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ABSTRACT 17 
 18 
Specific tests of autosuccession (equivalent to non-replacement change in species 19 
composition) are made, in which pioneer communities on roadside verges and areas of 20 
patterned ground disturbed by cryoturbation are compared with mature communities 21 
on a bioclimatic gradient from sub-alpine woodland (850 m a.s.l) to high-alpine 22 
fjellfield (2200 m a.s.l). Autosuccession is quantified for the first time using 23 
community similarity coefficients and indices of pioneer persistence and importance, 24 
which measure nominal- or ordinal-scale differences in species composition between 25 
65 paired pioneer and mature communities. Linear relationships to altitude, with 26 
coefficient and index values of ~90–100% in the upper part of the high-alpine belt to 27 
~10–20% in the sub-alpine zone, indicate a continuum from autosuccession to relay 28 
succession (the latter characterised by high species turnover and replacement change). 29 
Values based on ordinal-scale data are generally ~10% lower than those based on 30 
nominal-scale data and use of pioneer sites from roadside verges result in a ~20% 31 
offset relative to pioneer sites from sorted circles (the latter comparison reflecting the 32 
effect of substrate differences). Autosuccession appears to be characteristic only at 33 
altitudes >2000 m a.s.l. in the upper high-alpine zone. Replacement change increases 34 
in importance as a constituent of mixed-mode succession through the conventional 35 
mid- and low-alpine belts. Spatial variation in the nature of primary succession along 36 
the bioclimatic gradient supports a geo-ecological model of succession with 37 
predominantly allogenic controls (climatic stress and high levels of substrate 38 
disturbance by cryoturbation) at high altitudes and increasing autogenic controls 39 
(biological interactions and substrate stability) at lower altitudes.   40 
  41 
 42 
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 45 
 46 
1. Introduction 47 
 48 
Autosuccession is one of the many conceptual models of succession that have been 49 
proposed to understand species composition during vegetation change (Connell and 50 
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Slatyer, 1977; Pickett et al., 1987; Glenn-Lewin et al., 1992; Matthews, 1992; Walker 51 
and del Moral, 2003; Gratzer et al., 2004; Keane et al., 2004; Cutler et al., 2008; 52 
Meiners et al., 2015). The term autosuccession was introduced by Cornelius H. Muller 53 
in the context of desert vegetation in the southwestern USA (Muller, 1940) and later 54 
applied by him to Scandinavian alpine vegetation (Muller, 1952). He defined 55 
autosuccession as succession in its simplest form: ‘succession consisting of a single 56 
stage, in which the pioneer and climax species are the same’ (Muller, 1952, p. 296). 57 
As such, it would appear to be an appropriate model in extreme or severe 58 
environments with a limited species pool. 59 
 60 
 Muller (1952) differentiated ‘autosuccession’ from ‘secondary succession’ in 61 
which seriously disturbed areas of vegetation consist wholly or in part of species 62 
belonging to a community that differs from the original. If, during vegetation change, 63 
one element of the original community depends on the prior establishment of another 64 
element of that community, he termed this ‘selective autosuccession’. That is, the 65 
same species are involved in both the original community and the colonising 66 
community but the order in which they colonise differs systematically. ‘Non-selective 67 
autosuccession’ (‘true autosuccession’) contrasts with this in that there is no 68 
difference between the early colonising species and those that establish later. Based 69 
on qualitative observations of vegetation in northern Sweden that had been disturbed 70 
by frost action, wind erosion and turf removal, he concluded that secondary 71 
succession (characterised by species replacement) is exhibited by vegetation in the 72 
low-alpine belt and that autosuccession (sometimes selective) occurs in the mid-alpine 73 
belt, while non-selective autosuccession characterises the high-alpine belt. 74 
 75 
 Since then, research on autosuccession has been neglected, although it is 76 
similar to ‘direct regeneration’ or ‘direct succession’, terms introduced by Hanes 77 
(1971) and Whittaker and Levin (1977; see also Miles, 1987), respectively. Indeed, it 78 
is widely perceived as the fast recovery process that characterises secondary 79 
succession in Mediterranean-type vegetation immediately following fires (Trabaud, 80 
1994; Rodrigo et al., 2004; Buhk et al.,2006). Direct regeneration and autosuccession 81 
are also seen as appropriate terms for secondary succession in the paramo of the high 82 
tropical Andes (Sarmiento et al., 2003) and the rapid recovery of various types of 83 
lowland tropical vegetation following hurricane damage or other disturbances 84 
(Vandermeer et al., 1995; Mueller-Dombois, 2008; Mueller-Dombois and Jacobi, 85 
2016). 86 
 87 
 The term autosuccession has rarely been used in the context of primary 88 
succession (but see Longton, 1988; Grulke, 1995; Kappen and Schroeter, 2002). 89 
However, Matthews (1979, 1992) and Robbins and Matthews (2010) referred 90 
explicitly to the concept in accounting for the differences between primary 91 
successional pathways on glacier forelands in southern Norway. They concluded, in 92 
agreement with Muller’s original work (Muller, 1952), that selective autosuccession 93 
occurs in the mid-alpine belt and that non-selective autosuccession may characterise 94 
the more severe environmental conditions of the high-alpine belt. In addition, 95 
Svoboda and Henry (1987) recognized two related types of primary succession – 96 
termed ‘directional-nonreplacement succession’ and ‘nondirectional-nonreplacement 97 
succession’ – which they regarded as characteristic of polar semideserts and polar 98 
deserts, respectively (see also Jones and Henry, 2003). In his review of successional 99 
models in the context of glacier forelands, Matthews (1992) pointed out that Svoboda 100 
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and Henry’s concepts are essentially equivalent to selective and non-selective 101 
autosuccession respectively, and linked all four concepts to the severity of the 102 
physical environment in a geo-ecological model of primary succession. 103 
 104 
 The aim of the present paper is to explore further the concept of 105 
autosuccession with three specific objectives: 106 
 107 
(1) to quantify autosuccession for the first time in any environment; 108 
(2) to test the concept rigorously in the context of primary succession along a 109 
 bioclimatic altitudinal gradient in southern Norway extending from below the 110 
 treeline in the subalpine zone to high-alpine fjellfield; and 111 
(3) to assess the implications of the results and the relevance of 112 
 autosuccession for geo-ecological models of vegetation succession.  113 
 114 
 115 
2. Study sites 116 
 117 
