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Abstract 17 
Red wood ant nest mounds were investigated on terrain deglaciated since the mid-18 

eighteenth century at three outlet glaciers of the Jostedalsbreen ice cap in southern Norway. 19 

Chronosequence methodology was combined with a geo-ecological approach in the context 20 

of autecology. Size and composition of 168 mounds, most of which belonged to Formica 21 

lugubris, were related to terrain age, vegetation characteristics and physical habitat types 22 

using non-metric multidimensional scaling (NMDS) linked to segmented bubble plots and 23 

inferential statistical techniques. Substantive insights include: (1) colonisation occurs 50–80 24 

years after deglaciation; (2) mounds up to 100 cm high occupy the glacier forelands with a 25 

density of 2.5-4.6 mounds/hectare; (3) the positive correlation between mound size and 26 

terrain age is weakened by the presence of numerous small mounds attributed to the 27 

expansion of polydomous colonies by budding; (4) although mounds are composed mostly 28 

of plant remains (litter), they contain up to 17 % mineral material (mostly gravel) on 29 

relatively young terrain; (5) mound size and composition are related to the number of trees 30 

(Betula pubescens) occurring within 5 m of each mound, which reflects the availability of 31 

biological resources for mound thatch and ant food, the latter being primarily honeydew 32 

from aphids; (6) where aphids are present on trees, the mounds tend to be relatively large, 33 

reflecting the presence of ant-aphid mutualism; (7) mounds are larger on moraines and till 34 

plains than on outwash deposits, probably reflecting the enhancement of tree growth due to 35 

greater moisture availability and soil fertility in the former habitat types; (8) a strong 36 

southerly preferred aspect in mound orientation indicates the importance of direct solar 37 

radiation in maintaining internal mound temperatures; and (9) glacier-foreland landscapes 38 

are not simply time-dependent chronosequences reflecting succession but are the product of 39 

spatio-temporal dynamics involving biotic and abiotic interactions, which we summarize in 40 

a conceptual geo-ecological model. The main methodological implications are that 41 

chronosequences can be used to investigate the autecology of keystone species using a geo-42 

ecological approach and multivariate analysis. 43 
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Introduction 50 

 51 

Chronosequences are spatial representations in the landscape of temporal sequences, in 52 

which differences between terrain ages at one point in time are substituted for changes 53 

through time (Cutler et al., 2008; Johnson and Miyanishi, 2008; Lawrence et al., 2010; 54 

Stevens and Walker, 1970; Walker et al., 2010). Glacier forelands, the areas of landscape 55 

recently deglaciated by retreating glaciers, provide one of the most widely recognised 56 

examples of chronosequences. Thus, progressively older landscapes with increasing 57 

distance from the glacier margin can be interpreted, by invoking the chronosequence 58 

concept, as a ‘natural experiment’, depicting how the landscape has changed and will 59 

change through time. 60 

 Glacier foreland chronosequences have been widely applied in the context of plant 61 

community succession. This, and their use to investigate soil development, was 62 

comprehensively reviewed by Matthews (1992, 1999), and research in this field has 63 

continued at an accelerating rate (e.g. Darmody et al., 2005; Erschbaumer and Caccianiga, 64 

2016; Garibotti et al., 2011; Jones and del Moral, 2009; Prach and Rachlewicz, 2012; 65 

Robbins and Matthews, 2010; Vilmundardóttir et al., 2017). Most recently, invertebrate 66 

(e.g. Gobbi et al., 2006; Hågvar, 2012; Hodkinson et al., 2004; Kaufmann, 2001; Vater 67 

2012; Vater and Matthews, 2015) and microbial successions (e.g. Bradley et al., 2014; 68 

Doblas-Miranda et al., 2008; Fernández-Martínez et al., 2017; Kaštovská et al., 2005; 69 

Schmidt et al., 2015) have been increasingly investigated, while holistic studies of more 70 

than one ecosystem component have tended to be neglected - but see Bardgett et al. (2005), 71 

Bardgett and Walker (2004), Carlson et al. (2010), Losapio et al. (2015), Matthews and 72 

Vater (2015), Matthews et al. (1998), Tampucci et al. (2015) and Tscherko et al. (2005). 73 

There have, moreover, been few studies that have used the chronosequence approach to 74 

study the autecology of particular plant or animal species, notable exceptions being those of 75 

Whittaker (1993) involving selected pioneer herbs and later colonizing shrubs, and Hågvar 76 

and Flø (2015) involving the harvestman (Mitopus morio) on glacier forelands in southern 77 

Norway. 78 

 The present investigation is a study of red wood ant autecology in the glacier 79 

foreland landscapes of southern Norway. Red wood ants (Hymenoptera: Formicidae) 80 

comprise several narrowly related, and hence morphologically and ecologically similar 81 

species that belong to the Formica rufa group (Goropashnova et al., 2004; Stockan et al., 82 

2016). The species in this group, which occur throughout the temperate boreal regions of 83 



 3 

the northern Palaearctic, are commonly referred to as true wood ants, thatch ants or mound 84 

ants. These names derive from their red and brownish-black colour, habitat and mound-85 

building habit. Vater and Matthews (2013, 2015) demonstrated by pitfall trapping their 86 

abundance in invertebrate succession on the glacier forelands of Jostedalsbreen, southern 87 

Norway. Two of the most closely related species, F. lugubris (the hairy wood ant) and F. 88 

aquilonia (the northern wood ant) are involved in this study. 89 

 There are at least three justifications for this study. First, red wood ants are keystone 90 

species within their ecosystems and yet there is limited understanding of their ecology 91 

(Robinson and Stockan, 2016; Skinner and Allen, 2015; Stockan and Robinson, 2016; 92 

Vandegehuchte et al., 2017). Their nest mounds function as habitats for myrmecophiles 93 

(particularly Coleoptera and Araneae) and influence local nutrient cycles (Chen and 94 

Robinson, 2014; Jurgensen et al., 2008; Ohashi et al., 2007; Parmentier et al., 2014; 95 

Robinson and Robinson, 2013; Robinson et al., 2016). The ants themselves, as dominant 96 

predators, can change the insect communities on trees and on the ground, altering the 97 

balance between major feeding guilds (Fowler and Macgarvin, 1985; Punttila et al., 2004; 98 

Reznikova and Dorosheva, 2004). Wood ant presence can affect the growth of trees 99 

negatively, through their herding of sap-feeding aphids, and positively, by increasing 100 

predation or harassment of other herbivores (Mahdi and Whittaker, 1993; Styrsky and 101 

Eubanks, 2007). Red wood ants defend their territories against other ant species, 102 

influencing arthropod biodiversity (Arnan et al., 2009; Koivula and Niemelä, 2003; Mabelis 103 

