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24 Abstract

25 Natural regeneration after anthropogenic disturbance is slow in the tundra biome, but 

26 assisted regeneration can help speed up the process. A tracked off-road vehicle damaged a 

27 High Arctic dwarf shrub heath in Svalbard in May 2009, drastically reducing vegetation cover, 

28 soil seed bank and incoming seed rain. We assisted regeneration the following year using six 

29 different revegetation treatments, and monitored their effects one month, and one and eight 

30 years after their application. By 2018, all treatments still had a lower vegetation cover and 

31 limited species composition than the undamaged reference vegetation. The fertiliser 

32 treatment was the most effective in restoring vegetation cover (71 % vegetation cover, of 

33 which 62 % were bryophytes and 38 % vascular plant species). Compared to the reference 

34 plots (98 % vegetation cover, of which 32 % were bryophytes and 66 % were vascular plant 
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35 species), the composition of the disturbed vegetation was still far from regenerated to its 

36 original state nine years after the tracks were made. The slow regrowth demonstrated in this 

37 study underlines the importance of avoiding disturbance of fragile tundra, and of 

38 implementing and upholding regulations restricting or banning such disturbance.

39
40 Introduction

41 Natural regeneration in cold-dominated ecosystems is slow (Babb and Bliss 1974; Forbes and 

42 Jefferies 1999; Forbes et al. 2001), rendering the landscape less resilient to anthropogenic 

43 disturbance (Rickard and Brown 1974; Komarkova 1983; Walker and Walker 1991; Urbanska 

44 and Chambers 2002; Krautzer et al. 2012). For instance, it took up to 75 years to re-establish 

45 complete vegetation cover after removing mesic above-ground vegetation, roots and soil in 

46 northern Alaska (Forbes et al. 2001). However, it might take several hundred years or more 

47 for a disturbed area to return to its original vegetation composition after disturbance, if at all, 

48 and plant diversity might still be lower than in undisturbed areas (Komarkova 1983; Forbes 

49 and Jefferies 1999). 

50 Off-road tracked vehicles are commonly and extensively used in various industries and by 

51 military, management personnel and scientists throughout the Arctic. Since the 1950s, 

52 regulations have severely restricted their use with general rules and establishing protected 

53 areas where they are banned. For instance, more than 60% of the land on Svalbard is currently 

54 protected, and the use of vehicles is strictly regulated. However, a long history of coal mining 

55 and drilling (Theisen and Brude 1998) has left many historic vehicle tracks and other surface 

56 disturbances leading to linear or patchy scars on the tundra that may facilitate erosion, 

57 drainage and further expansion of the vegetation damage. 
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58 In addition to these long-term historical impacts, humans are increasingly disturbing the 

59 fragile Arctic vegetation and landscapes (Walker and Walker 1991; Forbes et al. 2001). After a 

60 change from coal mining as the main economic activity on Svalbard, tundra disturbance today 

61 is mainly linked to a growing human population (e.g., roads, drainage, residences, and related 

62 installations), as well as research and tourism. Large double-tracked vehicles are used to 

63 transport heavy materials (for moving ready-constructed cabins, mining machinery etc.), 

64 while smaller vehicles (snowmobiles) are commonly and increasingly used for recreational 

65 purposes. Although driving on snow-covered frozen ground has little-to-no effect on soils and 

66 vegetation, the use of vehicles on unfrozen and non-snow covered tundra directly or indirectly 

67 leads to vegetation removal, soil erosion, increased permafrost thaw depth, water run-off, 

68 nutrient leaching and more (Rickard and Brown 1974; Abele et al. 1984; Felix and Raynolds 

69 1989; Slaughter et al. 1990; Racine and Ahlstrand 1991; Forbes 1992; Emers et al. 1995; Kevan 

70 et al. 1995; Forbes et al. 2001; Li et al. 2007). Disturbance caused by vehicle tracks may be 

71 visible in the tundra for many decades (Forbes et al. 2001). Thus, damage prevention 

72 measures should be given the highest priority within management. In order to counterbalance 

73 such anthropogenic vegetation disturbances, an understanding of practical revegetation 

74 techniques on Svalbard is much needed but is currently lacking. 

75 Assisted regeneration may speed up natural regrowth and reduce or even reverse damage to 

76 the original vegetation (MEA 2005; Suding 2011). Many experiments have aimed to pinpoint 

77 the best techniques and methods to assist revegetation in the tundra biome in general (Babb 

78 and Bliss 1974; Firlotte and Staniforth 1995; Forbes and McKendrick 2002; Mehlhoop et al. 

79 2018). During the last decades, a refinement of the desired outcomes of such assisted 

80 regeneration activities has also been developed. For instance, while the rehabilitation of the 

81 original plant species composition may be the goal in some areas and under certain contexts, 

Page 3 of 38 Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



82 the reestablishment of vegetation cover irrespective of its composition may suffice in other 

83 areas or contexts. Facilitating the return of the original plant species composition requires 

84 more sophisticated methods. It is typically slower than primarily aiming for non-species-

85 specific plant cover (Forbes et al. 2001) and requires a better understanding of the habitat’s 

86 species’ ecology (Deshaies et al. 2009). Thus, the optimal practice is very context-specific, and 

87 the most appropriate treatments may vary depending on the communities or ecosystems in 

88 question. 

89 Every restoration method studied during the last few decades yields different results and have 

90 their own shortcomings (Firlotte and Staniforth 1995; Forbes and McKendrick 2002). In cold, 

91 nutrient-poor environments, for instance, fertiliser addition has been shown to cause relief 

92 from nutrient limitation and increase plant growth (Onipchenko et al. 2012; Gu and Grogan 

93 2020). Furthermore, placing fibre cloths over disturbed areas increases the temperature and 

94 moisture and has been shown to create safe sites for propagule germination and plant species 

95 establishment (Stetson 1996). Another study has shown that tilling of devegetated areas 

96 activates the natural seed bank and generally increases soil aeration (Wilson and Gerry 1995), 

97 especially in cases where the disturbance resulted in soil compression. Additionally, sowing of 

98 seeds, cuttings and other propagules have been applied to create a fast replacement of 

99 removed vegetation (Chapin and Chapin 1980; Barak et al. 2017; Vloon et al. 2021). And 

100 finally, an early revegetation study near Longyearbyen (close to the field site we are reporting 

101 on her) was carried out in 1980 by the local authority, focusing on the sowing of introduced 

102 grass species (Låg 1986). 

103 All the methods outlined here accelerate the re-appearance of any vegetation irrespective of 

104 species composition (Chapin and Chapin 1980; Densmore 1992; Forbes et al. 2001). However, 

105 undesired effects have also been reported, such as creating atypical species assemblages or 
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106 composition after fertiliser addition (Klokk and Rønning 1987), or naturalized stands of 

107 introduced species after sowing non-native seeds (Densmore 1992; Hagen et al. 2014). Such 

108 side-effects are commonly accepted as an unavoidable trade-off in assisted regeneration in 

109 the tundra for users causing the disturbances (e.g. industry, military), as the main aim is 

110 usually to bring back just enough vegetation cover – preferably using local species – to prevent 

111 erosion and expansion of disturbed patches in the most cost-effective manner possible (cf. 

112 Forbes et al., 2001, Forbes and McKendrick 2002). Just how undesirable these artefacts are, 

113 depends on the specific case and on the practitioners' and stakeholders' goals, expectations 

114 and time frames, making the choice of method complex. A thorough evaluation of each 

115 method's effects, side effects and best practice will be necessary for choosing the optimal 

116 strategy for each site. 

117 Despite numerous ecological restoration and rehabilitation studies, the relatively few 

118 observations from specific ecosystems still limit meaningful comparisons. Thus, even simple 

119 experiments represent valuable contributions to the literature towards more rigorous 

120 estimations of revegetation time and/or success. Similarly, a general lack of long-term post-

121 treatment and/or systematic monitoring, challenges the interpretation and applicability of 

122 results for adaptive management (Bash and Ryan 2002; Miller and Hobbs 2007; Hagen and 

123 Evju 2013), but see circumpolar review comparing post-treatment conditions using many 

124 common assisted revegetation techniques in Forbes and McKendrick (2002).

125 Here, we test which of the outlined, commonly used assisted regeneration techniques may be 

126 suitable to regenerate damaged vegetation, specifically in High Arctic Svalbard. We describe 

127 their potential side effects in terms of vegetation composition, an essential factor, not only 

128 for the wellbeing of the ecosystem, but also for the eco-conscious community visiting and 

129 living near our field site. We applied these methods to devegetated tracks in the tundra, which 
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130 were accidentally created by a large double-tracked off-road vehicle driving unduly late in the 

131 spring, i.e., when snowmelt and soil thawing were very advanced and the tundra vulnerable 

132 to disturbance. We report the revegetation of the tracks 1, 2 and 9 years after the disturbance, 

133 (i.e., one month, and one and eight years after their treatments were applied). Our findings 

134 are relevant for stakeholders interested or in need of assisted regeneration of damage to 

135 tundra in Svalbard after severe disturbance. 