The study was carried out in the Galdhøpiggen massif of northeastern Jotunheimen 118 
centred on the plateau area of Juvflye (Fig. 1). Specific sites were located close to the 119 
road from Galdesanden in Bøverdalen to Juvvasshytta and, at higher altitudes, on the 120 
flanks of Galdhøe, one of the highest mountain peaks in southern Norway. A detailed 121 
(1:50,000) map of the plant communities in the area (NIJOS, 1991), enabled 122 
conventional altitudinal divisions of the mature vegetation to be defined relatively 123 
precisely as follows: 124 
 125 

• Sub-alpine zone: ~850–1025 m a.s.l., mainly mountain birch (Betula 126 
pubescens) woodland mixed with areas of meadowland and stands of Scots 127 
pine (Pinus sylvestris). Tall herbs (e.g. monk’s hood, Aconitum 128 
septentrionale), ferns (e.g. Gymnocarpium dryopteris) and dwarf shrubs (as in 129 
the low-alpine belt) dominate the understorey and gaps in the tree canopy. 130 

• Low-alpine belt: above the tree line at ~1025–1350 m a.s.l., mainly dwarf-131 
shrub heath. Dwarf birch (Betula nana), juniper (Juniperus communis) 132 
crowberry (Empetrum hermaphroditum), bilberry (Vaccinium myrtillus) and 133 
northern willow (Salix glauca) are typical dominant species. Numerous herbs 134 
(e.g. Trientalis europea, Potentilla crantzii and Solidago virgaurea) are 135 
present beneath the shrub canopy.   136 

• Mid-alpine belt: ~1375–1600 m a.s.l., mainly grass- and lichen-heath and 137 
extensive areas of late-snowbed communities. The heaths are typically 138 
dominated by stiff sedge (Carex bigelowii), mat grass (Nardus sticta) and a 139 
variety of lichens (especially Cetraria spp. and Cladonia spp.); the late-140 
snowbed communities by least willow (Salix herbacea). Other shrubs, e.g. 141 
Empetrum hermaphroditum, blue mountain heath (Phyllodoce caerulea), 142 
cowberry (Vaccinium vitis-idaea) and creeping azalea (Loiseleuria 143 
procumbens) occasionally occur in the lower part of the belt.  144 

• High-alpine belt: ~1600–2200 m a.s.l., mainly boulder-rich fjellfield with a 145 
discontinuous vegetation cover and extensive semi-permanent snowbeds. A 146 
relatively small number of lichens (e.g. Cetraria nivalis, Stereocaulon 147 
alpinum, Alectoria ochroleuca and Thamnolia vermicularis), mosses (e.g. 148 
Racomitrium canescens), grasses and graminoids (e.g. Poa alpina, Trisetum 149 
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spicatum and Luzula arcuata), and forbs (e.g. Saxifraga spp. and Ranunculus 150 
glacialis) occur as isolated individuals or in small patches. 151 

 152 
 These altitudinal boundaries are relatively low on this generally north-facing 153 
aspect compared to other parts of Jotunheimen, where the tree line (sub-alpine/low-154 
alpine transition) may rise above 1200 m a.s.l. and the lower and upper boundaries of 155 
the mid-alpine belt may be as high as ~1500 and 1800 m a.s.l., respectively (Moen, 156 
1999). Examples of the alpine vegetation, and their landscape setting, are shown in 157 
Fig. 2A–C. Within each belt there is a mosaic of plant communities controlled largely 158 
by interactions between topography, the distribution of snow, microclimate and 159 
drainage conditions (Dahl, 1956, 1986; Gjærevoll, 1956; Moen, 1999; Löffler, 2003, 160 
2007; Löffler and Finch, 2005). Although climate, particularly the thermal climate, is 161 
the main environmental control on the altitudinal zonation of the vegetation, the tree 162 
line and the subalpine zone are less easily defined due to the effects of human-induced 163 
disturbances, particularly forest clearance and grazing by cattle, sheep and goats. 164 
Furthermore, relatively small individuals of Betula pubescens growing up to about 165 
1050 m a.s.l. indicate that trees may be currently invading the lowermost part of the 166 
low-alpine zone. 167 
 168 
 Mean annual air temperature (MAAT) at Juvvasshøe (1894 m) was –3.5 °C 169 
for the period AD 2000–2014 according to the Norwegian eKlima database 170 
(http://www.re3data.org/repository/r3d100011719), while 800–1000 mm is the 171 
estimated mean annual precipitation (MAP) for the Galdhøpiggan massif, including 172 
Juvflye (Isaksen et al., 2011). Furthermore, Ødegård et al. (1992) estimated the 173 
MAAT to be –2.6 °C at 1500 m and –6.4 °C at 2200 m a.s.l. Application of a 174 
temperature lapse rate of 0.6 °C per 100 m rise in altitude, suggests a MAAT of about 175 
+0.4 °C at 1025 m a.s.l. (the approximate height of the tree line) and +1.3 °C at 850 m 176 
a.s.l. (the lowest altitude investigated in this study). 177 
 178 
 These values of MAAT are consistent with the existence of permafrost in the 179 
higher parts of the study area, with an active layer thickness of ~1.5-2.5 m for central 180 
Juvflye, and a lower altitudinal limit of discontinuous permafrost at ~1450 m a.s.l. 181 
(Ødegård et al., 1992, 1996; Isaksen et al., 2002, 2011; Harris et al., 2009; Farbrot et 182 
al., 2009; Lilleøren et al., 2012; Ginås et al., 2017). Most of the high-alpine belt is 183 
therefore characterised by boulder field underlain by permafrost, with extensive areas 184 
of periglacial patterned ground (Washburn, 1956; Ballantyne, 2018; French, 2018). 185 
The patterned ground consists of sorted circles (typical diameters, 3–6 m) on 186 
relatively flat plateau areas, which merge into sorted stripes on gently sloping terrain 187 
(Ødegård et al., 1987, 1988; Winkler et al., 2016). 188 
 189 
 Regional deglaciation occurred in Jotunheimen during the Preboreal 190 
chronozone, at least ~10,000 years ago (Lie et al., 2004; Matthews and Dresser, 2008; 191 
Nesje, 2009; Velle et al., 2010; Stroeven et al., 2016). This left a substrate 192 
predominantly of till, which is derived from the local bedrock, pyroxene-granulite 193 
gneiss (Lutro and Tveten, 1996) in which the patterned ground developed rapidly and 194 
then stabilized by 8000-7000 years ago (Winkler et al., 2016). Stabilization of the 195 
patterned ground in this sense refers to the large clasts being wedged together in the 196 
troughs or gutters that surround the sorted circles (thus rendering them essentially 197 
relict landforms). Local glaciers appear to have melted away during the Holocene 198 
Thermal Maximum but regenerated during neoglaciation, certainly by about 6000 199 
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years ago (Matthews and Dresser, 2008), possibly earlier (Ødegård et al., 2017). 200 
Further glacier expansion occurred following climatic deterioration in the late 201 
Holocene, culminating in the Little Ice Age glacier maximum of the eighteenth 202 
century (Matthews, 2005; Matthews and Dresser, 2008; Matthews et al., 2014). 203 
However, despite lowering of the altitudinal limits of permafrost, there is no evidence 204 
to support reactivation of the patterned ground during late-Holocene climatic 205 
deterioration or the Little Ice Age (Winkler et al., 2016). 206 
 207 
 208 
3. Methodology 209 
 210 
3.1 Field sampling 211 
 212 
Testing the autosuccession concept involved comparing pioneer vegetation with 213 
closely adjacent mature (‘climax’) vegetation at paired sites (representing dependent 214 