1984; Savolainen and Vepsäläinen, 1989). Through myrmecochory (seed dispersal by ants), 104 

red wood ants can affect the dispersal success of plants (Boulay et al., 2007; Gorb and 105 

Gorb, 1995; Manzaneda and Rey, 2009) and enhance plant fitness by nutrient enrichment 106 

on and around their nests (Frouz and Jílková, 2008; Jílková et al., 2012; Manzaneda and 107 

Rey, 2012). 108 

 The second justification for studying this group is that the volume of red wood ant 109 

nest mounds, which can be easily calculated from diameter and height measurements, has 110 

been shown to provide a close estimate of nest worker population size (Chen and Robinson, 111 

2013, 2014; Freitag et al., 2016). The nest mounds are therefore meaningful ecological 112 

entities. Finally, conspicuous nest mounds are particularly conducive to investigation using 113 

the chronosequence approach. Nest mounds therefore permit the distribution and relative 114 

abundance of ant populations to be studied non-destructively in relation to terrain age and 115 

habitat variation without the need for pitfall trapping. Whereas many previous studies have 116 

investigated the distribution of the nest mounds of red wood ants in general and of F. 117 
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lugubris and F. aquilonia in particular (e.g. Borkin et al., 2012; Breen, 1979, 2014; 118 

Domisch et al. 2005; Hughes, 1999, 2006; Kilpeläinen et al., 2005, 2008; King, 1977; Laine 119 

and Niemelä, 1989; Punttila and Kilpeläinen, 2009; Sudd et al., 1977; Vandegehuchte et al., 120 

2017), there have been no specific investigations of the F. rufa group on glacier forelands. 121 

 The aim of this paper is to make both a substantive contribution to understanding 122 

the successional and geo-ecological roles of red wood ants and a methodological 123 

contribution to chronosequence studies. There are four specific objectives: 124 

 125 

 1. To map the distribution, size and density of ant nest mounds on three  126 

  subalpine glacier forelands of southeastern Jostedalsbreen, southern  127 

  Norway; 128 

 2. To analyse relationships between mound characteristics, terrain age,  129 

  vegetation and physical habitat (including topography and substrate); 130 

 3. To infer possible successional trends and the underlying geo-ecological  131 

  processes in which red wood ants play a prominent role; and 132 

 4. To develop further the chronosequence approach in the context of glacier  133 

  forelands and the autecology of keystone species. 134 

 135 

The glacier forelands and the subalpine environment 136 

 137 

The glacier forelands of Nigardsbreen, Bergsetbreen and Fåbergstølsbreen were 138 

investigated on the southeastern side of the Jostedalsbreen ice cap (Fig. 1). The glaciers are 139 

three of the largest outlet glaciers of Jostedalsbreen (Andreassen and Winsvold, 2012), 140 

which have retreated several kilometres from the moraine ridges marking their Little Ice 141 

Age maximum extent around AD 1750 (Figs 2-4).  142 

 The altitudes of the study sites on the glacier forelands of Nigardsbreen (~260-320 143 

m above sea level), Bergsetbreen (~420-440 m a.s.l.) and Fåbergstølsbreen (~460-560 m 144 

a.s.l.) mean they are located within the southern Norwegian boreal zone, where mature 145 

vegetation is normally dominated by Pinus sylvestris (Moen, 1999). However, on account 146 

of local topography, proximity to the ice-cap, and anthropogenic effects (which have 147 

historically affected the glacier forelands, particularly through the grazing of domesticated 148 

animals and collection of fuel wood), Betula pubescens is dominant in mature vegetation 149 

beyond the glacier foreland boundary and on the glacier forelands themselves. 150 

Consequently, all three forelands may be regarded as subalpine in character. 151 
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 Climatic data from the closest meteorological station (Bjørkhaug-i-Jostedal; 324 m 152 

a.s.l.) indicate a mean annual air temperature of +3.7 °C, with a July mean of +13.4 °C, a 153 

January mean of –4.9 °C (Aune, 1993) and a mean annual precipitation of 1380 mm 154 

(Førland, 1993). Mean annual maximum snow depth on the glacier forelands is at least 2.0 155 

m and there are >200 days per year on which snow depth is >25 cm 156 

(http://www.senorge.no/) with somewhat more snow at Fåbergstølsbreen and somewhat 157 

less on the older parts of the glacier forelands of Nigardsbreen and Bergsetbreen. 158 

 Parent materials on the glacier forelands are derived from the local granitic gneiss 159 

bedrock (Lutro and Tveten, 1996). This yields soils that are initially close to neutral in 160 

reaction but rapidly become acidic following deglaciation (Mellor, 1985; Messer, 1988). 161 

Many other environmental changes and disturbances affect the glacier foreland landscape 162 

especially in the early years after deglaciation, including consolidation and drainage of the 163 

sedimentary deposits, cryoturbation, stabilisation of slopes, and the shifting courses of 164 

glaciofluvial meltwater streams. These dynamic processes interact with successional 165 

change and ecosystem development (cf. Matthews, 1992, 1999; Matthews and Vater, 166 

2015). Typical nest mounds in their glacier foreland habitats are shown in Fig. 5A-C. 167 

   168 

Methodology 169 

 170 

Field methods  171 

 172 

Ant nest mounds were sampled using belt transects 48 m in width extending from the 173 

glacier snout in 2015 to beyond the glacier foreland boundary (AD 1750 snout position) at 174 

right angles to the isochrones (lines of equal age). At Nigardsbreen (Fig. 2) and 175 

Bergsetbreen (Fig. 3), single transects were oriented more-or-less along the axis of the 176 

glacier foreland, to the north of the glacier river. At Nigardsbreen the transect was located 177 

immediately to the north of the road that crosses the older parts of the foreland and the lake 178 

(Nigardsbrevatnet) that occupies much of the younger parts deglaciated since ~AD 1930. 179 

At Fåbergstølsbreen (Fig. 4), two similar transects were located to the north and south of 180 

the glacier river. Each belt transect was searched systematically for ant nest mounds by 181 

three people standing 16 m apart and searching 8 m to their right and left. Thus, for each 182 

250 m length of transect, an area of 12,000 m
2
 was searched thoroughly. Each mound (n = 183 

168) was mapped onto enlarged aerial photographs (available at 184 

http://www.norgebilder.no/). 185 

http://www.senorge.no/
http://www.norgebilder.no/
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 Parameters relating to the size and surface composition of ant nest mounds 186 