136

137 Methods

138 Study area 

139 The study site was a Cassiope heath, classified as Cassiope tetragona L.D. Don. tundra 

140 (Elvebakk 2005), which corresponds to the Cassiopo tetragonae – Dryadetum octopetalae 

141 phytosociological association (Hadač 1946; Hadač 1989). The most abundant vascular plant 

142 species in the study area were Cassiope tetragona L.D.Don., Bistorta vivipara (L.) Delarbre, 

143 Dryas octopetala L. and Salix polaris. Wahlenb. The site is situated in bioclimatic zone C - the 

144 middle Arctic tundra zone (Walker et al. 2005), near Longyearbyen, Svalbard, High Arctic 

145 Norway. The annual average temperature and precipitation during 1976-2020 were -4.7oC 

146 and 196 mm respectively, with most of the precipitation falling during winter (MET Norway 

147 2021). The bedrock consists of flat-lying sediments of sandstone, silt and shale and large fluvial 

148 deposits with active alluvial plains and fans nearby. The growing season is about 70 days 

149 (Rozema et al. 2009), with average summer air temperature (1 June - 31 August 1976-2020) 

150 of 5.1°C (MET Norway 2021). 

151 The study site is located on the south side of Adventdalen (78°10′N, 16°02′E), 25 m a.s.l. and 

152 was selected because a double-tracked off-road vehicle left scars in the landscape in May 

153 2009. The two parallel tracks were each approximately 47 m long, 0.5 m wide, and were 2 m 
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154 apart. Vegetation cover was greatly reduced in the tracks compared to the undisturbed 

155 vegetation in the surrounding area (see Fig. 1). Within the tracks, seed density in the soil seed 

156 bank was lower and seed influx reduced compared to the surrounding intact vegetation (Fig. 

157 2 and Appendix I-II). Soil density was somewhat lower in the tracks than in the intact 

158 vegetation, so it seems that the vehicle may have removed soil with attached vegetation 

159 rather than compressed it (Appendix III). 

160

161 Field measurements

162 In June 2010, we installed 80 permanent 35 x 35 cm quadratic plots distributed within the 

163 vehicle tracks (see Fig. S1). The size of the plots was determined by the width of the vehicle 

164 tracks, and 35 x 35 cm squares fitted well without being too close to the tracks’ edges. The 

165 criteria for selecting the plots were made opportunistically and adjusted according to the soil, 

166 and topographic conditions inside the tracks, which were sometimes unsuitable (i.e., parts 

167 which were more rocky or depressed, leading to waterlogging, than the bulk of the tracks 

168 were excluded). The plots were placed along the suitable, zonal parts. The selected plots were 

169 about 10-200 cm apart and permanently marked with labelled plastic sticks in two corners so 

170 that we could place a quadrat/ frame on the same location in the future. Ten of the initially 

171 selected plots were excluded due to unforeseen waterlogging after the first rain, resulting in 

172 a total of 70 permanent plots. 

173 To document the disturbance to the vegetation caused by the vehicle tracks prior to 

174 experimental treatment application, we recorded vegetation composition within- (disturbed 

175 vegetation) and outside (intact, reference vegetation) the vehicle tracks (Table S1) with the 

176 point-frame method during 23-30 June 2010. Outside the tracks (reference vegetation), we 

177 used 11 approximately equally spaced plots about 2m away from the tracks. These plots were 
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178 evenly distributed along the entire length of the tracks, with five plots being on one side and 

179 six plots being on the other side of the tracks. Inside the tracks (disturbed vegetation), we 

180 used the 70 experimental plots already described (prior to treatment addition). We used 

181 point-frame quadrats of size 35x35cm with strings spun across the frames every five cm, 

182 resulting in a total of 25 string crossings per frame. At each string crossing, a wooden pin was 

183 carefully stuck vertically through the vegetation. Each plant touching the pin (i.e., each ‘hit’) 

184 was noted for each vascular species or species group until we reached the ground layer 

185 (bryophyte, fungi, bare ground, or droppings), which we also recorded. This resulted in up to 

186 three ‘hits’ per pin in the reference and up to two ‘hits’ per pin in the disturbed vegetation. 

187 For hits without any vegetation cover, we also noted whether they were on bare ground, fungi 

188 or animal droppings. 

189 In July 2010, six different treatments were applied to the 70 plots, with ten replicates per 

190 treatment plus an unmodified control (Fig. S1). The six treatments were only applied once at 

191 the beginning of the experiment in July 2010 and not repeated thereafter. The allocation of 

192 treatment type to each plot was random. 

193 To avoid edge effects from treatments, we monitored the vegetation only in the centre 20 x 

194 20 cm of the plots. We did this regularly during the growing seasons in 2010 and 2011 (see 

195 Fig. S2, Fig. 3 temporal development) and at peak season in 2018 (20 July 2018) in the 

196 following way. Each plot inside the tracks was divided into nine equally sized subplots with the 

197 help of a portable square dissected with equally spaced strings (Fig. S3). In each subplot, the 

198 per cent cover of plant species was documented as visual estimates on a 1 % scale, looking 

199 from above, with the maximum cover being 100 % per subplot and species, resulting in 

200 possibly more than 100 % cover when summing up the cover across all species. 
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201 Young graminoids as well as bryophytes were not identified to species level and are 

202 henceforth treated as two groups. However, the most common bryophytes in the area are 

203 Sanionia uncinata, Tomentypnum nitens, Hylocomium splendens, Dicranum and Distichium 

204 spp., Polytrichum spp., and Aulacomnium spp. (Mörsdorf and Cooper 2021) and we assume 

205 the species in the experimental plots were the same. Sanionia is a bryophyte that doubled in 

206 abundance after shrub death due to increased snow in a nearby field experiment and is likely 

207 to play an important role in this revegetation experiment. Similarly, the unidentified young 

208 graminoids most likely were of the same species we could identify as mature plant species, 

209 namely Luzula arcuata subsp. confusa and Alopecurus magellanicus, but we cannot exclude 

210 that they were also one of the other species present in the study site, e.g., L. nivalis, Poa spp.

211

212 Experimental regeneration treatments

213 The following six treatments were applied randomly to defined plots inside the vehicle tracks 

214 once only in July 2010. Each treatment was applied to ten plots, resulting in 60 experimental 

215 plots plus ten unmanipulated control plots. The treatments were chosen to be realistic and 

216 could be applied at a large scale in the tundra, if necessary. 

217 The fertilisation treatment (F) consisted of diluted commercial plant fertiliser. The fertiliser 

218 (Substral Plantenæring from The Scotts Company Nordic AS, 0214 Oslo, Norway) contained 6 

219 % nitrogen, 1.3 % phosphorus and 5 % potassium. Arctic tundra communities have a natural 

220 nitrogen uptake of 0.752 - 1 g per m2 per year (Chapin et al. 1988; Baddeley et al. 1994). The 

221 fertiliser treatment (17.5 ml) was sprayed evenly onto 0.25 m2 covering the plots manually 

222 with a spray bottle once at the beginning of the first growing season, similar to previous 

223 fertilisation experiments in the Arctic (Bigger and Oechel 1982; Baddeley et al. 1994; Robinson 

224 et al. 1998). We used mild amounts of fertilisation as too much in nutrient-poor soils might 

Page 9 of 38 Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



225 lead to a decrease in the number of plant individuals and percent cover (Forbes and Jefferies 

226 1999; Gordon et al. 2001). 

227 Treatment G was the addition of a fibre cloth/ garden fabric (Gardener's Supply Company, 

228 Vermont, USA) spread out over the plot area, exceeding it by 15 cm on each side and pinned 

229 down using nails. The cloths were intended to slightly increase the soil temperature and 

230 moisture (https://www.gardeners.com/how-to/row-covers/5111.html), similar to a 

231 greenhouse (Gu and Grogan 2020). Temperature and moisture probes (HOBO-loggers, 

232 HOBO®, Massachusetts, USA) were placed 2 cm below the surface during July - September 

233 2011 and showed that the fibre cloths increased temperature on average by 0.3 °C (the mean 

234 temperature in the controls was 6 °C during this period). Relative humidity was measured by 

235 the same loggers, in the same time period and were 0.1 % lower in plots with cloths (based 

236 on measures from two plots only covered with cloths) compared to the plots without cloths 

237 (based on measures from four plots not covered with cloths). The cloths of treatment G were 

238 left throughout the year and replaced when the snow melted in the second season. Some 

239 cloths were also replaced during the summer if we noticed damage (e.g., caused by reindeer), 

240 nevertheless, one blew away unnoticed, thus leaving treatment G with nine instead of ten 

241 replicates. We also applied a treatment using fibre cloths in combination with fertilizer 

242 (treatment FG). 

243 Treatment S was the addition of seeds and bulbils to the plots. We sowed an evenly spread-

244 out mixture of 50 seeds from Silene acaulis (L.) Jacq. and 50 seeds from Saxifraga oppositifolia 

245 (L.), as well as 50 bulbils from B. vivipara that were all opportunistically gathered from the 

246 local area for this and other ongoing projects. These species are locally common. The 

247 propagules are easy to gather and relatively easy to germinate in the field (Cooper et al. 2004; 

248 Müller et al. 2011), as opposed to seeds of C. tetragona that are less available because their 
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249 seeds are tiny and their flowers face downwards (thus releasing their seeds quickly), and they 

250 are known to not readily germinate in experimental settings (Alsos et al. 2013).