samples).  The 65 site-pairs were located at 25 m altitudinal intervals along transects 215 
from 850 m a.s.l. to 2200 m a.s.l. (Fig. 1). Transects had a predominantly northerly 216 
aspect. However, a minority of site-pairs were located on southeasterly-facing slopes 217 
of Galdhøe and on the plateau area of Juvflye. An overlap of five site-pairs between 218 
transects ensured that the effect of this difference in slope aspect could be assessed. 219 
 220 
 At each site, quadrats were used to obtain a representative sample of the 221 
vegetation (based on the minimal area principle applied to the mature vegetation; 222 
Kent, 2012). Equivalent areas (4 m2) were sampled from the pioneer vegetation and 223 
the closely adjacent mature vegetation in each site pair (e.g. Fig. 3A-D). However, the 224 
quadrat size used for the pioneer vegetation differed from that used for the mature 225 
vegetation (see below). Percentage cover of each species was estimated subjectively 226 
as the area of each quadrat occupied by the above-ground parts of each species on a 227 
scale of 0-100% at 5% intervals; with additional subdivision of the 0-5% interval to 228 
the nearest 1% and species occupying <1% recorded as 1%. Site cover values were 229 
obtained by cumulating the cover values of the individual quadrats. 230 
 231 
 The sampling design also took account of two different types of disturbed 232 
pioneer vegetation: that growing on the centres of sorted circles (Fig. 4A); and that 233 
colonising roadside verges (Fig. 4B).  Possible effects of differences between these 234 
types of pioneer sites were investigated by comparing the vegetation at five locations 235 
of the two site types on the Juvflye transect where they occurred at the same altitude. 236 
Occasionally, sorted stripes were used where circles were not available at the requisite 237 
altitude. Relict sorted circles and stripes with disturbed centres (e.g. Fig. 2A) exist at 238 
altitudes above 1800 m while roadside verges exist below 1850 m a.s.l. The verges 239 
were constructed from material excavated locally when the road was asphalted in 240 
2004: thus, they were 12–13 years old when the fieldwork for this study was carried 241 
out. In areas of pioneer vegetation, sixteen 0.5 m x 0.5 m quadrats were sampled from 242 
the vegetated fringe areas of disturbed patterned ground and/or roadside verges. Small 243 
quadrats were necessary because suitable pioneer areas were limited. Verges on the 244 
upslope side of the road were avoided as they tend to be fed and sometimes flooded 245 
by snow meltwater draining from the hillside and also sometimes receive eroded 246 
remnants of mature vegetation and soil from unstable areas upslope. 247 
 248 
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 Most areas of mature vegetation and all sites below 1650 m a.s.l. were on 249 
areas without patterned ground (e.g. Fig. 2C). Above 1650 m some areas of mature 250 
vegetation were located on those parts of relict patterned ground with a continuous 251 
vegetation cover unaffected by disturbed centres (e.g. Fig. 2B). Four 1 m x 1 m 252 
quadrats were sampled at each of the mature vegetation sites. Well-drained areas 253 
exhibiting the greatest biomass were targeted. Quadrats of this size were small enough 254 
to fit both within particular patches of the shrub, graminoid and/or lichen mosaic and 255 
the vegetated centres of relict sorted circles. At the same time, 1 m2 quadrats were 256 
large enough to include most of the species present locally while avoiding vegetated 257 
areas exhibiting any type of disturbance. The selection of well-drained sites ensured 258 
maximum compatibility with the pioneer sites from roadside verges and disturbed 259 
circle centres, both of which tend to be relatively well-drained habitats. Boggy areas 260 
of mature vegetation were therefore avoided. 261 
 262 
3.2 Plant community similarity coefficients 263 
 264 
The difference in species composition between the pioneer and mature communities at 265 
each pair of sites was measured using two related similarity coefficients. One of these 266 
coefficients (Sn) has been widely used in plant community analysis (Mueller-Dombois 267 
and Ellenberg, 1974; Jongman et al., 1995; Lepš and Šmilauer, 2003; Kent, 2012); the 268 
second coefficient used (So) is novel to this study. Both can be expressed as values 269 
between 0 and 1 or as percentages. Here, they are expressed as percentages: 100% 270 
indicating perfect similarity. 271 
 272 
 First, Sørensen’s similarity coefficient (Sn), equivalent to the Bray-Curtis 273 
similarity coefficient, was used to measure nominal-scale (qualitative) differences 274 
between each pair of sites based on the presence or absence of species: 275 
 276 
 Sn = 200c / (a + b)       (1) 277 
 278 
where, a is the number of species in the pioneer site, b is the number of species in the 279 
mature site, and c is the number of species common to both sites. Being based on 280 
presence/absence data, equation (1) takes no account of species abundance, gives 281 
equal weight to common and rare species, and is closest to measuring community 282 
similarity as originally conceived by Muller (1940, 1952) in his definition of 283 
autosuccession.    284 
 285 
 The second similarity coefficient is related to but different from the 286 
quantitative version of the Sørensen/Bray-Curtis coefficient (Si), which uses interval-287 
scale data rather than presence-absence data and measures quantitative community 288 
differences based on cover-value scores: 289 
 290 
 Si = 200C / (A + B)       (2) 291 
 292 
where, A is the sum of the scores in the pioneer site, B is the sum of the scores in the 293 
mature site, and C is the sum of the lesser scores of the species common to both sites. 294 
Equation (2) is therefore overwhelmed by differences in species abundance between 295 
sparsely vegetated pioneer communities and the dense mature vegetation with 296 
consequent major down-weighting of rare species. Although the commonly used Si 297 
coefficient is not used in this study, it is included here to clarify how it differs from 298 
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the equivalent ordinal-scale similarity coefficient So, which we use instead. So 299 
measures rank-order differences in species composition based on cover values. 300 
Derived specifically for this study, this coefficient is based on similar principles to the 301 
other coefficients defined above: 302 
 303 
 So = 200γ / (α + β)       (3) 304 
 305 
where, α is sum of the ranks in the pioneer site, β is the sum of the ranks in the mature 306 
site, and γ is the sum of the lesser ranks of the species common to both sites. Use of 307 
equation (3) produces a similarity coefficient that is intermediate in character between 308 
equations (1) and (2) in terms of the weighting given to species abundance: high cover 309 
scores have greater effect than in equation (1) while rare species are more effective 310 
than in equation (2). So is used in this paper to extend the analysis of autosuccession 311 