(potential response variables) were defined as follows: 187 

 188 

Height            =          the maximum height of the top of the mound relative to the 189 

   lowest point of the base (i.e. where the base of the mound 190 

   intersects with the surrounding terrain); 191 

Width             =          the maximum diameter of the base of the mound (i.e. the two 192 

   points farthest apart around the circumference of the base); 193 

Volume = the equivalent mound volume for a spherical cap determined  194 

 from mound height (h) and basal radius (r), πh
2
/3(3r – h)  195 

(Polyanin and Manzhirov, 2006). This formula has not  196 

been used before in the context of ant nest mounds but provides a 197 

simple yet effective approximation of mound shape (cf. Porter et al., 198 

1992; Vogt, 2007); 199 

Organic = percentage of the mound surface covered in organic material 200 

   (including twigs, leaves and humus);  201 

Sand  = percentage of the mound surface covered in mineral particles of  202 

   sand size (>0.063, <0.2 mm); 203 

Gravel  = percentage of the mound surface covered in mineral particles of 204 

   larger than sand size but <10.0 mm.  205 

 206 

 Parameters relating to terrain age and the environment of ant nest mounds (potential 207 

explanatory variables) were defined as follows: 208 

 209 

Age  = age of the terrain on which the mound is positioned in years 210 

   before AD 2017 (± 5 years for terrain dating from before AD 211 

   1800); 212 

Altitude = altitude of the mound above sea level; 213 

Aspect  = orientation of the mound in relation to magnetic north; 214 

Trees  = number of trees (tree species growing to a height of >2 m) 215 

   rooted within 5 m of the mound; 216 

Poles  = number of poles (tree species growing to a height of <2 m) 217 

   rooted within 5 m of the mound; 218 

Ground cover = percentage of the ground covered by shrubs, forbs or 219 



 7 

   graminoids within 2 m of the mound; 220 

Habitat type = three categories of habitat were recognised – moraine ridge 221 

   (M), glaciofluvial outwash plain (O), and till-covered surface (T) – 222 

   with the addition of a road bank habitat (RB) on the Nigardsbreen  223 

   glacier foreland; 224 

Aphids  = presence of aphids or aphid eggs on trees or poles within 5 m of the 225 

   mound (data collected from Nigardsbreen and Fåbergstølsbreen  226 

   only). 227 

 228 

 The positions of the glacier snouts over the last ~267 years, and hence the age of the 229 

terrain involved in the glacier foreland chronosequences, is based on annual monitoring of 230 

the glacier, documentary evidence and lichenometric dating (Bickerton and Matthews, 231 

1992, 1993). Estimated accuracy varies from ±1 year on the most recently deglaciated 232 

terrain to ±5 years before ~AD1900. Beyond the glacier foreland boundary, the terrain was 233 

deglaciated in the early Holocene, about 9700 years ago (Dahl et al., 2002; Owen et al., 234 

2007). For computational purposes terrain outside the glacier foreland was assigned an age 235 

of 300 years. 236 

 Altitude was estimated to ±5 m from topographic maps at a scale of 1:50,000 with a 237 

contour interval of 20 m. Aspect was measured with respect to sixteen compass points and 238 

refers to the orientation of the longest side of the mound (perfectly symmetrical mounds 239 

were rare). Aspect is relevant to the thermal environment of mounds (cf. Chen and 240 

Robinson, 2014; Kadochová and Frouz, 2014; Kilpeläinen et al., 2008; Rosengren et al., 241 

1987; Seeley and Heinrich, 1981; Sorvari and Hakkarainen, 2005). Trees, poles and ground 242 

cover were used as indices of the biological environment of each mound and especially the 243 

resources available to ants during foraging (cf. Blüthgen and Feldhaar, 2010; Chen and 244 

Robinson, 2014; Domisch et al., 2016; Ellis et al., 2014). A 5 m radius was used for 245 

determining the number of trees in the vicinity of the mounds as it captures the immediate 246 

influence of tree canopy on local abiotic conditions and is consistent with previous studies 247 

that have shown ants within 5 m of mounds to be two or three times more abundant and 248 

carry higher honeydew loads than those at greater distances from the mound (Gibb et al., 249 

2016; Sudd, 1983). The dominant species comprising the ground cover, mostly dwarf 250 

shrubs, was recorded as well as the overall percentage ground cover, although only the 251 

latter was used in analysis. Each mound was assigned to one of the four physical habitat 252 

types according to where it was sited. These habitat types reflect the nature of the substrate, 253 
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which affects drainage conditions, moisture levels, nutrient availability, mineral cycling and 254 

possibly disturbance regimes (cf. Finér et al., 2013; Frouz et al., 2016; Jurgensen et al., 255 

2008; Lenoir et al., 2001; Ohashi et al., 2007; Punttila and Kilpeläinen, 2009). Finally, the 256 

presence or absence of aphids was systematically recorded in order to examine ant-aphid 257 

mutualism in association with mound development (cf. Domisch et al., 2011, 2016; Gibb 258 

and Johansson, 2010; Robinson et al., 2008; Stadler and Dixon, 2005). Typically, aphids 259 

and/or their eggs were found on relatively young shoots of Betula pubescens trees in this 260 

study (Fig. 6). 261 

 262 

Analytical techniques 263 

 264 

The focal multivariate technique used to explore variation in nest mound characteristics 265 

was non-metric multidimensional scaling (NMDS) (Cox and Cox, 2000; Everitt and 266 

Hothorn, 2011) using the PRIMER–E Version 7 software package (Clarke and Gorley, 267 

2015; Clarke et al., 2014). This nonparametric ordination technique is well suited to the 268 

simultaneous analysis of many response and explanatory variables and the graphical 269 

visualisation of their interrelationships in a reduced number of dimensions. Two-270 

dimensional NMDS was carried out on data from the three glacier forelands independently. 271 

Six response variables representing mound size (height, width, volume) and surface 272 

composition (organic, sand, gravel) were used in each NMDS analysis with Euclidian 273 

distance as the resemblance function. In order to limit the distorting effects of outliers and 274 

so achieve meaningful distances between samples using Euclidian Distance, selected 275 

variables were transformed prior to analysis. Variables were either reflected and natural 276 

logarithmic transformed (negative skew) or natural logarithmic transformed (positive 277 

skew). All variables were then normalised to a common measurement scale by subtracting 278 

the mean and dividing by the standard deviation (Clarke and Gorley, 2015). The stress 279 

statistic was used as a measure of distortion (expressed as a percentage) in the resultant 280 

NMDS ordination diagram representing the similarities between individual mounds. 281 

Segmented bubble plots were added to the ordination diagram to show the relative 282 

importance of each of the response variables for every mound. Five explanatory variables 283 