251 For treatment P, the addition of plant cuttings, we composed a mixture of cut pieces of S. 

252 polaris and the prostrate form of S. oppositifolia from the surroundings. The two species can 

253 propagate easily through cuttings (Hagen 2002; Hartmann et al. 2002; Hagen 2003; Cooper 

254 2006) and were therefore suitable choices for this revegetation study. Approximately 1.15 

255 litre of vegetation mixture was necessary to cover each plot. The material was sprinkled on 

256 the plot but was not held in place by any netting or cloth.

257 The tilling treatment (T) was performed to aerate compacted soil, using a dinner fork with two 

258 of its prongs bent downwards at a 90° angle in a spinning movement through the soil layer 

259 with a maximum depth of 3 cm. An equal amount of time was spent tilling each treatment 

260 plot (approx. 1 min).

261

262 Statistical analyses

263 Disturbance in vehicle tracks

264 To illustrate the disturbance caused by the vehicle tracks and the homogeneity of the floral 

265 composition inside the vehicle tracks, we used constrained correspondence analysis (CCA) 

266 using the vegan package (Oksanen et al. 2012) on the point-frame data from June 2010 (i.e. 1 

267 year following disturbance, but before treatments were added). Constraining variables were 

268 treatment and reference vegetation, i.e., whether the plots were outside of the vehicle tracks. 

269 We tested the significance of the constraining variables by applying a permutation test with 

270 999 permutations. 

271

272 Total vegetation cover
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273 To compare the inter-annual (i.e. across the years 2010-2011-2018) development of the 

274 disturbed plots without confounding it with seasonal developmental growth, phenology or 

275 die-back (see Fig. S2 and Fig. S4 for within-year temporal development), we here concentrate 

276 on the vegetation in the experimental plots during peak season on 21 July 2010, 17 July 2011 

277 and 20 July 2018. Effects of the different revegetation assistance methods (treatments) were 

278 modelled as total vegetation cover, defined as the sum of cover estimates per sub-plot for all 

279 identified vascular plant species, unidentified (young) graminoid species, and unidentified 

280 bryophyte species. For this analysis, we removed (unidentified) fungi species and droppings, 

281 as fungi only appeared in one plot, and droppings do not contribute to the revegetation 

282 success (Fig. 3). In 2018, it was not possible to relocate all plots, thus the control and treatment 

283 plots for 2018 consists of the following replicates C (n=7), F (n=8), FG (n=9), G (n=9), S (n=10), 

284 P (n=10), T (n=10).

285 The total vegetation cover data can be considered as counts since only non-negative, integer 

286 numbers were recorded as percentage cover, and the maximum total vegetation cover could 

287 be higher than 100 %. Hence, we used generalised mixed-effects models with Poisson 

288 distribution and log-link through the glmer function from the lme4 package in R (Bates et al. 

289 2015; R Core Team 2021). The full model included the treatment by year interaction as fixed 

290 effects, and random intercepts for plots (to account for pseudoreplication (Hurlbert 1984)). 

291 Residual variance of each model was visually checked for normality and heterogeneity across 

292 all predictor variables, which were both fulfilled. Backward model selection was performed 

293 via likelihood ratio tests and AIC comparison between the full model and an additive model 

294 excluding the treatment by year interaction, with the result that the full model was selected 

295 for further interpretation of the data. Finally, we calculated simultaneous, Tukey-corrected 

296 pairwise 95% confidence intervals (CIs) with the glht function from the multcomp package 
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297 (Hothorn et al. 2008) and interpreted contrasts as significant if the CIs excluded zero. Back-

298 transformed estimated marginal means of the final model with 95% CIs were created with the 

299 emmeans function of the multcomp package (Hothorn et al. 2008) to illustrate total 

300 vegetation cover in Fig. 4. 

301

302 Results

303 Disturbance in vehicle tracks

304 Concerning species composition prior to treatment application (i.e., point-frame data June 

305 2010), the permutation test of the constraining term treatment/reference in the CCA analysis 

306 is highly significant when the reference vegetation is included in the analysis (p < 0.001), i.e. 

307 at least one of the factors in treatment/reference had a significantly different species 

308 composition than the others (Fig. S5). When removing the reference vegetation term from the 

309 analysis (Fig. S6), the treatment term is not significant anymore (p = 0.992), i.e., the species 

310 composition does not differ across the treatments within the vehicle tracks (disturbed 

311 vegetation). These results indicate that the disturbed vegetation was clearly different from 

312 the reference vegetation. This difference was mainly caused by the absence of D. octopetala, 

313 C. tetragona and bryophytes, and the predominance of bare ground in the disturbed 

314 vegetation (Fig. 3, Fig. S5, Fig. S6, Table S1). These results further indicate that the plots that 

315 the treatments were later assigned to have no initial floral composition difference influencing 

316 the plots’ trajectories (Fig. S6). 

317

318 Total vegetation cover

319 In the peak-season total vegetation cover analysis, the treatment by year interaction was 

320 significant, i.e., the treatment effects differed across years (likelihood ratio test p-value < 
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321 0.0001). Indeed, the strongest effects were due to years alone (Table S2, Fig. 4), i.e., 

322 vegetation cover increased with time independently of treatment, albeit at different rates 

323 across treatments. In 2010, the summer of treatment application, there was no significant 

324 effect of the treatments except for treatment G (garden cloth), which had 1.05-1.97 (95% CI) 

325 times higher cover than controls. 

326 In 2011, one year after the application of the treatments, treatments F (fertilizer), FG (fertilizer 

327 plus garden cloth), and G had significantly higher vegetation cover than controls, while the 

328 remaining treatments were not significantly different from controls (Fig. 4, Table S2). Within 

329 the named three treatments, FG had significantly higher vegetation cover than G, but not than 

330 F. 

331 In 2018, eight years after the application of the treatments, F, FG and G had significantly higher 

332 vegetation cover than controls, with each of the three treatments' effect sizes being about 

333 the same and not significantly different from each other (Fig. 4, Table S2). While F, FG and G 

334 had significantly higher vegetation cover than the controls in 2018, the remaining treatments 

335 P (plant cuttings), S (seeds) and T (tilling) tended to have higher cover, although not 

336 significantly so. Similarly, P, S and T had qualitatively but not significantly lower cover than F, 

337 FG and G.

338

339 Discussion

340 We systematically assisted the regeneration of landscape scars created by off-road driving in 

341 High Arctic Svalbard tundra. Nine years after the disturbance, the vehicle’s tracks were still 

342 clearly visible in the landscape. Inside the tracks, vegetation composition was significantly 

343 different to the surrounding reference vegetation. During the eight-year study period, the 

344 tracks did not regain their original vegetation composition. Vegetation cover increased with 
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345 time independently of treatment, with the strongest effects due to years alone; however, the 

346 six regeneration treatments differed in their effects. 

347 We found that adding fertiliser was the most effective treatment to increase total vegetation 

348 cover, corroborating with previous studies in cold environments (Baddeley et al. 1994; 

349 Robinson et al. 1998). Low soil nutrient availability is common in these harsh environments 

350 due to slow nutrient cycles (Callaghan et al. 2004; Walker and del Moral 2009), thus removing 

351 this nutrient limitation was expected to be a valuable method to help regenerate the 

352 vegetation in the tracks (Krautzer et al. 2012). During the initial study year, our model found 

353 no effect between treatments at peak season, likely because there was not enough time for 

354 the slowly growing vegetation to respond. However, detailed weekly monitoring showed an 

355 increase in vegetation cover already during late summer in the two fertiliser treatments in 

356 2010 (Fig. S4), which was mainly caused by an increase in cover of Poa pratensis. This was 

357 further enhanced during the second and ninth year after disturbance, where treatments F, G 

358 and FG had significantly higher vegetation cover than controls. Since the total vegetation 

359 cover of G alone has far more bare ground in our raw data (Fig. 3, Table S1) than F and FG, we 

360 interpret the effect of FG as being foremost because of fertilisation. Nevertheless, using 

361 garden cloth, mesh netting or similar cover or erosion matting as in our treatment G has 

362 proved valuable in studies in other habitats (Lewis 1995; Lavendel 2002) and in cold habitats 

363 (Whitall 1995). The FG treatment showed stronger effects in 2018 than in 2011, indicating a 

364 possible increase in the effect of the treatments. It would be interesting to examine the effect 

365 of climatic differences during these seasons, but this is beyond the remit of this study.

366 Large parts of the effects of the fertiliser treatments were due to bryophyte growth (Fig. 3). 

367 Although this study does not allow us to test this in detail due to incomplete bryophyte 

368 identification in the field, their species composition was shown to differ between original 
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369 vegetation and disturbed vehicle tracks even when vascular vegetation did not differ. We aim 

370 to test this by future monitoring of the experiment. Our findings are in line with other studies 

371 from nutrient-limited ecosystems, which have shown that the addition of fertilizer increases 

372 the growth of taxonomic groups demanding or making use of high nutrient levels, such as 

373 grasses and bryophytes (Densmore 1992; Sjögersten et al. 2010; Moulton and Gough 2011). 