beyond the presence/absence of species (see discussion below).  312 
 313 
3.3 Indices of pioneer species persistence and importance 314 
 315 
Related to the similarity coefficients but measuring different aspects of the similarity 316 
between the pioneer and mature communities are the indices of pioneer persistence 317 
(PP) and pioneer importance (PI). These indices were first defined and used in the 318 
context of insect and anthropod succession based on nominal scale (presence and 319 
absence) data by Vater and Matthews (2015):  320 
 321 
 PPn = 100c / a        (4) 322 
 323 
 PIn = 100c / b        (5) 324 
 325 
The PPn index measures the proportion of the pioneer species that persist through 326 
time to form the mature successional stage, whereas the PIn index measures the 327 
proportion of the species at the mature stage that comprise the persistent pioneer 328 
element. Both are directly relevant to the original concept of autosuccession and 329 
complement Sn. 330 
    331 
 Ordinal-scale equivalents of these indices are also defined and used in the 332 
present study as complementary to So:  333 
 334 
 PPo = 100γ / α        (6) 335 
 336 
 PIo = 100γ / β        (7) 337 
 338 
The PPo and PIo indices measure the extent to which the rank order of species is 339 
preserved during the transition from pioneer to mature stages. By taking more account 340 
of the abundance of species relative to the nominal-scale indices, these ordinal-scale 341 
indices are again used to broaden the analysis and further develop autosuccession 342 
concepts. 343 
 344 
3.4 Analysis of altitudinal variation in coefficients and indices 345 
 346 
Altitudinal variation in the values of the similarity coefficients and indices of pioneer 347 
persistence and importance was interrogated using direct graphical analysis in relation 348 
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to the altitudinal gradient combined with statistical techniques of linear regression and 349 
correlation (Zar, 1974). In order to assess the validity of including data from different 350 
transects in the same analyses, pairwise comparison was carried out of sites with 351 
similar altitude on the overlapping portions of the northwest-facing Galdhøe transect 352 
(at 1925-2050 m a.s.l.) and the southeast-facing Juvflye transect (at 1750-1850 m 353 
a.s.l.), though the available five site-pairs represent a limited sample size. Similarly, 354 
the possible effect of differences in pioneer site type (i.e. use of roadside verges or 355 
sorted circle centres) was assessed by pairwise comparison of the two types of site 356 
where they occurred at the same altitude on the Juvflye transect (five site-pairs). 357 
Pairwise comparisons were tested using Student’s t tests of dependent means 358 
(Matthews, 1991). Differences in the coefficients and indices between conventional 359 
altitudinal zones defined independently for the local area (NIJOS, 1991; see above) 360 
were tested graphically and statistically using 95% confidence intervals. 361 
 362 
 363 
4. Results 364 
 365 
Values of the two similarity coefficients and the four indices of pioneer persistence 366 
and importance on the two transects exhibit high variability between the 65 sites, 367 
which is strongly related to altitude and site type (Table 1). 368 
 369 
4.1 Comparing different aspects and site types 370 
 371 
In relation to the aspect comparisons, none of the similarity coefficients or the indices 372 
of pioneer persistence or importance differ significantly according to the Student’s t 373 
test of dependent means, despite the number of species differing significantly (Table 374 
2). In contrast, the pioneer site-type comparisons consistently result in statistically 375 
significant differences at various significance levels (Table 2).   376 
 377 
 In the light of these comparisons it was considered justifiable to include sites 378 
from different transects in the same analysis provided they were of the same site type. 379 
In contrast, different pioneer site types should not be included in the same analysis 380 
because there is a systematic difference of 20–23% between the site types for the 381 
nominal-scale coefficients and indices (Sn, PPn and PIn) and 27–31 % between site 382 
types using measures based on an ordinal scale (So, PPo and PIo). Results of further 383 
analyses reported below therefore use pioneer sites from either patterned ground 384 
(circle sites) or roadside verges (verge sites) but not both. 385 
 386 
4.2 Altitudinal patterns in coefficients and indices  387 
 388 
The nominal-scale similarity coefficient (Sn) varies from >90% at the highest altitude 389 
sites to <20% at the lowest altitudes, with a strong linear gradient of increasing 390 
similarity with altitude (Fig.5A). The correlation coefficients show that a significant 391 
proportion of the variability in Sn is explained by altitude (64% and 43% for the 392 
roadside-verge and sorted-circle sites, respectively).  Indeed, Sn attains values of 393 
100% at two sites above 2000 m a.s.l. whereas one site below the tree line at 875 m 394 
a.s.l. has a value of only 5%. The offset of at least 20% similarity between the 395 
gradients based on verges and circles is clearly seen in this figure: Sn values of ~50% 396 
characterise roadside-verge sites at 1800 m a.s.l. whereas sorted-circle sites at the 397 
same altitude attain values around 70%. 398 
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 399 
 Large differences are also shown between the mean similarity values 400 
characteristic of contiguous conventional altitudinal zones or belts. Although these 401 
differences are not always statistically significant according to the degree of overlap 402 
exhibited by the confidence intervals shown graphically in Fig. 5A and detailed in 403 
Table 3, the difference between the sub-alpine zone and the low-alpine belt is 404 
particularly strong. Statistically significant differences are consistently shown 405 
between subadjacent zones (i.e. sub-alpine/mid-alpine and low-alpine/high-alpine) 406 
and between the sub-zones defining the top and bottom of the high-altitude belt. 407 
 408 
 Values of the ordinal-scale similarity coefficient (So) shown in Figure 5B are 409 
similar and of the order of 10% lower than those of Sn. However, as the altitudinal 410 
gradient of So is less steep and the correlation coefficients are somewhat weaker, 411 
mean values of the altitudinal zones are correspondingly lower and the differences 412 
between them are less clear. 413 
 414 
 The altitudinal gradients for the nominal-scale pioneer persistence index (PPn; 415 
Fig. 5C) are very similar to those for the nominal-scale similarity index. Most of the 416 
species present in the high-altitude pioneer communities of sorted-circle sites (>70%) 417 
persist in the mature vegetation but the confidence intervals for the sub-zones are 418 
wider than for Sn, reflecting greater relative variability between sites. At roadside-419 
verge sites in the high-alpine belt, about half of the pioneer species persist in the 420 
mature vegetation, but the proportion falls to 5-25% in the sub-alpine zone. Higher 421 