(age, altitude, trees, poles and ground cover) were then overlain as vectors (together with 284 

the vectors representing the response variables) based on Pearson’s correlation coefficients 285 

between the variables and the first and second NMDS axes.  286 
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 Multivariate analyses were supported by additional statistical and graphical 287 

techniques, including: (1) frequency histograms and descriptive statistics, to describe 288 

univariate distributions; (2) correlation and linear regression, to analyse bivariate 289 

relationships between response and explanatory variables; (3) parametric one-way analysis 290 

of variance (ANOVA) combined with the Tukey method for simultaneous pairwise 291 

comparison, together with the equivalent non-parametric Kruskal-Wallis tests and box 292 

plots, to investigate relationships between mound characteristics and habitat types, and the 293 

association of ants with aphids; and (4) rose diagrams, to demonstrate graphically patterns 294 

in the orientation of mounds. MINITAB (2010) statistical software was used for these 295 

standard statistical analyses. 296 

 297 

Taxonomy 298 

 299 

The presence of both Formica lugubris Zetterstedt, 1838 and F. aquilonia Yarrow, 1955 300 

(Collingwood, 1979; Kvamme and Wetås, 2010) at the study sites was confirmed by 301 

specialist identification of 24 individuals sampled from 21 mounds. This represents 12.6% 302 

of the total number of mounds investigated in this study. 303 

 F. lugubris was by far the more common of the two species, accounting for >80% of 304 

the mounds from which individuals were identified. Furthermore, all of the mounds 305 

sampled for species identification within the glacier foreland boundaries of Nigardsbreen 306 

(11 mounds) and Fåbergstølsbreen (three mounds) belonged to F. lugubris. However, two 307 

of the three sampled mounds on the Bergsetbreen glacier foreland belonged to F. aquilonia. 308 

Similarly, no conclusive pattern was observed from the four mounds occupied by F. 309 

aquilonia, which included two of three relatively large mounds sampled on relatively old 310 

terrain at or beyond the glacier foreland boundaries of Nigardsbreen and Fåbergstølsbreen. 311 

The latter observation is in agreement with Arnan et al. (2009), Borkin et al. (2012) and 312 

Kipeläinen et al. (2008), who suggest that F. aquilonia tends to dominate in old-growth 313 

stands. More secure differentiation of the mounds of the two species would need the 314 

identification of more specimens. Nevertheless, we propose that the results and conclusions 315 

of this study relate primarily to F. lugubris. 316 

 317 

Results 318 

 319 

Distribution and density of nest mounds 320 
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 321 

The distribution of mounds on the three glacier forelands are shown in Figs 2-4 and 322 

summarized in Table 1. No mounds were found on terrain younger than about 80 years at 323 

both Bergsetbreen and Fåbergstølsbreen, though mounds were present on terrain 324 

deglaciated only 49 years ago at Nigardsbreen. On those parts of the glacier forelands 325 

where mounds were present, overall densities ranged from 2.5 mounds/hectare at 326 

Fåbergstølsbreen to 4.5 and 4.6 mounds/hectare at Nigardsbreen and Bergsetbreen, 327 

respectively. These values are typical for red wood ant mounds, the density of which rarely 328 

exceeds 5.0 mounds/hectare in European forests (Kilpeläinen et al., 2008; Punttila and 329 

Kilpeläinen, 2009; Risch et al., 2016; Vandegehuchte et al., 2017).  However, Figs 2-4 330 

indicate variations in density with the clustering of mounds in some areas, which may relate 331 

to habitat variations and/or reproductive strategies (see discussion). 332 

 333 

Nest mound characteristics: variation in size and composition 334 

 335 

Mound size is summarised in Fig. 7A-C and Table 2 and the range of mound sizes is 336 

illustrated in Fig. 8. Mean height of mounds across the three glacier forelands is 337 

approximately 44 cm and modal height is only 25-30 cm. Maximum mound height lies 338 

between 92 cm and 100 cm on each foreland and the mounds are nearly twice as wide as 339 

they are high. This low profile agrees with the findings of Sorvari et al. (2016) who note 340 

that high-profile mounds in exposed and windy positions pose a high risk for drying of nest 341 

material, reducing thermoregulation properties. Mean mound volume across all forelands is 342 

only 0.19 m
3
, which seems typical of the lower end (young 5 years old forest stands) 343 

studied by Domisch et al. (2005) and matches closely the values of 0.25 m
3
 and 0.3 m

3
 344 

recorded for mean mound volume of F. lugubris in the national Finnish and Swiss studies 345 

of Punttila and Kilpeläinen (2009) and Vandegehuchte et al. (2017) respectively. Thus, 346 

many mounds are very small (Fig. 8A), a feature of the mound-size distributions that is 347 

particularly apparent in relation to mound volume (Fig. 7C), and very large mounds (Fig. 348 

8D) are uncommon. However, there is evidence for bimodality in the mound-size 349 

distribution (a secondary mode in mound height of around 50-65 cm is clearly apparent in 350 

Fig. 7A), which we relate below to the multi-nest structure of ant colonies. 351 

 Most mounds are composed largely of organic material collected from the litter 352 

layer, which covers 100% of the surface of many (Table 2, Fig. 7F). Gravel and sand, 353 

presumably excavated from beneath the nest mounds, generally cover <17% of the mound 354 
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surface, with gravel (mean cover across all forelands 12%) more common than sand (Fig. 355 

7D-E). 356 

 357 

Relationships to terrain age 358 

 359 

The strength of the relationships between nest mound characteristics and terrain age are 360 

summarised for the three chronosequences in Table 3 using the Pearson’s product-moment 361 

correlation coefficient (r). It should be pointed out that use of Spearman’s non-parametric 362 

correlation coefficient yielded closely similar results, with slightly higher coefficients and 363 

an almost identical pattern of statistical significance. 364 

 The results indicate generally weak relationships between mound characteristics and 365 

terrain age with correlation coefficients (and coefficients of determination) no more than 366 

0.53 (28.5 %) at Fåbergstølsbreen (Fig. 9A), –0.36 (12.6 %) at Bergsetbreen (Fig. 9B) and 367 

+0.27 (7.3 %) at Nigardsbreen (Fig. 9C). Although few relationships are consistent across 368 

all forelands, the strongest relationships relate to mound surface composition rather than 369 

mound size. Organic composition tends to increase with terrain age while sand and gravel 370 

composition decline. With respect to mound size, the strongest relationships are with 371 

height, which tends to increase with age (Figs 9C and 9D). The data indicate that relatively 372 

large mounds >50 m high can become established within ~100 years. They also suggest that 373 

whereas the maximum height of mounds tends to increase further with terrain age, the 374 

presence on relatively old terrain of small mounds as well as large ones reduces the strength 375 

of any size/age relationship.  376 

 377 

Environmental relationships 378 

 379 

Returning to the correlation matrices of Table 3, the explanatory variables relating to 380 

foreland vegetation are, in some cases, strongly related to nest mound size, particularly 381 

mound height, and to a lesser extent mound surface composition. The strongest 382 

relationships are between number of trees and mound volume at Bergsetbreen (r = 0.62; 383 

p<0.05) and Nigardsbreen (r = 0.52; p<0.05); the statistically insignificant result from 384 