374 In any case, even though we cannot name the individual species here, to supplement the 

375 incomplete bryophyte identification and help the reader to interpret our results, the 

376 bryophytes species present in the surroundings were identified by another study close to our 

377 field site in 2017 and were, in descending order of abundance: Sanionia uncinata, 

378 Tomentypnum nitens, Hylocomium splendens, Dicranum and Distichium spp., Polytrichum 

379 spp., and Aulacomnium spp., (Mörsdorf and Cooper 2021). Bryophyte sods have been used 

380 with considerable success in assisted revegetation of tundra wetlands affected by vehicle 

381 tracks in the Canadian High Arctic (Forbes 1993). This shows that we need a better 

382 understanding of the highly significant bryophyte component when conducting future studies 

383 on regeneration of High Arctic disturbances (Lett et al. 2021; Mörsdorf and Cooper 2021).

384 Independently of fertilisation, we also found other ruderal species establishing after the 

385 vehicle disturbance. For instance, Poa pratensis is not in the reference vegetation but occurred 

386 in all treatments (Fig. 3, Table S1). Such establishment is an important step towards plant 

387 succession and further regeneration (both natural and assisted) in disturbed tundra 

388 vegetation (Fig. 3, Forbes, 1994, Forbes et al., 2001, Forbes & McKendrick, 2002, Hagen & 

389 Evju, 2013). However, this may be interpreted as a change in vegetation composition, and the 

390 disturbance of vegetation in the area of our field site in western Svalbard may be a gateway 

391 for non-native or invasive species to naturalize here due to the lack of competition in these 

392 disturbed areas. 
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393 The vehicle tracks may have removed, rather than compressed, the soil's topmost layer, 

394 leaving a severely reduced seed bank (Appendix I). Without vegetation cover, the microhabitat 

395 is also less susceptible to trapping dispersing seeds (Chapin et al., 1994, Appendix II) in an 

396 already poor recruitment habitat (Bliss 1958; Havström et al. 1993; Müller et al. 2011). 

397 Although introduced seeds and bulbils in a depleted soil bank are expected to have a 

398 competitive advantage, we found only a little effect of this on vegetation cover, in contrast to 

399 other studies (Grant et al. 2011; Hagen and Evju 2013). Seeded species in revegetation 

400 experiments are typically fast-growing grasses that provide erosion protection and vegetation 

401 cover quickly. Though such treatments are found to both facilitate and reduce the 

402 establishment of original species (Olofsson et al. 1999; Gretarsdottir et al. 2004; Hagen et al. 

403 2014), thus risking lower species richness than without seeding (Densmore 1992; Rydgren et 

404 al. 2016). To account for this, we collected seeds/bulbils/cuttings from the local surroundings, 

405 expecting them to be better adapted to local conditions (Grant et al. 2011), and to avoid 

406 persistent introduced species (Rydgren et al. 2016). However, there is also a risk of poor 

407 seedling survival (Ebersole 2002; Müller et al. 2011), and our seeding method might also have 

408 been less than optimal in such a barren, wind-exposed and easily eroded microhabitat. When 

409 revisiting the site shortly after adding the treatments it seemed many of the cuttings in 

410 treatment P had been removed by the wind. For future studies, this may be avoided by 

411 combining seeding/addition of cuttings with a net or garden cloth (treatment G); soil addition; 

412 water; or to transplant turfs instead (Bay and Ebersole 2006; Mehlhoop et al. 2018). Notably, 

413 it was only in treatment S in 2011 and 2018 that we found S. acaulis (also found in treatment 

414 P in 2010) and S. oppositifolia. We did not test to what extent seeding of non-native species 

415 may have increased vegetation cover. We suggest that in combination with fertilizer (Evans 

416 and Kershaw 1989), seeding local species might lead to a more diverse vegetation type instead 
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417 of the predominance of bryophytes in the fertiliser treatments, albeit in our case, it would not 

418 match the vegetation type in the reference as the three added species are not/almost not 

419 present in the reference vegetation. Based on this study, we cannot interpret any specific 

420 effects from tilling in treatment T except fungus appearance in one plot, possibly due to 

421 exposure of mycorrhiza or spores finding fertile soil.

422 Despite trialling the various assisted regeneration methods, the strongest effects on total 

423 vegetation cover were due to time alone (i.e., years), meaning that vegetation cover increased 

424 with time independently of treatment. Our findings confirm the results of alpine large-scale 

425 restoration projects (Hagen et al. 2019) where disturbing areas follow succession and are 

426 revegetated even without the application of assisted restoration methods (Walker and Walker 

427 1991; Chapin et al. 1994). Vegetation cover itself can be advantageous, especially in Arctic–

428 alpine environments (Krautzer et al. 2012), to prevent further loss of topsoil due to soil 

429 erosion, which may even surpass the initial disturbances (Vasil’Evskaya et al. 2006). Such a 

430 cover may also aid the area with increased moisture, nutrients and microsites for germination 

431 (Urbanska and Chambers 2002). 

432 This study demonstrates that tundra vegetation, and Cassiope heath in particular, is very 

433 vulnerable to off-road tracked vehicles driving on unfrozen ground. Short growing seasons, 

434 low temperatures, strong winds and often low nutrient availability slow down germination 

435 and establishment processes, and hence the vegetation needs longer to recover (Kevan et al. 

436 1995; Urbanska and Chambers 2002; Bay and Ebersole 2006). Also, Cassiope heath is one of 

437 the less frequent of the common vegetation types in the study area. This is a well-established 

438 vegetation type, not typical "pioneer" vegetation, and slow to regenerate after disturbance 

439 (Speed et al. 2010). This may be partly due to Cassiope and Dryas being species with low rates 

440 of seed germination (Müller et al. 2011) and establishment (Cooper et al. 2004), and generally 
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441 very slow growth (Mallik et al. 2011). Within regeneration treatments, none were successful 

442 in advocating the growth of the dwarf shrubs Dryas and Cassiope. The lack of revegetation of 

443 these two locally common species exemplifies the experiment's conclusion that the slow-

444 growing Arctic vegetation, with important species possibly having low germination efficiency, 

445 need a time window much longer than the nine years used in this study until they can recreate 

446 a Cassiope heath.

447 Even after nearly a decade following disturbance, and despite various active regeneration 

448 treatments, our study clearly shows that these tracks will take many decades to become 

449 completely revegetated (Fig. S7). Time stands out as the most important factor for the 

450 regeneration of slow-growing plant communities in cold biomes, and this should be 

451 communicated to policy makers, environmental protection officers, tracked vehicle drivers, 

452 project owners and to the public and tourists to ensure realistic expectations of recovery time. 

453 The literature rarely reports the development after long time frames, as long-term monitoring 

454 studies are rare (Evju et al. 2020). Our study is short-term considering the successional 

455 timescale of tundra vegetation with its slow growth rates (Forbes et al. 2001) and confirms 

456 previous findings of extremely slow revegetation in the Arctic. 

457 We do show a clear reestablishment of vegetation cover after nine years, which can be 

458 considered a success given that recovery to any state of vegetation is the goal of most 

459 regeneration schemes’ mandates. However, in terms of species composition, we show that 

460 that the community of plant species that grow in the tracks do not have the same species 

461 composition as in the surroundings. Due to low germination, establishment and slow growth 

462 of the shrub species Cassiope and Dryas in particular, it may take many decades for the tracks 

463 to reach a species composition similar to the original vegetation, if it occurs at all (Forbes et 

464 al. 2001). 

Page 19 of 38 Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



465 Our results may be an incentive to adjust rules for the use of tracked vehicles at the end of 

466 the snow season. It may call for stricter local regulations, especially concerning less common 

467 vegetation types or those which take a very long time to establish, for example, Cassiope 

468 heath. The best way to avoid severe vegetation damage is to prevent it from happening. 

469 Regulations against driving on unfrozen or snow-free ground already exist in Svalbard as in 

470 other countries and ecosystems, but the rules may not be sufficiently enforced with 

471 consequences for rule-breakers. As tundra scientists are often in the field, International 

472 Tundra Experiment (ITEX) members and other field workers should also try to limit their own 

473 disturbance of the vegetation and raise awareness locally and internationally. Unfortunately, 

474 anthropogenic disturbances have been increasing globally since the 1960s (Kevan et al. 1995), 

475 but we hope that the current UN Decade on Ecosystem Restoration 

476 (https://www.decadeonrestoration.org) will inspire a change in local authority administrators' 

477 attitudes and management actions and increase public awareness of the issue. The increasing 

478 amount of disturbance in the Arctic and alpine tundra, together with low regeneration rates, 

479 should warn us to be pre-emptive and adopt policies and practices that minimalize such 

480 disturbance.

481

482

483 Author statements

484 Acknowledgements

485 We thank Pernille B. Eidesen and Eike Müller for useful discussions in the planning stage, as 

486 well as Isla Myers-Smith, Tore Magnussen and Sofia Kapla for participating in parts of the 

487 fieldwork. Special thanks also to Leidulf Lund at the Climate laboratory Holt in Tromsø and 

Page 20 of 38Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

https://www.decadeonrestoration.org


488 Svein Øivind Solberg. We are especially thankful to Bruce C. Forbes, the anonymous reviewer 

489 and editors for improving the manuscript with their constructive comments.