relative variability in the ordinal-scale pioneer persistence index (PPo; Fig. 5D) is 422 
responsible for the absence of a statistically significant altitudinal gradient at the high-423 
alpine sorted circle sites. At the roadside-verge sites, however, the altitudinal gradient 424 
is significant and similar to that of So.   425 
 426 
 Figs 5E and 5F show altitudinal variations in the nominal-scale and ordinal-427 
scale pioneer importance indices, PIn and PIo, respectively. Both altitudinal gradients 428 
are statistically significant but PIn gradients are consistently stronger than the PIo 429 
gradients and PIn values also tend to be greater. Thus, at roadside-verge sites, the 430 
ordinal-scale pioneer importance index varies from only ~30% in the high-alpine belt 431 
to ~15% in the sub-alpine zone. Consequently, differences between the zones/belts are 432 
less clearly separated by this index than by any other. This reflects large variations in 433 
cover values (and hence rank-order) in the mature communities of species that do not 434 
occur as pioneers.        435 
 436 
 437 
5. Discussion 438 
 439 
5.1 Autosuccession in the high-alpine zone 440 
 441 
Autosuccession was conceived by Muller (1940, 1952) as a nominal-scale concept, 442 
which describes the situation where there is no difference in species composition 443 
between the pioneer community and the mature stage of succession. As such, 444 
autosuccession is directly quantified by the Sn coefficient and is characterised by 445 
values of 100%. As our data do not distinguish between early- and later-colonising 446 
pioneer species, we cannot separate non-selective autosuccession from selective 447 
autosuccession in which, by definition, some pioneers colonise before others. 448 
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Nevertheless, during selective autosuccession, Sn would tend towards 100% as the 449 
pioneer community itself develops. Values of Sn approximating to 100% therefore 450 
clearly demonstrate autosuccession, whether it is non-selective or selective. 451 
 452 
 Our results in Fig. 5A indicate that autosuccession occurs only at a limited 453 
number of sorted-circle sites in the upper part of the high-alpine belt (>2000 m a.s.l.) 454 
where Sn is consistently >90%. There, the species in our pioneer communities are the 455 
same as those characteristic of the mature communities, including Cetraria nivalis, 456 
Stereocaulon alpinum, Alectoria ochroleuca, Thamnolia vermicularis, Racomitrium 457 
canescens, Luzula arcuata, Poa alpina, and Ranunculus glacialis. At the sorted circle 458 
sites lower in the high-alpine belt values of Sn are closer to ~70%, which suggests 459 
appreciable differences between the species composition of the pioneer and mature 460 
communities and hence that the autosuccession concept is not applicable there. 461 
Similar values exhibited by the nominal-scale pioneer persistence (PPn) and pioneer 462 
importance (PIn) indices (Fig. 5C and 5E) support these conclusions. However, there 463 
are few if any pioneer colonisers that do not persist into the mature community and 464 
few if any species in the mature community that are not pioneers. Species do not fall 465 
consistently into either category due to the occurrence of scattered individuals in 466 
particular places often being a matter of chance.  467 
 468 
 Extending the analysis to the ordinal-scale coefficients and indices (Fig. 5B, 469 
5D and 5F) demonstrates that not only species composition but also the rank-order of 470 
species importance tends to be preserved during succession at the sorted-circle sites in 471 
the high-alpine belt. Values of So, PPo and PIo at the sites in the upper part of high-472 
alpine belt tend to be between 70% and 90% and, on average, are only 15-20% lower 473 
than those of the corresponding nominal-scale measures. 474 
 475 
5.2 Substrate effects in the high-alpine zone 476 
 477 
Significantly lower values for Sn (40-50%), So (30-40%) and the other indices at the 478 
roadside-verge sites compared with the sorted-circle sites at similar altitudes within 479 
the lower part of the high-alpine belt (Fig. 5) is incompatible with autosuccession. The 480 
main difference in species composition between the two pioneer site-types appears to 481 
be a richer flora on the verges, with forbs such as Cerastium alpinum, Cardamine 482 
bellidifolia, Minuartia biflora, Silene acaulis, Draba spp., and Saxifraga spp. 483 
occurring more commonly on the verges. Different pioneer communities from those 484 
characteristic of the circle sites must be accounted for by differences in the substrate 485 
under otherwise similar environmental conditions. The sorted circles have developed 486 
in till, which contains abundant silt-sized sedimentary particles as well as some clay, 487 
sand and larger clasts (Winkler et al., 2016). The fine particles are much in evidence 488 
in the disturbed centres of the sorted circles. In contrast, the roadside verges are 489 
constructed of well-sorted sand and gravel material, which tends to be better drained 490 
and less frost-susceptible than till (Ballantyne, 2018), and is deliberately used in road 491 
construction to preserve the road from destruction by ice-lense growth (Harris et al., 492 
2018). Both sets of pioneer sites are subject to disturbance: the circle centres as a 493 
result of winter freezing and summer thawing of near-surface groundwater in the 494 
active layer; and the verges by gravel movement and dust additions from passing 495 
traffic in the summer months. Circle centres are disturbed by frost heave (Rempel, 496 
2011) and cryoturbation (Bockheim, 2007): the minority of sites involving sorted 497 
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stripes rather than sorted circles are additionally disturbed by downslope solifluction 498 
(cf. Matsuoka, 1998, 2001; Harris et al., 2008). 499 
 500 
5.3 Relay succession in the sub-alpine zone 501 
 502 
In the sub-alpine zone, the coefficients and indices indicate very little similarity 503 
between the pioneer species and those species characterising the adjacent mature 504 
vegetation. The mean values of Sn, PPn, PIn, So, PPo and PIo from this zone all lie 505 
within the range of 14–19% (Fig. 5 and Table 3), to which the substrate difference 506 
between the gravel of the verge and the till of the mature vegetation will have 507 
contributed. Offset in values discussed above between site types in the high-alpine 508 
zone indicates that the substrate effect could reduce the degree of similarity by as 509 
much as 20-30%. However, the tendency towards convergence of the regression lines 510 
shown in Fig. 5 suggests that this reduction in similarity is likely to be less at lower 511 
altitudes and to be least in the sub-alpine zone. 512 
 513 
 The low similarity values recorded in the sub-alpine zone are therefore 514 
inconsistent with autosuccession. Instead, this result indicates that a new set of species 515 
replaces the pioneer species during succession, in keeping with the traditional concept 516 