Fåbergstølsbreen possibly being affected by the generally higher tree cover on that glacier 385 

foreland. 386 

 The overall effect of several explanatory variables on mound characteristics, and 387 

their interactions with terrain age are shown in the multivariate analyses (Fig. 10A-C). 388 
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Details of the variations in mound size and surface composition can be seen in the 389 

segmented bubble plots, while the vectors summarize the strength and major alignments of 390 

both mound characteristics and potential environmental controls when all the data are taken 391 

into account. NMDS provides an effective two-dimensional visual representation of the 392 

similarities between mounds in terms of size and surface composition, as shown by very 393 

low values of the stress statistic.  394 

 At Nigardsbreen (Fig. 10A), variation in surface composition between mounds, with 395 

the organic percentage increasing in bubble plots from left to right across the diagram and 396 

the sand and gravel percentage increasing from right to left, is effectively captured by 397 

NMDS axis 1. Size variation between mounds, with mound size (height, width and volume) 398 

increasing from the top towards the bottom of the diagram, is equally well captured by 399 

NMDS axis 2. Vectors representing terrain age and environmental characteristics are 400 

relatively short, reflecting their relatively weak correlations with mound characteristics 401 

(Table 3). However, the moderately strong relationship between trees and mound 402 

characteristics is confirmed by the length of the tree vector (the longest of the explanatory 403 

variables), while the vector direction confirms that the trees variable is approximately 404 

equally effective in accounting for variation in mound size and composition. Shorter vector 405 

lengths for ground cover, terrain age and altitude indicate similar weak relationships, 406 

whereas the very short poles vector confirms its negligible importance. Although the 407 

altitude vector suggests it has some influence on mound characteristics, this is unlikely at 408 

Nigardsbreen where altitude varies little across the glacier foreland. There is nevertheless a 409 

very strong negative correlation between altitude and terrain age (r = -0.89, p<0.05, Table 410 

3), which arises from the consistent but small increase in altitude from the glacier foreland 411 

boundary towards the glacier snout.      412 

 The multivariate analyses from Bergsetbreen (Fig. 10B) and, particularly, 413 

Fåbergstølsbreen (Fig. 10C) show some fundamentally similar features to that of 414 

Nigardsbreen. The main differences at Fåbergstølsbreen are the relatively strong potential 415 

effects of age and altitude (longer vectors), which are more closely aligned with mound 416 

surface composition than with the mound size variables, and a relatively weak influence of 417 

trees. At Bergsetbreen, age and altitude are more closely aligned with the mound surface 418 

composition than at Nigardsbreen but the relationship is again weak. However, the 419 

influence of trees is as strong as at Nigardsbreen and, unlike at either of the other two 420 

glacier forelands, there is an appreciable potential effect of poles.   421 
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 Where one-way ANOVA and/or Kruskal-Wallis tests indicated statistically 422 

significant differences (p<0.05) between habitat types in relation to mound size, Tukey 423 

simultaneous comparison tests were carried out to indicate which habitats differed from 424 

others. The strongest association was found between mound height and habitat type, which 425 

is illustrated for the combined data set from all three glacier forelands in Fig. 11. The 426 

boxplot (Fig. 11A) shows that mounds tend to be higher on the moraines and till-covered 427 

surfaces than on the glaciofluvial outwash plains and road banks. Simultaneous 428 

consideration of the 95 % confidence intervals around the mean height (Fig. 11B) confirms 429 

which differences are statistically significant (non-overlap of a 95 % confidence interval 430 

with zero on the scale indicating a significant difference at p<0.05) and highlights the clear 431 

influence of outwash plains in depressing mound height. Similar tests for Nigardsbreen 432 

alone revealed the same patterns, whereas at Bergsetbreen and Fåbergstølsbreen differences 433 

in mound size were not statistically significant. Use of mound volume rather than height 434 

produced similar but weaker patterns, while tests involving mound surface composition 435 

revealed no statistically significant associations. Most importantly, it is clear that mounds 436 

on moraines are significantly larger than those on the outwash plains, though patterns may 437 

be obscured by large and small mounds often occurring together.  438 

 Mounds on all three glacier forelands exhibit strong southerly preferred aspects 439 

(Fig. 12A-C): modal aspects are SSE (Nigardsbreen), SE (Bergsetbreen) or S 440 

(Fåbergstølsbreen) and 82% of all mounds are in the four segments facing SSW to SE. The 441 

relatively large number of mounds facing SSW at Fåbergstølsbreen seems to reflect the 442 

dominant aspect of the valley-side slope on the north side of the glacier foreland. This 443 

contrasts with the occurrence of most of the mounds associated with the south-side transect 444 

and also with the other forelands on relatively flat valley floors. 445 

 Box plots, one-way ANOVA analyses and Tukey tests of the presence or absence of 446 

aphids on trees within 5 m distance of mounds revealed statistically significant differences 447 

(p <0.05) in relation to mound height at Nigardsbreen, and also for the combined data set 448 

from Nigardsbreen and Fåbergstølsbreen (Fig. 11C). Where aphids were present, mounds 449 

were higher than where no aphids were present (Fig. 11D). Mound volume produced a 450 

similar pattern but no significant differences in mound size were detected at the other two 451 

forelands. The only statistically significant relationship involving mound surface 452 

composition and aphids was at Nigardsbreen: where aphids were present the sand 453 

percentage was lower than where they were absent. Thus, aphids tend to be associated with 454 

relatively large mounds rather than mounds with a particular composition. 455 
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 456 

Discussion 457 

 458 

Implications of the observed patterns are both substantive, in relation to the geo-ecology of 459 

red wood ants, and methodological, in relation to chronosequences. 460 

   461 

Terrain age and succession 462 

 463 

The first substantive geo-ecological implications of the observed patterns relate to the 464 

colonisation and succession of red wood ants. Our results indicate that red wood ants 465 

colonise the glacier forelands 50-80 years after deglaciation. They are not, therefore, true 466 

pioneer species but early colonisers (Vater and Matthews, 2013, 2015). Furthermore, the 467 

tendency for nest mound size to increase with terrain age on two of the glacier forelands, 468 

and for large mounds (~1m in height and ~1m
3
 in volume) to occur only on older terrain, 469 

suggests that further long-term development affects the mounds for >200 years following 470 

deglaciation. This conclusion is reinforced by mound surfaces with a relatively high sand 471 

and gravel content during the initial colonisation phase when the terrain is not completely 472 

vegetation covered (Fig. 13A). Early mounds with a substantial mineral cover are 473 

seemingly transformed into 100% organic mounds later in the chronosequences (Fig. 13B). 474 

 Recognition of long-term successional trends across the chronosequences tends to 475 

be obscured by the existence of numerous immature mounds. There is little information 476 

available on the turnover of mounds. While colonies of wood ants are generally assumed to 477 

last for years to decades (Manzaneda and Rey, 2012; Parmentier et al., 2014), individual 478 

mounds are dynamic over time, from year-to-year and within years, and small nests have a 479 

greater turnover rate than large nests (Boudjema et al., 2006; Chen and Robinson, 2014; 480 