490

491 Competing interests

492 The authors declare that there is no conflict of interest.

493

494 Contributors’ statement

495 MN: formal analysis, investigation, methodology, validation, visualisation, writing – original 

496 draft, writing – review & editing. PS: formal analysis (lead), investigation, methodology, 

497 resources, validation, visualisation, writing – review & editing. EN: conceptualisation, formal 

498 analysis, investigation (lead), methodology, project administration, resources, validation, 

499 visualisation, writing – review & editing. EJC: conceptualisation (lead), funding acquisition 

500 (lead), methodology (lead), project administration, resources, supervision, validation, 

501 visualisation, writing – review & editing.

502

503 Funding statement

504 This study was financed by University of Tromsø, Svalbard Environmental Fund (grant No. 

505 09/85) and the University Centre in Svalbard (UNIS).

506

507 Data availability statement

508 Data available upon request.

509

510

511 References

Page 21 of 38 Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



512 Abele, G., Brown, J., and Brewer, M.C. 1984. Long-term effects of off-road vehicle traffic on 
513 tundra terrain. Journal of Terramechanics. 21(3): 283-294. doi: 10.1016/0022-
514 4898(84)90037-5.
515 Alsos, I.G., Müller, E., and Eidesen, P.B. 2013. Germinating seeds or bulbils in 87 of 113 tested 
516 Arctic species indicate potential for ex situ seed bank storage. Polar Biology. 36(6): 
517 819-830. doi: 10.1007/s00300-013-1307-7.
518 Babb, T.A., and Bliss, L.C. 1974. Effects of physical disturbance on Arctic vegetation in the 
519 Queen Elizabeth Islands. The Journal of Applied Ecology. 11(2): 549. doi: 
520 10.2307/2402208.
521 Baddeley, J.A., Woodin, S.J., and Alexander, I.J. 1994. Effects of increased nitrogen and 
522 phosphorus availability on the photosynthesis and nutrient relations of three Arctic 
523 dwarf shrubs from Svalbard. Functional Ecology. 8(6): 676-685.
524 Barak, R.S., Williams, E.W., Hipp, A.L., Bowles, M.L., Carr, G.M., Sherman, R., and Larkin, D.J. 
525 2017. Restored tallgrass prairies have reduced phylogenetic diversity compared with 
526 remnants. Journal of Applied Ecology. 54(4): 1080-1090. doi: 10.1111/1365-
527 2664.12881.
528 Bash, J.S., and Ryan, C.M. 2002. Stream restoration and enhancement projects: is anyone 
529 monitoring? Environmental Management. 29(6): 877-885. doi: 10.1007/s00267-001-
530 0066-3.
531 Bates, D., Mächler, M., Bolker, B., and Walker, S. 2015. Fitting linear mixed-effects models 
532 using lme4. 2015. 67(1): 48. doi: 10.18637/jss.v067.i01.
533 Bay, R.F., and Ebersole, J.J. 2006. Success of turf transplants in restoring Alpine trails, 
534 Colorado, U.S.A. Arctic, Antarctic, and Alpine Research. 38(2): 173-178. doi: 
535 10.1657/1523-0430(2006)38[173:SOTTIR]2.0.CO;2.
536 Bigger, C.M., and Oechel, W.C. 1982. Nutrient effect on maximum photosynthesis in arctic 
537 plants Holarctic Ecology. 5(2): 158-163.
538 Bliss, L.C. 1958. Seed Germination in Arctic and Alpine Species. Arctic. 11(3): 180-188.
539 Callaghan, T.V., Bjorn, L.O., Chernov, Y., Chapin, T., Christensen, T.R., Huntley, B., Ims, R.A., 
540 Johansson, M., Jolly, D., Jonasson, S., Matveyeva, N., Panikov, N., Oechel, W., Shaver, 
541 G., and Henttonen, H. 2004. Effects on the structure of arctic ecosystems in the short- 
542 and long-term perspectives. Ambio. 33(7): 436-447. doi: 10.1639/0044-
543 7447(2004)033[0436:Eotsoa]2.0.Co;2.
544 Chapin, F.S., and Chapin, M.C. 1980. Revegetation of an Arctic disturbed site by native tundra 
545 species. Journal of Applied Ecology. 17(2): 449-456. doi: 10.2307/2402339.
546 Chapin, F.S., Fetcher, N., Kielland, K., Everett, K.R., and Linkins, A.E. 1988. Productivity and 
547 nutrient cycling of Alaskan tundra: enhancement by flowing soil water. Ecology. 69(3): 
548 693-702.
549 Chapin, F.S., Walker, L.R., Fastie, C.L., and Sharman, L.C. 1994. Mechanisms of primary 
550 succession following deglaciation at Glacier Bay, Alaska. Ecological Monographs. 64(2): 
551 149-175.
552 Cooper, E.J. 2006. Reindeer grazing reduces seed and propagule bank in the High Arctic. 
553 Canadian Journal of Botany. 84(11): 1740-1752.
554 Cooper, E.J., Alsos, I.G., Hagen, D., Smith, F.M., Coulson, S.J., and Hodkinson, I.D. 2004. Plant 
555 recruitment in the High Arctic: Seed bank and seedling emergence on Svalbard. Journal 
556 of Vegetation Science. 15(1): 115-124. doi: 10.1111/j.1654-1103.2004.tb02244.x.
557 Densmore, R.V. 1992. Succession on an Alaskan tundra disturbance with and without assisted 
558 revegetation with grass. Arctic and Alpine Research. 24(3): 238-243.

Page 22 of 38Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



559 Deshaies, A., Boudreau, S., and Harper, K.A. 2009. Assisted revegetation in a subarctic 
560 environment: Effects of fertilization on the performance of three indigenous plant 
561 species. Arctic, Antarctic, and Alpine Research. 41(4): 434-441. doi: 10.1657/1938-
562 4246-41.4.434.
563 Ebersole, J.J. 2002. Recovery of alpine vegetation on small, denuded plots, Niwot Ridge, 
564 Colorado, U.S.A. Arctic, Antarctic, and Alpine Research. 34(4): 389. doi: 
565 10.2307/1552196.
566 Elvebakk, A. 2005. A vegetation map of Svalbard on the scale 1:3.5 mill. Phytocoenologia. 35: 
567 951-967. doi: 10.1127/0340-269X/2005/0035-0951.
568 Emers, M., Jorgenson, J.C., and Raynolds, M.K. 1995. Response of arctic tundra plant 
569 communities to winter vehicle disturbance. Canadian Journal of Botany. 73(6): 905-
570 917. doi: 10.1139/b95-099.
571 Evans, K.E., and Kershaw, G.P. Productivity of agronomic and native plants under various 
572 fertilizer and seed application rates on a simulated transport corridor, Fort Norman, 
573 Northwest Territories. In: Proceedings of the Conference: Reclamation, A Global 
574 Perspective. Alberta Conservation and Reclamation Council Report No. RRTAC, 1989. 
575 pp. 89-82.
576 Evju, M., Hagen, D., Kyrkjeeide, M., and Junker Koehler, B. 2020. Learning from scientific 
577 literature: Can indicators for measuring success be standardized in “on the ground” 
578 restoration?: Indicators of restoration outcome. Restoration Ecology. 28(3): 519-531. 
579 doi: 10.1111/rec.13149.
580 Felix, N.A., and Raynolds, M.K. 1989. The effects of winter seismic trails on tundra vegetation 
581 in Northeastern Alaska, U.S.A. Arctic and Alpine Research. 21(2): 188-202.
582 Firlotte, N., and Staniforth, R.J. 1995. Strategies for revegetation of disturbed gravel areas in 
583 climate stressed subarctic environments with special reference to Churchill, Manitoba, 
584 Canada: a literature review. Climate Research. 5(1): 49-52.
585 Forbes, B.C. 1992. Tundra disturbance studies, I: Long-term effects of vehicles on species 
586 richness and biomass. Environmental Conservation. (19): 48-58. doi: 
587 10.1017/S0376892900030241 
588 Forbes, B.C. 1993. Small-scale wetland restoration in the High Arctic: A long-term perspective. 
589 Restoration Ecology. 1(1): 59-68. doi: https://doi.org/10.1111/j.1526-
590 100X.1993.tb00009.x.
591 Forbes, B.C., Ebersole, J.J., and Strandberg, B. 2001. Anthropogenic disturbance and patch 
592 dynamics in circumpolar Arctic ecosystems. Conservation Biology. 15(4): 954-969.
593 Forbes, B.C., and Jefferies, R.L. 1999. Revegetation of disturbed arctic sites: constraints and 
594 applications. Biological Conservation. 88(1): 15-24. doi: 10.1016/s0006-
595 3207(98)00095-0.
596 Forbes, B.C., and McKendrick, J.D. 2002. Polar tundra. In Handbook of Ecological Restoration. 
597 Edited by A.J. Davy and M. Perrow. Cambridge University Press, pp. 355-375, 
598 Cambridge. pp. 355-375.
599 Gardener's Supply Company, V., USA 2011. Using garden fabric (row covers). Gardener's 
600 Supply Company.
601 Gordon, C., Wynn, J., and Woodin, S. 2001. Impacts of increased nitrogen supply on high Arctic 
602 heath: the importance of bryophytes and phosphorus availability. New Phytologist. 
603 149(3): 461-471.
604 Grant, A.S., Nelson, C.R., Switalski, T.A., and Rinehart, S.M. 2011. Restoration of native plant 
605 communities after road decommissioning in the Rocky Mountains: Effect of seed-mix 