of relay floristics, replacement change or relay succession (cf. Egler, 1954, 517 
McCormick, 1968, Svoboda and Henry, 1987; Matthews, 1992), which is 518 
characterised by high species turnover over time and is a widespread feature of 519 
primary succession in less severe environments elsewhere (see below). The long list 520 
of species that characterise mature vegetation in the sub-alpine zone include not only 521 
trees (Pinus sylvestris, Betula pubescens and Alnus incana) and shrubs (Juniperus 522 
communis, Betula nana, Vaccinium myrtillus, V. vitis-idaea, Empetrum 523 
hermaphroditum and Salix spp.) but also graminoids, forbs and ferns (e.g. 524 
Deschampsia flexuosa, Luzula sylvatica, Aconitum septentrionale, Geranium 525 
sylvaticum, Melampyrum sylvaticum, Linnaea borealis, Oxalis acetosella and 526 
Gymnocarpium dryopteris). Pioneer communities in the sub-alpine zone consist of a 527 
diverse mixture of grasses and forbs, including some species typical of the alpine zone 528 
(e.g. Deschampsia alpina, Cerastium alpinum, Epilobium anagallidiflium and 529 
Polygonum viviparum) and agricultural weeds (e.g. Rumex acetosella, Plantago 530 
lanceolata and Trifolium repens) (cf. Robbins, 2007). Salix glauca is the only shrub 531 
that occurs frequently but in low numbers amongst the pioneers in the sub-alpine 532 
zone. Colonisation of these verges by tree seedlings of Betula pubescens and Pinus 533 
sylvestris also occurs and accounts for the coefficient and indices failing to achieve a 534 
value of zero at one of the eight sites in the sub-alpine zone. 535 
 536 
5.4 Mixed-mode succession in the low-alpine and mid-alpine belts 537 
 538 
Mean values for the nominal-scale measures are 30-35% for the low-alpine and ~40% 539 
for the mid alpine, whereas they are 20-30% and 25-35%, respectively, using the 540 
ordinal-scale measures (Fig. 5 and Table 3). These relatively low similarity values 541 
indicate that the differences between these belts are consistently less than between the 542 
low-alpine belt and the sub-alpine zone. Furthermore, the intermediate values of all 543 
coefficients and indices in the mid- and low-alpine belts suggest that succession there 544 
is transitional in character between autosuccession, which occurs in the upper high-545 
alpine sites, and the relay succession/replacement change of the sub-alpine zone.     546 
 547 
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 Throughout the low- and mid-alpine belts most of the pioneer species do not 548 
persist into the mature vegetation. Many of the pioneer species are the same as in the 549 
sub-alpine zone with additional alpine species, including Gnaphalium supinum, Silene 550 
acaulis, Luzula spicata, L. arcuata, Festuca ovina, Trisetum spicatum, Poa alpina, 551 
Saxifraga spp. and the moss, Polytrichum sexangulare. The shrubs (Betula nana, 552 
Juniperus communis, Empetrum hermaphroditum, Phyllodoce caerulea, Calluna 553 
vulgaris, Vaccinium myrtillus, V. uliginosum, V. vitis-idaea, Loiseleuria procumbens, 554 
Arctous alpine, A. uva-ursi, Salix glauca and S. lanata), lichens (e.g. Cetraria nivalis, 555 
C. islandica, Stereocaulon alpinum, Cladonia arbuscula, C. alpestre, Alectoria 556 
nigricans, A. nigricans), forbs (e.g. Trientalis europea, Potentilla crantzii, Solidago 557 
virgaurea, Hieracium spp., Saussurea alpina, Pedicularis lapponica, Bartsia alpina, 558 
Sibbaldia procumbens, Viola biflora, Pyrola spp. and Polygonum viviparum), and 559 
graminoids (e.g. Carex bigelowii,Juncus trifidus, Anthoxanthum odorata  and Nardus 560 
stricta), that characterise the mature low- and mid-alpine heaths rarely occur as 561 
pioneers. 562 
 563 
 The transition from the low to mid-alpine zones is gradual and is accompanied 564 
by a decline in the number and abundance of the woody species, apart from Salix 565 
herbacea, which increases in abundance as the area affected by late snowbeds 566 
increases. A strong element of relay floristics/replacement change therefore occurs in 567 
both belts, although it is strongest in the shrub-dominated low-alpine belt. This 568 
altitudinal variation in the mode of succession between pioneer and mature stages still 569 
applies if account is again taken of the offset of up to 20-30% in the differences 570 
between the pioneer and mature communities of verge sites relative to sorted-circle 571 
sites (an offset that may be greater for the mid-alpine belt than for the low-alpine belt, 572 
as argued above). 573 
 574 
 Our interpretation vis-à-vis the relationship between autosuccession and 575 
altitudinal zonation differs from that those of Muller (1952), Matthews (1992) and 576 
Robbins and Matthews (2010) in that autosuccession appears to be more restricted 577 
than previously envisaged. In particular, autosuccession (or selective autosuccession) 578 
seems to be less important than relay succession/replacement change in the mid-alpine 579 
belt. In general, therefore, our results support the conclusion that autosuccession 580 
without significant turnover of species is limited to the uppermost part of the high-581 
alpine belt, essentially in agreement with the conclusion of Brown et al. (2006) that 582 
autosuccession is an untenable model in the context of secondary succession in New 583 
Zealand high-alpine cushionfield.      584 
 585 
5.5 An altitudinal continuum in the nature of successional change 586 
 587 
Despite the existence of significant differences between conventional altitudinal 588 
zones, the strong altitudinal gradients exhibited for each of the coefficients and 589 
indices indicate that altitudinal variation in the nature of successional change can be 590 
regarded as a continuum. Although the concept of altitudinal zonation of mature 591 
vegetation has a very long history in Scandinavia, including alpine vegetation in 592 
Norway (Nordhagen, 1943, Gjærevoll, 1956; Dahl, 1956, 1986; Moen, 1999; Löffler 593 
and Finch, 2005), the continuum concept provides an alternative interpretation (cf. 594 
Gleason, 1939; McIntosh, 1967; Whittaker, 1967; Oksanen and Minchin, 2002), 595 
which may be particularly appropriate in the context of succession. No consistent 596 
steps are apparent in Fig. 5 and there is little evidence to suggest that between-zone 597 
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variability exceeds within-zone variability, which would be necessary to recognise 598 
non-arbitrary altitudinal zones in the pattern of succession. 599 
 600 
 Our study therefore suggests a more-or-less linear continuum from pure 601 
autosuccession at the highest sites investigated (altitudes above ~2000 m a.s.l.) to pure 602 
relay succession at the lowest (below the tree line at ~1000 m a.s.l.). The element of 603 
autosuccession decreases as the element of relay succession increases throughout the 604 
descent from conventional high-alpine to sub-alpine. Nevertheless, it appears that the 605 
differences in the mode of succession between the sub-alpine zone and the low-alpine 606 
zone are greater than between the other contiguous altitudinal zones at higher 607 
