence interval limits. Values on subsequent lines represent effect sizes of 586 

experimental treatments in comparison to unmanipulated. Statistically significant effects at the 5% 587 

level are marked with “*”. 588 

 589 

Table 6. Mesic meadow: Model estimates of diversity. The first line of values represents means in 590 

unmanipulated conditions (i.e. Ambient snow regime and no summer warming) including their lower 591 

and upper 95% confidence interval limits. Values on subsequent lines represent effect sizes of 592 

experimental treatments in comparison to unmanipulated. Statistically significant effects at the 5% 593 

level are marked with “*”.  594 

 595 

Table 7. Summary showing the context dependencies of climate change effects on plant community 596 

properties. The effects of either Deep or Medium are summarized as effect of "enhanced winter 597 

snow". Those and the effects of summer warming are compared to unmanipulated conditions. 598 

Effects are presented for the Dry Heath and Mesic Meadow habitats separately.  The "+" sign 599 
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represents positive effects of the respective parameter, i.e. an increase of values in the respective 600 

community property. "-" represents negative effects and "0" represent no significant effects. 601 

 602 

Figure Captions 603 

Fig 1. Estimates of soil environmental conditions within treatment categories during growing season 604 

2017. a) Significant interaction effects between snow enhancement and summer warming affected 605 

temperatures below soil surface in both habitats after snowmelt (1st June to 31 July 2017). Effects of 606 

snow enhancement and summer warming were independent for volumetric soil moisture content 607 

and are presented for b) Dry Heath and c) Mesic Meadows. Statistically significant effects of snow 608 

enhancement in comparisons to Ambient without OTC are marked with “*” and are separately 609 

presented for plots without (dark grey) and with summer warming (light grey).   610 

 611 

Fig 2. Estimates of growth form abundances (average number of hits within each plot) in the Dry 612 

Heath habitat according to snow enhancement and summer warming. Estimates are presented for a) 613 

shrubs, b) forbs and c) bryophytes. Statistically significant differences compared to Ambient without 614 

OTC are marked with “*”.   615 

 616 

Fig 3. Estimates of growth form abundances (based on average number of hits within each plot) in 617 

Mesic Meadows according to snow enhancement and summer warming. Estimates are presented for 618 

a) shrubs, b) forbs and c) bryophytes. Statistically significant effects of snow enhancement in 619 

comparisons to Ambient without OTC are marked with “*” and are separately presented for plots 620 

without (dark grey) and with summer warming (light grey).   621 

 622 
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Fig 4. Estimates of community diversity in the Dry Heath habitat according to snow enhancement and 623 

summer warming. Estimates are presented for a) richness of vascular plant species and b) richness of 624 

all taxonomic units including bryophytes. Statistically significant differences compared to Ambient 625 

without OTC are marked with “*”.   626 

 627 

Fig 5. Estimates of community diversity in Mesic Meadow habitat according to snow enhancement 628 

and summer warming. Estimates are presented for a) richness of vascular plant species and b) 629 

richness of all taxonomic units including bryophytes. Statistically significant effects of snow 630 

enhancement in comparisons to Ambient without OTC are marked with “*” and are separately 631 

presented for plots without (dark grey) and with summer warming (light grey).   632 