Page 23 of 38 Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

https://doi.org/10.1111/j.1526-100X.1993.tb00009.x
https://doi.org/10.1111/j.1526-100X.1993.tb00009.x


606 composition on vegetative establishment. Restoration Ecology. 19(201): 160-169. doi: 
607 10.1111/j.1526-100x.2010.00736.x.
608 Gretarsdottir, J., Aradottir, A.L., Vandvik, V., Heegaard, E., and Birks, H.J.B. 2004. Long-term 
609 effects of reclamation treatments on plant succession in Iceland. Restoration Ecology. 
610 12(2): 268-278. doi: 10.1111/j.1061-2971.2004.00371.x.
611 Gu, Q., and Grogan, P. 2020. Responses of low Arctic tundra plant species to experimental 
612 manipulations: Differences between abiotic and biotic factors and between short- and 
613 long-term effects. Arctic, Antarctic, and Alpine Research. 52(1): 524-540. doi: 
614 10.1080/15230430.2020.1815360.
615 Hadač, E. 1946. The Plant-communities of Sassen Quarter, Vestspitbergen. Societatis 
616 Botanicae Čechoslovacae.
617 Hadač, E. 1989. Notes on plant communities of Spitsbergen. Folia Geobotanica et 
618 Phytotaxonomica. 24(2): 131-169. doi: 10.1007/BF02853039.
619 Hagen, D. 2002. Propagation of native Arctic and alpine species with a restoration potential. 
620 Polar research. 21(1): 37-47.
621 Hagen, D. 2003. Assisted recovery of disturbed arctic and alpine vegetation: an integrated 
622 approach. Norwegian University of Science and Technology.
623 Hagen, D., and Evju, M. 2013. Using short-term monitoring data to achieve goals in a large-
624 scale restoration. Ecology and Society. 18(3). doi: 10.5751/es-05769-180329.
625 Hagen, D., Evju, M., Mehlhoop, A.C., Olsen, S.L., and Myklebost, H.E. 2019. Vegetasjonen 
626 etablerer seg godt på restaurerte arealer i Hjerkinn skytefelt.
627 Hagen, D., Hansen, T.-I., Graae, B.J., and Rydgren, K. 2014. To seed or not to seed in alpine 
628 restoration: introduced grass species outcompete rather than facilitate native species. 
629 Ecological Engineering. 64: 255-261. doi: 
630 https://doi.org/10.1016/j.ecoleng.2013.12.030.
631 Hartmann, Η., Kester, D., Davies, F., and Geneve, R. 2002. Principles of propagation cuttings. 
632 Pearson Education, Inc., Publishing as Prentice Hall, One Lake Street, Upper Saddle 
633 River, NJ 07458. 277-323.
634 Havström, M., Callaghan, T.V., and Jonasson, S. 1993. Differential growth responses of 
635 Cassiope tetragona, an Arctic dwarf-shrub, to environmental perturbations among 
636 three contrasting high- and subarctic sites. Oikos. 66(3): 389-402.
637 Hothorn, T., Bretz, F., and Westfall, P. 2008. Simultaneous inference in general parametric 
638 models. Biometrical Journal. 50(3): 346-363. doi: 10.1002/bimj.200810425.
639 Hurlbert, S.H. 1984. Pseudoreplication and the design of ecological field experiments. 
640 Ecological Monographs. 54(2): 187-211. doi: https://doi.org/10.2307/1942661.
641 Kevan, P.G., Forbes, B.C., Kevan, S.M., and Behan-Pelletier, V. 1995. Vehicle tracks on High 
642 Arctic tundra: their effects on the soil, vegetation, and soil arthropods. Journal of 
643 Applied Ecology. 32(3): 655-667. doi: 10.2307/2404660.
644 Klokk, T., and Rønning, O.I. 1987. Revegetation experiments at Ny-Ålesund, Spitsbergen, 
645 Svalbard. Arctic and Alpine Research. 19(4): 549-553. doi: 
646 10.1080/00040851.1987.12002640.
647 Komarkova, K. 1983. Recovery of plant communities and summer thaw at the 1949 Fish Creek 
648 Test Well I, Arctic Alaska. In Proceedings of the Fourth International Conference on 
649 Permafrost July 17-23, 1983. National Academy Press,, Washington D.C. pp. 645-650.
650 Krautzer, B., Uhlig, C., and Helmut, W. 2012. KRAUTZER, B., UHLIG, C. & WITTMANN, H. (2012): 
651 Restoration of arctic-alpine ecosystems. - In: ANDEL, J. v. & ARONSON, J.: Restoration 
652 ecology: The New Frontier, second edition, Blackwell Publ. Ltd., 189-202. pp. 189-202.

Page 24 of 38Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

https://doi.org/10.1016/j.ecoleng.2013.12.030
https://doi.org/10.2307/1942661


653 Låg, J. 1986. Jordbunnsgrunnlaget for plantevekst på Svalbard. Årbok. Det Norske 
654 Videnskapsakademi, Oslo.
655 Lavendel, B. 2002. The business of ecological restoration. Ecological Restoration. 20(3): 173-
656 178. doi: 10.3368/er.20.3.173.
657 Lett, S., Jónsdóttir, I.S., Becker-Scarpitta, A., Christiansen, C.T., During, H., Ekelund, F., Henry, 
658 G.H.R., Lang, S.I., Michelsen, A., Rousk, K., Alatalo, J.A., Betway, K.R., Busca, S., 
659 Callaghan, T., Carbognani, M., Cooper, E.J., Cornelissen, J.H.C., Dorrepaal, E., Egelkraut, 
660 D., Elumeeva, T.G., Haugum, S.V., Hollister, R.D., Jägerbrand, A.J., Keuper, F., 
661 Klanderud, K., Lévesque, E., Liu, X., May, J., Michel, P., Mörsdorf, M.A., Petraglia, A., 
662 Rixen, C., Robroek, B.J.M., Rzepczynska, A.M., Soudzilovskaia, N.A., Tolvanen, A., 
663 Vandvik, V., Volkov, I., Volkova, I., and Zuijlen, K.v. 2021. Can bryophyte groups 
664 increase functional resolution in tundra ecosystems? Arctic Science. doi: 10.1139/as-
665 2020-0057.
666 Lewis, L. 1995. Olympic national forest partnerships for slope repair and erosion control. 
667 Restoration & Management Notes. 13: 37 - 39.
668 Li, Q., Ayers, P., and Anderson, A. 2007. Prediction of impacts of wheeled vehicles on terrain. 
669 Journal of Terramechanics. 44(2): 205-215.
670 Mallik, A.U., Wdowiak, J.V., and Cooper, E.J. 2011. Growth and reproductive responses of 
671 Cassiope tetragona, a circumpolar evergreen shrub, to experimentally delayed 
672 snowmelt. Arctic, Antarctic, and Alpine Research. 43(3): 404-409. doi: 10.1657/1938-
673 4246-43.3.404.
674 MEA. 2005. Millennium Ecosystem Assessment, 2005. Ecosystems and Human Well-being: 
675 Synthesis. Island Press, Washington, DC.
676 Mehlhoop, A.C., Evju, M., and Hagen, D. 2018. Transplanting turfs to facilitate recovery in a 
677 low-alpine environment-What matters? Applied Vegetation Science. 21(4): 615-625. 
678 doi: 10.1111/avsc.12398.
679 MET Norway. 2021. Data from The Norwegian Meteorological Institute. Freely available 
680 online: https://www.met.no/en/free-meteorological-data/Download-services.
681 Miller, J., and Hobbs, R. 2007. Habitat Restoration—Do We Know What We’re Doing? 
682 Restoration Ecology. 15: 382-390. doi: 10.1111/j.1526-100X.2007.00234.x.
683 Mörsdorf, M.A., and Cooper, E.J. 2021. Habitat determines plant community responses to 
684 climate change in the High Arctic. Arctic Science. 0(0): 0. doi: 
685 https://doi.org/10.1139/AS-2020-0054.
686 Moulton, C.A., and Gough, L. 2011. Effects of soil nutrient availability on the role of sexual 
687 reproduction in an Alaskan tundra plant community. Arctic, Antarctic, and Alpine 
688 Research. 43(4): 612-620. doi: 10.1657/1938-4246-43.4.612.
689 Müller, E., Cooper, E.J., and Alsos, I.G. 2011. Germinability of arctic plants is high in perceived 
690 optimal conditions but low in the field. Botany. 89(5): 337-348. doi: 10.1139/b11-022.
691 Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P., O’Hara, R.B., Simpson, G., 
692 Solymos, P., Stevenes, M.H.H., and Wagner, H. 2012. Vegan: Community Ecology 
693 Package. R package version 2.0-2.
694 Olofsson, J., Moen, J., and Oksanen, L. 1999. On the balance between positive and negative 
695 plant interactions in harsh environments. OIKOS. 86(3): 539-543.
696 Onipchenko, V.G., Makarov, M.I., Akhmetzhanova, A.A., Soudzilovskaia, N.A., Aibazova, F.U., 
697 Elkanova, M.K., Stogova, A.V., and Cornelissen, J.H.C. 2012. Alpine plant functional 
698 group responses to fertiliser addition depend on abiotic regime and community 
699 composition. Plant and Soil. 357(1): 103-115. doi: 10.1007/s11104-012-1146-2.