altitudes, possibly associated with major differences in ecosystem structure and 608 
function above and below the tree line.  609 
 610 
 The main controls on the successional continuum seem to be related directly 611 
or indirectly to the thermal climate, which is known to be a major control on the 612 
decline in the number of plant species (species richness) with altitude in alpine zones 613 
throughout the world (Rahbek, 1995; Körner and Spehn, 2002; Nagy et al., 2003). In 614 
the Norwegian alpine zone, including the Galdhøpiggen massif, the decrease in 615 
vascular plant species richness with altitude is approximately linear and is strongly 616 
correlated with mean July air temperature (Jørgensen, 1932; Dahl, 1951; Odland and 617 
Birks, 1999; Holten, 2003). However, a number of climatic factors may affect the 618 
upper altitudinal limits of particular species, including soil temperature, moisture as 619 
well as heat availability in the growing season, and interactions between winter 620 
temperature, snow and wind conditions (Gauslaa, 1984, 1985, Dahl, 1986; Holten, 621 
2003; Körner, 2007; Odland et al., 2017). 622 
 623 
 Substrate disturbance following freezing and thawing of the ground in the 624 
active layer is an indirect effect of the thermal climate that has a major influence on 625 
plant communities, ecosystems and succession in polar and alpine environments 626 
(Sigafoos, 1951; Raup, 1957, 1971; Johnson and Neiland, 1983; Chernov and 627 
Matveyeva, 1997; Matthews et al., 1998;  Walker et al., 2004; Haugland and Beatty, 628 
2005; Kade et al., 2005; Haugland, 2006; Shur and Jorgenson, 2007; Vonlanthen et 629 
al., 2008; D’Amico et al., 2015). Frost disturbance, which may include frost heave, 630 
solifluction and/or cryoturbation, occurs at all altitudes investigated in this study but 631 
tends to be more extensive and operate at higher intensity under the permafrost regime 632 
at sites in excess of ~1450 m a.s.l. Furthermore, it is only in the high-alpine belt with 633 
underlying permafrost that frost heave, solifluction and particularly cryoturbation 634 
appear sufficiently active to produce bare, unvegetated surfaces in the fine centres of 635 
patterned ground. Through mid- and low-alpine belts with seasonally-frozen ground, 636 
visible cryoturbation ceases, solifluction is constrained by the complete vegetation 637 
cover, and frost heave diminishes. We hypothesise, therefore, that succession tends to 638 
become simpler with increasing altitude as fewer plants tolerate increasing climatic 639 
stress and substrate disturbance, culminating in pure autosuccession at sites above 640 
~2000 m a.s.l. 641 
 642 
5.6 Implications for geo-ecological processes and models of primary succession  643 
 644 
Succession can be regarded as a geo-ecological process because it involves spatio-645 
temporal dimensions in the landscape and interactions between autogenic 646 
(organic/biological) and allogenic (inorganic/physical) driving and/or conditioning 647 
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factors (Clements, 1928; Matthews, 1992, 1999; Cutler et al., 2008). An explicitly 648 
geo-ecological model is particularly appropriate in the alpine zone because of spatial 649 
variations in the dynamics of succession, which reflect the increasingly severe or 650 
stressful and disturbed environment with increasing altitude. 651 
 652 
 Our schematic geo-ecological model for the high-alpine/sub-alpine continuum 653 
is summarised in Fig. 6. The first part of this model (Fig. 6A) depicts the linear 654 
relationship between altitude and species composition change as quantified by the 655 
coefficients and indices used in this study. This relationship is interpreted as a 656 
continuum in the mode of succession from high-altitude autosuccession to relay 657 
succession below the tree line (Fig. 6C), which is driven by the relative importance of 658 
allogenic and autogenic processes along the altitudinal bioclimatic gradient (Fig. 6B). 659 
 660 
 Although we are unable to separate the precise roles of specific processes and 661 
mechanisms on the basis of our data, it may be speculated that the interaction of a 662 
stressful thermal climate, frost disturbance, variable vegetation cover and plant 663 
biomass, competition and the reaction of plants on their environment are of 664 
fundamental importance in accounting for the successional continuum. At the highest 665 
altitudes investigated, climatic stress and frost disturbance limit the species pool, the 666 
vegetation cover and plant biomass. Relatively few plants comprise the pioneer 667 
community and form an incomplete vegetation cover of very low biomass. This leads 668 
to the dominance of autosuccession. Even in the mature community, plants tend to be 669 
isolated from each other, rarely form extensive mats and are unlikely to be affected by 670 
competition, reduce disturbance or react on their environment in any way that may 671 
significantly facilitate change towards a different community. At lower altitudes, with 672 
a larger species pool, complete cover, greater biomass, less stressful environment and 673 
lower disturbance levels, competition and reaction are likely to increase in intensity. 674 
Consequently, species turnover/replacement change driven by biological interactions 675 
is possible within the conventional mid-alpine belt, increases in significance in the 676 
low-alpine zone and appears to be the overwhelmingly dominant mode of succession 677 
in the sub-alpine zone. A similar geo-ecological model would seem to be applicable to 678 
Arctic-subarctic bioclimatic gradients (cf. Svoboda and Henry, 1987; Walker et al., 679 
2004; and Kade et al., 2005). 680 
 681 
 Finally, the question may be raised as to whether, from a theoretical point of 682 
view, ‘autosuccession’ is really a true succession at all. The answer depends, at least 683 
in part, on the interpretation of the limiting or controlling factor. If the pioneer stage 684 
persists unchanged due to widespread and frequent disturbance, this could be 685 
interpreted as permanent blockage of the transition to a mature stage (i.e. ‘no 686 
succession’). If, on the other hand, the pioneer stage persists directly due to climatic 687 
stress, increasing cover, biomass and competition within a limited species pool would 688 
be more consistent with the idea of a very simple succession to maturity (i.e. 689 
‘succession’). The same dichotomy underlay ‘the problem of Arctic vegetation’ 690 
recognised by Griggs (1934). He posed the question in terms of whether or not the 691 
Arctic tundra represents a ‘climatic climax’, the alternative being that continuous 692 
disturbance prevents succession and the attainment of a stable community.  693 
 694 
 695 
6. Conclusion 696 
 697 
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1. The altitudinal bioclimatic gradient in Jotunheimen provides a wide range of 698 
alpine environments within which autosuccession and related concepts can be tested.  699 
Autosuccession, also known as direct succession or non-replacement change, is the 700 