Ellis et al., 2014; Klimetzek, 1981). At Nigardsbreen, clusters of mounds including small 481 

mounds as close together as 10 m, point to the expansion by ‘budding’ of socially-482 

connected (polydomous) colonies. This fragmentation of main nests involves small groups 483 

of worker ants, accompanied by one or more queens, leaving a nest on foot to establish a 484 

new nest (Debout et al., 2007; Ellis and Robinson, 2014; Hölldobler and Wilson, 1990; 485 

Maeder et al., 2016). In many instances, nest budding functions as a reproductive strategy. 486 

In other cases, ants move their nests to avoid predation, to escape from unfavourable 487 

environmental conditions, to increase access to food, or to avoid overcrowding 488 
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(Buczkowski and Bennett, 2009). Crucially, polydomy allows colonies to create new nests 489 

without resorting to high-risk single-queen nest foundation (Robinson, 2014). 490 

 The pattern of mound size and surface composition, together with densities 491 

approaching 5 mounds per hectare on the glacier forelands following the initial colonisation 492 

phase, suggest that the ants become dominant (keystone) species quite early in the 493 

succession. This would be consistent with the addition and persistence model of 494 

invertebrate succession proposed by Vater (2012) and developed further by Vater and 495 

Matthews (2013, 2015), whereby successive colonisers are added to communities during 496 

succession and persist into the later stages with only limited replacement by later 497 

colonisers. However, several authors have suggested that Formica lugubris is more 498 

common in open, young and managed forests, and forest edges, whereas F. aquilonia tends 499 

to dominate in mature old-growth stands and in coniferous forests (Arnan et al., 2009; 500 

Gibb, 2011; Borkin et al., 2012; Chen and Robinson, 2014; Czechowski et al., 2002; 501 

Eichorn, 1963; Hågvar, 2005; Kilpeläinen et al., 2008; Punttila, 1996; Savolainen and 502 

Vepsäläinen, 1988), possibly due to superior competitive abilities. As the vegetation on our 503 

glacier forelands has more in common with young rather than mature forests, it is likely 504 

that F. lugubris is the dominant species (supportive of our taxonomic evidence).      505 

 506 

Vegetation and biological resources 507 

 508 

The lag time between deglaciation and establishment of nest mounds on the glacier 509 

forelands clearly is indicative of the dependence of red wood ant colonies on the prior 510 

establishment of vegetation, particularly trees. Litter provides organic nest material 511 

(‘thatch’) for the mounds (Laakso and Setälä, 1998; Weber, 1935), while live vegetation 512 

provides food resources. Red wood ants strive to maintain a reliable food source (Lenoir, 513 

2002) and a key way they achieve this is by ant-aphid mutualism (Billick et al., 2007; 514 

Domisch et al., 2016; Fowler and Macgarvin, 1985; Stadler and Dixon, 2005). The ants 515 

farm aphid herds on trees for honeydew to obtain carbohydrates, the plant sugars having 516 

been obtained by the aphids directly from phloem sap (Dixon, 1998; Dixon and Thieme, 517 

2007; Mahdi and Whittaker, 1993). Aphid honeydew is the main food resource of red wood 518 

ants, supplying up to 95% of a colony’s nutrition (Gordon et al., 1992; Rosengren and 519 

Sundström, 1991). To obtain protein, red wood ants also hunt and scavenge for arthropods 520 

on surrounding trees (and to a lesser extent on the forest floor), and a large proportion of 521 

their intake may come from feeding on the aphids themselves (Robinson et al., 2008). 522 
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Normally, about one third of the diet of red wood ants consists of insect prey (Lenoir, 523 

2002). Minor food sources obtained directly from living vegetation include seeds, tree sap 524 

and berry juices (Domisch et al., 2016; Finér et al., 2013; Wellenstein, 1952). Thus, the 525 

availability of food resources is likely to positively drive mound size and distribution 526 

(Punttila and Kilpeläinen, 2009; Sorvari and Hakkarainen, 2005). 527 

 In previous studies, the location of Formica species generally (Travan, 1998) and F. 528 

lugubris more particularly (Arnan et al., 2009) has been positively associated with tree 529 

density. The recent study of Swiss forests by Vandegehuchte et al. (2017) found Formica 530 

species to be significantly related to loose or grouped tree crowns, with F. lugubris mounds 531 

more likely to occur amongst clusters of trees of different heights, dominated by spruce. 532 

The authors related this positive association to the rich vertical structure harbouring more 533 

abundant and diverse prey and honeydew-producing insects. Similarly, Hågvar (2005) 534 

found F. lugubris mounds in relatively open terrain amongst the uppermost birch (Betula 535 

pubescens) trees on an altitudinal transect in Sogndal, >50 km southwest of our study area. 536 

At the glacier forelands investigated in this study, B. pubescens is the main source of 537 

biological resources for ants, though scattered Scots pine (Pinus sylvestris) are utilised 538 

where they occur at Nigardsbreen and Bergsetbreen. This is apparent from the statistically 539 

significant relationships between mound size, tree numbers and the presence of aphids on 540 

trees in close proximity to mounds. 541 

 Significant relationships between mound surface composition and ground cover at 542 

Nigardsbreen suggest that dwarf shrubs (the dominant species of understorey vegetation) 543 

contribute organic thatch material, especially where trees are sparse on the younger parts of 544 

the glacier forelands. This is confirmed by the distinctive twigs and leaves of several dwarf 545 

shrubs that can be observed in mound thatch on all three glacier forelands (see Fig. 13). 546 

Ground vegetation also protects ants from predators and/or provides them with insect prey 547 

and other food resources (Vandegehuchte et al., 2017). Ground cover must not be too high, 548 

however, because the ants compete with low-growing shrubs for light and space to build 549 

their nests (Arnan et al., 2009). 550 

 551 

Habitat variation and landscape development 552 

 553 

The apparent location of nest mounds in certain physical habitat types – namely moraines 554 

and till plains over glaciofluvial outwash and road banks (cf Fig. 5B and 5C) – seems to 555 

involve the interaction of a number of abiotic and biotic environmental factors. In 556 
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particular, moraines and till plains provide a substrate with mixed particle sizes (typically 557 

matrix-supported diamictons), whereas glaciofluvial outwash deposits are well sorted, often 558 

coarse grained (sands, gravels and/or cobbles) and devoid of silt and clay (Matthews, 559 