Page 25 of 38 Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

https://www.met.no/en/free-meteorological-data/Download-services
https://doi.org/10.1139/AS-2020-0054


700 R Core Team. 2021. R: A language and environment for statistical computing. R Foundation 
701 for Statistical Computing, Vienna, Austria [online]. Available from https://www.R-
702 project.org/.
703 Racine, C.H., and Ahlstrand, G.M. 1991. Thaw response of tussock-shrub tundra to 
704 experimental all-terrain vehicle disturbances in South-Central Alaska. Arctic. 44(1): 31-
705 37.
706 Rickard, W.E., and Brown, J. 1974. Effects of vehicles on arctic tundra. Environmental 
707 Conservation. 1(1): 55-62.
708 Robinson, C.H., Wookey, P.A., Lee, J.A., Callaghan, T.V., and Press, M.C. 1998. Plant community 
709 responses to simulated environmental change at a high arctic polar semi-desert. 
710 Ecology. 79(3): 856-866. doi: 10.1890/0012-9658(1998)079[0856:pcrtse]2.0.co;2.
711 Rozema, J., Weijers, S., Broekman, R., Blokker, P., Buizer, B., Werleman, C., el Yaqine, H., 
712 Hoogedoorn, H., Fuertes, M., and Cooper, E. 2009. Annual growth of Cassiope 
713 tetragona as a proxy for Arctic climate: developing correlative and experimental 
714 transfer functions to reconstruct past summer temperature on a millennial time scale. 
715 Global Change Biology. 15(7): 1703-1715.
716 Rydgren, K., Auestad, I., Hamre, L.N., Hagen, D., Rosef, L., and Skjerdal, G. 2016. Long-term 
717 persistence of seeded grass species: an unwanted side effect of ecological restoration. 
718 Environmental Science and Pollution Research. 23(14): 13591-13597. doi: 
719 10.1007/s11356-015-4161-z.
720 Sjögersten, S., Kuijper, D.P.J., Van Der Wal, R., Loonen, M.J.J.E., Huiskes, A.H.L., and Woodin, 
721 S.J. 2010. Nitrogen transfer between herbivores and their forage species. Polar 
722 Biology. 33(9): 1195-1203. doi: 10.1007/s00300-010-0809-9.
723 Slaughter, C., Racine, C., Walker, D., Johnson, L., and Abele, G. 1990. Use of off-road vehicles 
724 and mitigation of effects in Alaska permafrost environments: A review. Environmental 
725 Management. 14(1): 63-72. doi: 10.1007/bf02394020.
726 Speed, J.D.M., Cooper, E.J., Jónsdóttir, I.S., Van Der Wal, R., and Woodin, S.J. 2010. Plant 
727 community properties predict vegetation resilience to herbivore disturbance in the 
728 Arctic. Journal of Ecology. 98(5): 1002-1013. doi: 10.1111/j.1365-2745.2010.01685.x.
729 Stetson, F. 1996. Extend your garden season: Row covers and mulches. Storey Publishing.
730 Suding, K.N. 2011. Toward an era of restoration in ecology: Successes, failures, and 
731 opportunities ahead. Annual Review of Ecology, Evolution, and Systematics. 42: 465-
732 487. doi: 10.1146/annurev-ecolsys-102710-145115.
733 Theisen, F., and Brude, O.W. 1998. Evaluering av områdevernet på Svalbard : representativitet 
734 og behov for ytterligere vern. Meddelelser Norsk Polarinstitutt. 153.
735 Urbanska, K.M., and Chambers, J.C. 2002. High-elevation ecosystems. Handbook of ecological 
736 restoration. 2: 376-400.
737 Vasil’Evskaya, V.D., Grigor’Ev, V.Y., and Pogozheva, E.A. 2006. Relationships between soil and 
738 vegetation characteristics of tundra ecosystems and their use to assess soil resilience, 
739 degradation, and rehabilitation potentials. Eurasian Soil Science. 39(3): 314-323. doi: 
740 10.1134/s1064229306030112.
741 Vloon, C.C., Evju, M., Klanderud, K., and Hagen, D. 2021. Alpine restoration: planting and 
742 seeding of native species facilitate vegetation recovery. Restoration Ecology. doi: 
743 10.1111/rec.13479.
744 Walker, D.A., Raynolds, M.K., Daniëls, F.J.A., Einarsson, E., Elvebakk, A., Gould, W.A., Katenin, 
745 A.E., Kholod, S.S., Markon, C.J., and Melnikov, E.S. 2005. The circumpolar Arctic 
746 vegetation map. Journal of Vegetation Science. 16(3): 267-282.

Page 26 of 38Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

https://www.R-project.org/
https://www.R-project.org/


747 Walker, D.A., and Walker, M.D. 1991. History and pattern of disturbance in Alaskan Arctic 
748 terrestrial ecosystems: A hierarchical approach to analysing landscape change. Journal 
749 of Applied Ecology. 28(1): 244-276.
750 Walker, L., and del Moral, R. 2009. Transition dynamics in succession: implications for rates, 
751 trajectories and restoration. In New models for ecosystem dynamics and restoration. 
752 Edited by R.J.S. Hobbs, K.N. Island Press, Washington. pp. 33-49.
753 Whitall, D. 1995. High alpine restoration work at McDonald Basin. Ecological Restoration. 
754 13(1): 29-31. doi: 10.3368/er.13.1.29.
755 Wilson, S.D., and Gerry, A.K. 1995. Strategies for mixed-grass prairie restoration: Herbicide, 
756 tilling, and nitrogen manipulation. Restoration Ecology. 3(4): 290-298. doi: 
757 https://doi.org/10.1111/j.1526-100X.1995.tb00096.x.
758

759

Page 27 of 38 Arctic Science (Author?s Accepted Manuscript)

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

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

54
.2

26
.8

9.
58

 o
n 

01
/2

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

https://doi.org/10.1111/j.1526-100X.1995.tb00096.x


 

Figure 1 showing the vehicle tracks in June 2010 in Adventdalen, Svalbard. Vegetation cover was clearly 
reduced in the tracks compared to the surrounding vegetation. Here, showing the multiple pairs of plastic 

sticks, before the sticks were cut, marking each plot. Marker sticks were cut at ground level and left in place 
for the 8 year duration of the study, and remain in place for future monitoring. The photo was taken soon 

after snow had melted. Photo credit: Erica Neby. 
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Figure 2. Density of seedlings/propagules germinated from A) soil from under intact reference vegetation 
and from within the tracks, B) seeds and propagules (seed rain) collected in mats placed within intact 

reference vegetation and within the tracks. The top layer of soil containing the seed bank was probably 
removed from the vegetation by the vehicle. This natural seed bank is very important as a source of local 

seeds for revegetation. See Appendix I-II for details on methods and results. 
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Figure 3. Cover of each species/group (including bare ground and animal droppings, i.e. unvegetated 
portions) observed in the reference vegetation in 2010 and the treatment plots in the tracks in 2018. 

Treatment codes: C = control, F = fertilizer, FG = fertilizer x garden cloth, G = garden cloth, S = seed/ 
bulbil addition, P = plant cutting addition, T = tilling. Please note that the reference vegetation composition 
was recorded in another year (2010) and with another methodology (point framing) than the composition in 
the treatment plots (2018, visual cover estimates) and may, hence, only be compared qualitatively together 

here and with Table S1, i.e. to illustrate the obvious differences in composition between the groups. Both 
Pedicularis dasyantha and P. hirsuta are present but not abundant in the surrounding vegetation, but note 
that P. dasyntha is only found here in the reference vegetation and P. hirsuta only in plots of treatment ‘S’. 
Graminoids that were too immature to be identified (mainly in 2010) were grouped into ‘Graminoid young’ 
group. Bryophytes were not identified in the field in this study, but species present in the surroundings in 

2017 were, in descending order of abundance: Sanionia uncinata, Tomentypnum nitens, Hylocomium 
splendens, Dicranum and Distichium spp., Polytrichum spp., and Aulacomnium spp., (Mörsdorf and Cooper, 

2021). 
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Figure 4. Modelled percentage of plot covered by vegetation (both vascular plants and bryophytes) in peak 
growing-season late July 2010, 2011 and 2018. Displayed are back-transformed estimates with 95% 

confidence intervals from a generalized linear mixed effects model (see methods for details). C = control, F 
= fertilizer, FG = fertilizer x garden cloth, G = garden cloth, S = seed/ bulbil addition, P = plant cutting 

addition, T = tilling. 
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Appendix I. Disturbance effect on natural seed bank