simplest form of succession in which there is no difference in species composition 701 
between pioneer and mature stages. In this study, specific tests of autosuccession 702 
involve comparing pioneer communities on roadside verges and areas of patterned 703 
ground disturbed by cryoturbation with mature communities at regular 25-m intervals 704 
over an altitudinal range of 1350 m from sub-alpine woodland to high-alpine 705 
fjellfield. 706 
 707 
2. Use of community similarity coefficients and indices of pioneer persistence 708 
and importance to measure differences in species composition between paired 709 
samples of pioneer and mature plant communities enables numerical testing of the 710 
concept of autosuccession for the first time. Autosuccession is indicated by values of 711 
100 % for these measures. Using data on the presence and absence of species in 712 
nominal-scale coefficients and indices provides the closest approximation to a test of 713 
autosuccession as conceived by Muller (1940, 1952). Parallel tests taking the rank-714 
order of species abundance into account by using related ordinal-scale coefficients 715 
and indices substantiate the results based on nominal-scale data.  716 
 717 
3. Although values based on ordinal-scale data are generally ~10% lower than 718 
those based on nominal-scale data, all coefficients and indices exhibit statistically 719 
significant linear relationships with altitude. At disturbed sorted circle sites, mean 720 
values of nominal-scale coefficients and indices vary from 92-94% to 70-72% in the 721 
upper (2075-2200 m a.s.l.) and lower (1750-1850 m) parts of the high-alpine belt, 722 
respectively. At roadside verge sites, comparable mean values for the high- (1625-723 
1850 m), mid- (1375-1600 m) and low-alpine (1000-1350 m) belts and the sub-alpine 724 
zone (850-1025 m) are 43-51%, 40-42%, 31-35% and 17-19%, respectively. The 725 
~20% offset in regression lines based on pioneer sites from roadside verges and 726 
disturbed sorted circles indicates that substrate differences are an effective influence. 727 
 728 
4. Statistically significant differences between conventional altitudinal belts 729 
within the alpine zone can be interpreted as reflecting a successional continuum 730 
related to altitude and its associated bioclimatic gradient. Pure autosuccession (or non-731 
directional, non-replacement change) affects only the uppermost part of the high-732 
alpine belt whereas, in the sub-alpine zone, pioneer and mature communities have few 733 
species in common, major species turnover occurs and relay succession (or relay 734 
floristics) is characteristic. Between these two extremes, mixed-mode succession is 735 
recognised with progressively greater replacement change through the mid- to low-736 
alpine transition.              737 
 738 
5. Spatial variation in the nature of primary succession is consistent with a geo-739 
ecological model of succession in which predominantly allogenic controls (climatic 740 
stress, associated especially with the thermal climate, and high levels of cryoturbation 741 
and other forms of substrate disturbance) at high altitudes give way to increasing 742 
autogenic controls (biological interactions, including competition between species and 743 
the reaction of plants on their environment, and substrate stability) at lower altitudes. 744 
However, separation of the roles of successional processes and mechanisms is not 745 
possible on the basis of our data. Areas requiring further investigation include the 746 
following: the possibility of selective autosuccession (directional non-replacement 747 
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change); differences in the roles of climatic stress and frost disturbance along the 748 
successional continuum, between conventional altitudinal vegetation belts and 749 
between areas affected by permafrost and seasonal frost; feedbacks between 750 
vegetation and frost disturbances; and mechanisms of vegetation change at the species 751 
level. 752 
 753 
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FIGURE CAPTIONS 1187 
 1188 
Fig. 1. The study area in northeastern Jotunheimen. Study sites at altitudinal intervals 1189 
of 25 m are located on two overlapping transects: the long Juvflye transect extends 1190 
from 850 m a.s.l. alongside the road from Galdesanden, across the plateau area of 1191 
Juvflye, to 2050 m a.s.l. on the southeastern slope of Galdhøe; the shorter Galdhøe 1192 
transect extends from 1900 to 2200 m a.s.l. on the north and east-facing slope of 1193 
Galdhøe. At each study site comparable areas of pioneer and mature vegetation were 1194 
analysed. 1195 
 1196 
Fig. 2. Vegetation of the alpine belts in their landscape setting: (A) high-alpine belt; 1197 
sparsely vegetated sorted circles with frost-disturbed centres at ~1850 m a.s.l.; (B) 1198 
mid-alpine belt; lichen heath on relict sorted circles without disturbed centres at 1199 
~1550 m a.s.l.; (C) low-alpine belt; dwarf-shrub heath at ~1250 m a.s.l. 1200 
 1201 
Fig. 3.  Paired pioneer and mature sites: (A) mid-alpine roadside verge and (B) 1202 
adjacent mature grass heath at ~1600 m a.s.l.; (C) sub-alpine roadside verge and (D) 1203 
adjacent mature community with pine and birch trees and fern understorey at ~900 m 1204 
a.s.l.    1205 
 1206 
Fig. 4. Schematic sampling strategy for quadrat sampling at paired pioneer and mature 1207 
sites associated with the vegetation of (A) sorted patterned ground and (B) roadside 1208 
verges. Note use of sixteen 0.5 x 0.5 m quadrats at pioneer sites and four 1.0 x 1.0 m 1209 
quadrats at mature sites. 1210 
 1211 
Fig. 5. Altitudinal variation in community similarity coefficients and pioneer indices 1212 
based on nominal- and ordinal-scale data: (A) nominal-scale Sn coefficient; (B) 1213 
ordinal-scale So coefficient; (C) nominal-scale PPn index; (D) ordinal-scale PPo index; 1214 
(E) nominal-scale PIn index; (F) ordinal-scale PIo index. Separate regression lines are 1215 
shown for sites based on roadside verges (left) and sorted circles (right). Shaded areas 1216 
show conventional altitudinal zones (sub-, low-, mid- and high-alpine) and three 1217 
subdivisions of the high-alpine belt for sites using sorted circles; 95% confidence 1218 
intervals around zone mean values are also shown for each altitudinal zone, belt or 1219 
subdivision. Further explanation in the text. 1220 
 1221 
Fig. 6. Schematic geo-ecological model of successional change along the sub-1222 
alpine/high-alpine altitudinal gradient in Jotunheimen: (A) altitudinal variation in 1223 
species compositional change during succession as measured by community similarity 1224 
coefficients (Sn, So) and indices of pioneer species persistence (PPn, PPo) and 1225 
importance (PIn, PIo); (B) altitudinal variation in the relative importance of allogenic 1226 
and autogenic processes during succession; (C) the continuum in the nature of 1227 
successional change from autosuccession in the upper high-alpine belt to relay 1228 
succession in the sub-alpine zone.  1229 
 1230 
 1231 
 1232 
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