1992). In consequence, the diamictons have a greater moisture-holding capacity and higher 560 

nutrient status, which leads to more rapid vegetation growth and ecosystem development 561 

generally. In other words the biological resources available to support red wood ants tend to 562 

be greater in the moraine and till-plain habitats. Trees in particular often remain small and 563 

stunted on glaciofluvial deposits on the oldest parts of all three glacier forelands, whereas 564 

mature birches occur in the other habitats. 565 

 The road banks at Nigardsbreen present a special case. Here, the relatively small 566 

mounds may reflect recent disturbance during road building and maintenance (in addition 567 

to the infertile substrate where road banks are made mainly from outwash deposits). At the 568 

same time, road banks may facilitate colonisation in an otherwise closed-canopy tree cover 569 

(Gibb and Hochuli, 2003). In general, therefore, the distribution of mounds in relation to 570 

habitats highlights the importance of spatial patterns as well as temporal trends within the 571 

developing landscape. 572 

 573 

Aspect and mound thermal regime 574 

 575 

Temperatures within red wood ant nest mounds from early spring to late autumn tend to be 576 

maintained at a relatively constant level, often 10 °C or more higher than in the surrounding 577 

soil and some 20 °C above the adjacent air temperature (Frouz et al. 2016; Skinner and 578 

Allen, 2015). The preferred southerly aspect of the mounds on our glacier forelands, 579 

mirroring the findings of Breen (2014), Kilpeläinen et al. (2008) and Risch et al. (2016), 580 

has a bearing on the mechanisms that have been proposed to explain such temperature 581 

differences. Risch et al. (2016) recognise three fundamentally different theories all of 582 

which, they conclude, probably contribute to the maintenance of the mound thermal regime. 583 

First, Forel’s ‘theory of domes’ (Seeley and Heinrich, 1981) depends on the geometry of 584 

the mound and the interception of solar radiation. Second, the ‘heat carrying theory’ (Zahn, 585 

1958) depends on ants being heated by the sun on top of the mound, and the subsequent 586 

release of heat when they move back into the mound. Third, the ‘metabolic heat theory’, 587 

requires heat to be generated within the mound, either by microbial decomposition 588 

(Coenen-Stass et al., 1980) or by the ants themselves contributing actively to 589 

thermoregulation (Kneitz, 1965). All three theories are supported by the thermal insulating 590 
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properties of loosely packed mound thatch, which reduces the rate of heat loss from the 591 

mound once the internal temperature has been raised. 592 

 A preferred southerly aspect certainly supports solar radiation as an external heat 593 

source during the season when the ants themselves are most active, and therefore the first 594 

two theories, but cannot account for mounds heating up when they are still buried by snow 595 

in early spring when sunlight does not reach the surface of the mound (Rosengren et al., 596 

1987). Small mounds, in particular, may require a sunny location as they are less capable of 597 

independent thermoregulation (Rosengren et al., 1987).    598 

 599 

Geo-ecological processes and a conceptual model 600 

 601 

From the above discussion it can be concluded that an understanding of geo-ecological 602 

processes – i.e. interacting abiotic and biotic processes in their spatio-temporal context – is 603 

necessary to explain the chronosequences described and analysed in this paper. The main 604 

interactions identified in this study are summarized in Fig. 14. 605 

 Central to our conceptual model is the development of a tree canopy, which 606 

increases gradually during primary succession and is modulated by the physical habitat 607 

type. On moraines and till plains the development of the tree cover increases more rapidly 608 

than on outwash deposits (probably due to the fertility and moisture-retention properties of 609 

the substrate) until, some 50 years after deglaciation, tree biomass is sufficient to sustain 610 

wood ant populations as evidenced by the first appearance of nest mounds. Key to 611 

successful establishment of the wood ants is the development of sufficient resources from 612 

the dominant tree, Betula pubescens, which establishes early in the vegetation succession 613 

(cf. Robbins and Matthews, 2010). The resulting birch woodland provides the biological 614 

resources required by foraging ants, namely plant litter for mound building and the ant’s 615 

main carbohydrate food source (honeydew) from aphids. Statistically significant 616 

relationships between the number of trees and mound size, and between mound size and 617 

aphids, provide evidence for these interactions. As our data indicate that the ground cover 618 

of largely dwarf shrubs plays a similar but lesser role to the tree canopy, a ground-cover 619 

box has been omitted from the model. 620 

 The second major theme of our model is the interactions between the tree canopy, 621 

the microclimate (external and internal thermal climate) of the mounds, and the ant 622 

population. On the glacier forelands, the immature birch woodland is characteristically 623 

open with tree clusters rather than closed-canopy woodland. The preferred southerly aspect 624 
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of mounds sited in clearings therefore results in the heating up of the mound surface (and 625 

any ants occupying that surface) by direct solar radiation, an external microclimatic effect 626 

that is unlikely to occur in mature, closed-canopy woodland. This is consistent with the 627 

findings of Vandegehuchte et al. (2017) who found that the occurrence and size of Formica 628 

lugubris mounds were strongly related to July radiation receipt and that relatively low 629 

mound densities were characteristic of homogeneous closed-canopy forests in Switzerland. 630 

Indeed, Chen and Robinson (2014) found a relatively cool microclimate characterised 631 

mounds of Formica lugubris in close-canopy woodland in the Peak District, UK, and 632 

proposed that this necessitated the construction of larger mounds (see also Geiger et al., 633 

2003; Huang et al., 2014; Kilpeläinen et al., 2008; Rodrigues-Garcia et al., 2011). 634 

 Our data further indicate that the negative effect on internal mound temperature of 635 

an increasing canopy cover is more than compensated for by the positive effect of a 636 

southerly aspect in the open habitats of glacier forelands. In addition, as indicated in our 637 

model, self-regulation of the internal thermal microclimate of mounds by large numbers of 638 

socially-organised ants contributes to the maintenance of higher temperatures than outside 639 

the mounds (alongside the other possible mechanisms, including microbial decomposition 640 

of organic matter within the mound and the transportation of heat into the mound by ants).           641 

 642 

Chronosequence methodology, autecology, geo-ecology and multivariate analysis 643 

 644 

The main methodological implications of this study relate to chronosequences in the 645 

context of geo-ecology and autecology. Previous studies of chronosequences on glacier 646 

forelands have emphasised community ecology (synecology) and have restricted their 647 

analyses to plant communities, animal communities or other compartments of the geo-648 

ecological system. As indicated in the introduction to this paper, autecological 649 

investigations have rarely been attempted. In contrast, we have explored the potential of 650 

glacier foreland chronosequences for the autecological study of red wood ants. Although 651 

two species have been identified at the study sites, the available evidence from the nest 652 

mounds suggests that Formica lugubris is far more abundant than F. aquilonia and 653 

therefore the study can be regarded as essentially an autecological investigation of the 654 

former. 655 

 By focusing on keystone species, it can be argued that we have opened a window 656 

onto the complex geo-ecological interactions that characterise succession in glacier-657 

foreland chronosequences. The strictly ‘ecological’ approaches of the past have clearly 658 
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overemphasised the biological elements, with consequent neglect of both spatial variation 659 