Methods

To evaluate the seed bank in the disturbed tracks and reference vegetation, we sampled soil 

in two rows on each side of the tracks and two rows within each track in 2010. We used a 

3.5 cm wide corer to a depth of 2 cm (ca 30 cores per row, but some spots in the tracks 

contained too many stones to make the coring possible, in total n=243 (2338 cm2). The soil 

cores in reference vegetation were evenly distributed between Cassiope-rich and Cassiope-

poorer vegetation to cover the complete spectrum of the site. The soil cores were collected 

in July and August 2010, then put on filter paper into Petri dishes with lids and kept at -5 oC 

without light for another seven weeks to stratify the seeds/bulbils. Then the soil was 

acclimatised in +0.5 oC for four days and in +5 oC for four days. The Petri dishes were moved 

into a phytotron and kept at +18 oC for 12 weeks with 24 hours of light (150 µmol) to 

simulate the germination period in Svalbard (Cooper et al., 2004). The soil was moistened 

every third day, and the registration of seedlings and seedling survival were made once a 

week. Germinating seedlings were replanted into small pots and remarked to distinguish 

between different species easily and to determine whether they were grown from seeds, 

bulbils or cuttings. In this study we used the data from the germinating seeds and bulbils but 

did not include vegetative growth from cuttings. We hereafter use the terminology 

“seedlings” for all the germinating seeds and bulbils.

The number of observed seedlings emerging from each soil core was treated as counts, and 

a zero-inflated Poisson model was needed due to an excessive amount of zeroes (i.e. about 

50% of all collected soil cores had no observed seedling emergence). The model we used 

was a mixture model modelling the likelihood of a count being zero for each of the two 

groups (inside and outside of the tracks, i.e. soil cores collected from under disturbed and 

undisturbed vegetation) independently from the counts observed in non-zero cases. The 

likelihood of a count being zero was drawn from a Bernoulli distribution for each group 

separately, and the regression parameter for the non-zero cases drawn from a Poisson 

distribution with a log-link. We used a Bayesian approach with JAGS (Plummer, 2003) and 

the runjags package (Denwood, 2016) in R v. 3.4.1 (R Core Team, 2021). 
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2

As we had no prior knowledge or expectations of the potential effect of belt wagon 

disturbance on seed bank density, we used marginally informative reference prior 

distributions and initial values. We used 2 MCMC chains with 10000 samples each. After 

running the sampler, we observed that the two chains converged (visually and Gelman-

Rubin statistics < 1.05) and that the effective sample size >1000. In cases when the effective 

sample size < 1000, we added a further 10000 samples to each chain until it was, which was 

the case for only one more time. All further calculations were done on the MCMC chains 

produced by JAGS and Highest Posterior Density (HPD) intervals and means extracted from 

those chains. 

To calculate the absolute modelled counts per group, we took the inverse logit of the 

modelled non-zero counts and multiplied it with the estimated proportion of it being non-

zero (i.e. the non-zero probability). 

Due to the soil core sampling pattern along transects within or parallel to the vehicle tracks, 

we included the variable “distance from west to east” in metres as a continuous, additive 

term in the model. As that term was insignificant (i.e. very small and including zero), we 

dropped it from the analysis. 

Results and discussion

The proportion of non-zero counts was significantly higher in undisturbed (HPD 0.59-0.8) 

than in disturbed vegetation (HPD 0.22-0.45). The number of emerging seedlings in 

undisturbed vegetation (non-zero counts) was significantly higher than in disturbed 

vegetation (inverse logit effect size HPD 1.03-2.19). On average, per sample 0.47 seedlings 

germinated in disturbed (HPD 0.32-0.65), and 1.49 in undisturbed vegetation (HPD 1.21-

1.75). These lower values in the disturbed area was probably due to the removal of the 

uppermost soil layer containing a high seed density by the tracked vehicle’s belt (Kinugasa 

and Oda, 2014).

The dominant germinating species were Bistorta vivipara and Luzula arctica (Table A1 

below). Two of the most common plants in the reference vegetation, are the shrubs Dryas 

sp and Cassiope sp. (Figures 3-4 in main text), that did not germinate in our soil seedbank 
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3

trials, which may be due to the thermophilic or transient nature of seed of these species 

(Fox, 1983, McGraw and Antonovics, 1983, Molau and Larsson, 2000, Cooper, 2004). 

Seed banks are important as seed reservoirs for vegetation recovery after disturbance in the 

Arctic (Cargill and Chapin, 1987, Gartner et al., 1983, Ebersole, 1989).  Our data shows that 

removal of the top layer of soil by the tracked vehicle negatively affected the density of the 

germinable soil seedbank. The species that germinated from the soil seedbank were herbs 

and graminoids – functional types that tend to germinate easily but were not dominant in the 

reference vegetation. The dominant species in undisturbed vegetation were shrubs and tend 

to have lower germination rates. This mis-match indicates that any revegetation from 

seedling germination from the soil seedbank would be at lower densities and of different 

taxons in the disturbed tracks than within reference vegetation. Vegetative growth of plants 

into the tracks from the reference vegetation is therefore crucial for recovery. 
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Table A1. Soil seed bank germination of seeds and bulbils per m2. Species composition of 
germinating seedlings and propagules from seeds and bulbils collected with soil cores in 
2011 in reference vegetation (outside the tracks, n=119 soil cores) and disturbed vegetation 
(inside the tracks, n= 124 soil cores). 

 Reference Disturbed
 Seedlings & 

propagules / m2

Seedlings & 
propagules / m2

Functional 
Type

Species Total (n=124) (n=119)

Graminoids Alopecurus magellanicus 9 0
Deschampsia alpina 8 9
Deschampsia sukatschewii 
ssp. borealis

25 0

Luzula confusa 84 61
Luzula arctica 8 17
Poa pratensis 9 9
Total graminoids 142 96
   

Herbs Bistorta vivipara 186 122
Cardamine bellidifolia 0 9
Cerastium arcticum 8 0
Equisetum arvense ssp. 
alpestre

9 0

Oxyria digyna 16 0

Papaver dahlianum 9 0
Total herbs 228 131

   

Unidentified to species 42 9
   
Sum 411 236

No. of germinating graminoid species 6 4
No. of germinating herb species 5 2
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Appendix II. Seed influx in the reference versus disturbed tracks

To assess the seed and propagule influx of the reference and the disturbed sites, we used 

doormats following the ITEX manual (Molau, 1996) in July 2011 to trap dispersing diaspores. 

The doormats were placed ca 1 meter from the tracks, in rows, on both sides of the tracks 

and similarly inside each track, making a total of 4 rows of mats. They were fastened with 

long nails along the edges. Each row consisted of 16 seed mats, two meters apart, each of 

44 x 24 cm (1056 cm2). Thus, 32 mats were sampled covering an area of 33,792 cm2 inside 

the tracks, and an equal area outside the tracks. In late September 2011 the doormats were 

collected, rinsed with water to release their contents, filtered through a 150 μm sieve, dried 

at +30 oC for 24 hours, before germinating the seeds and propagules +20 oC for six weeks on 

individual Petri dishes. Seedlings of monocotyledons or dicotyledons were counted and 

recorded for each petri dish. 

The germinating seed and propagule influx densities revealed that the reference vegetation 

had 43.6 ± 4.0 seeds and propagules /m2, while the tracks had 24.6 ± 5.9 seeds and 

propagules /m2, 44 per cent less than in the reference vegetation. The majority of species 

trapped by the seed mats (>95 %) were dicotyledons and their densities were in the lower 

range of those found in a high alpine heath (Molau and Larsson, 2000) in Swedish Lapland. 

The difference between values suggest that within the tracks the seed rain is limited by 

fewer surrounding dispersers (Speed et al., 2010), indicating that dispersal is extremely 

local, since the tracks were only 50 cm wide.
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Appendix III. Measures of soil density in the study area

To evaluate the soil compaction from driving on unfrozen ground, soil density was measured 

in late August 2011 with soil corers. A corer with the diameter of 3 cm (18.8 cm3) was 

pushed 6 cm into the soil layer at 30 randomly selected locations; 10 inside the tilled plots, 

10 inside the untreated parts of the track and 10 in the surrounding reference vegetation. 

The soil samples were dried at +50 oC for 24 hours and weighed to the nearest gram. One-

way ANOVA was used to test for soil density differences between the reference vegetation, 

the disturbed vegetation and the tilled plots. 

The average soil mass in the reference site was 11.9 g ± 1 (SE) per core, while the average 

soil mass in the tracks was 8.8 g ± 1.3 (SE) per core. The soil density measurement of the 

tilled plots, where the soil had been aerated in July the previous year, had the average mass 

of 9.1 g ± 1.2. However, no significant differences were found between the three sites (One-

Way ANOVA, F (2, 27) = 2.10, p = 0.141). This data indicates that the vehicle did not compact 

the soil. However, by pulling off vegetation and its roots attached to the top layer of soil, 

damage to the soil and vegetation structure was done in other ways.
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