(the geographical element) and the abiotic interactions that are apparent in glacier foreland 660 

landscapes. Our ‘geo-ecological’ approach, on the other hand, effectively integrates the 661 

biotic and abiotic elements in the landscape to achieve a deeper understanding of spatio-662 

temporal variation (cf. Cutler et al., 2008; Matthews, 1992; Matthews and Vater, 2015; 663 

Matthews and Whittaker, 1987; Robbins and Matthews, 2010; Vater and Matthews, 2015). 664 

Furthermore, the focus on the autecology of the keystone species has revealed important 665 

interactions of broad significance within the glacier foreland landscape while reducing 666 

somewhat its inherent complexity. This can be viewed as exploiting the natural experiment 667 

implicit in chronosequence methodology (cf. Deevey, 1969; Diamond, 1986; Fukami and 668 

Wardle, 2005). Such holistic understanding is becoming more important as red wood ant 669 

populations are experiencing increasing human pressure, both locally at our study site, and 670 

more widely (Dekoninck et al., 2010; Parmentier et al., 2014; Sorvari, 2016; 671 

Vandegehuchte et al., 2017). 672 

 Finally, we have demonstrated the suitability of multivariate analysis in general and 673 

NMDS ordination in particular for detecting and investigating relatively weak geo-674 

ecological interactions between mound characteristics and explanatory variables in 675 

chronosequences. Although only a limited number of biotic environmental variables (trees, 676 

poles and ground cover) were used in our analyses alongside terrain age as explanatory 677 

variables, we have supplemented the multivariate NMDS ordination with simpler analyses 678 

of abiotic data relating to aspect and the physical habitat. It can be concluded therefore that 679 

NMDS and associated visualisation techniques should be capable of wider application in 680 

ecology and geo-ecology.  681 

 682 

Summary and conclusion 683 

 684 

(1) Chronosequences of red wood ant nest mounds (predominantly Formica lugubris) 685 

were investigated using belt transects and a geo-ecological approach on three southern 686 

Norwegian glacier forelands – Nigardsbreen, Bergsetbreen and Fåbergstølsbreen. Mounds 687 

occurred at a density of 2.5-4.6 mounds/hectare. The distribution of mounds indicates that 688 

colonisation first occurs on terrain deglaciated for 50-80 years. 689 

 690 

(2)  Mean mound height across all forelands was 44 cm (maximum 92-100 cm) but 691 

numerous small mounds, attributed to the expansion of polydomous ant colonies by 692 
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budding, resulted in a modal height of 20-30 cm and a mean mound volume of 0.19 m
3
. 693 

Nevertheless, mound height showed a weak but statistically significant (p<0.05) increase 694 

with terrain age at Fåbergstølsbreen (r = 0.47; p<0.05) and Nigardsbreen (r = 0.27; p<0.05). 695 

Mound surface composition, also weakly related to terrain age, was largely organic with up 696 

to 17 % mineral material (mostly gravel), especially on relatively young terrain. 697 

 698 

(3) Interrelationships between mound characteristics, terrain age and potential 699 

explanatory variables were examined using non-metric multidimensional scaling (NMDS) 700 

with superimposed bubble plots (Fig. 10A-C) and a variety of simpler statistical techniques. 701 

Mound height was found to be related to the number of trees (almost entirely Betula 702 

pubescens) occurring within 5 m of each mound at Bergsetbreen (r = 0.61; p<0.05) and 703 

Nigardsbreen (r = 0.47; p<0.05), which points to the importance of biological resources for 704 

the establishment and expansion of ant populations. 705 

 706 

(4) In addition to the necessity for organic thatch for mounds, the presence of sufficient 707 

trees promotes the development of ant-aphid mutualism, a conclusion supported by mounds 708 

being significantly larger where aphids were present than where they were absent. 709 

 710 

(5) Mound size was related to physical habitat type. Mounds located on moraines and 711 

till-plain habitats tended to be larger than those located on coarse-grained outwash deposits. 712 

This pattern may be explained by substrate differences related to moisture retention and 713 

fertility, both of which promote tree growth.  714 

 715 

(6) The strong preferred southerly aspect of mounds on all three glacier forelands 716 

indicates the importance of direct solar radiation in maintaining mound temperatures when 717 

the ant populations are active. This effect appears particularly important on glacier 718 

forelands in the absence of a complete tree canopy cover. 719 

 720 

 (7) Our geo-ecological conceptual model (Fig. 14) summarizes the complex 721 

interrelationships between geo-ecological processes affecting ant populations on glacier 722 

forelands. In these landscapes, successional trends are modulated by spatial patterns in both 723 

the biotic and abiotic environment. Other key features of the model are the interactions 724 

between the developing tree canopy, mound building, the microclimate of nest mounds and 725 

the development of ant-aphid mutualism. 726 



 22 

 727 

(8)    Thus, the chronosequence methodology can be appropriately combined with a geo-728 

ecological approach in the context of the autecology of keystone species. Furthermore, 729 

multivariate ordination techniques, such as NMDS, seem necessary for effective analysis in 730 

this context, where complex interrelationships are characteristic, rather than simple one-to-731 

one causal relationships between particular variables.    732 
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FIGURE CAPTIONS 1313 

 1314 

Figure 1. Location of the glacier forelands of Nigardsbreen, Bergsetbreen and 1315 

Fåbergstølsbreen in southern Norway, and the areas shown in detail in Figs 2, 3 and 4, 1316 

respectively. Note the Jostedalsbreen ice-cap (stipple shading), main settlements and roads, 1317 

and the 500 m contour intervals. 1318 

 1319 

Figure 2. Nigardsbreen glacier foreland showing the location of the ant nest mounds 1320 

(numbered 1–100), glacier snout retreat positions since the Little Ice Age maximum in ~AD 1321 

1750, and altitude (20 m contour intervals). 1322 

 1323 

Figure 3. Bergsetbreen glacier foreland showing the location of the ant nest mounds 1324 

(numbered 1–35), glacier snout retreat positions since the Little Ice Age maximum in ~AD 1325 

1750, and altitude (20 m contour intervals). For key, see Fig. 2. 1326 

 1327 

Figure 4.  Fåbergstølsbreen glacier foreland showing the location of the ant nest mounds 1328 

(numbered 1–18 on the north side of the foreland and 1-15 on the south side), glacier snout 1329 

retreat positions since the Little Ice Age maximum in ~AD 1750, and altitude (20 m 1330 

contour intervals). For key, see Fig. 2. 1331 

 1332 

Figure 5. (A) Typical ant nest mound on the glacier foreland of Bergsetbreen (mound 1333 

height ~30 cm, ground cover largely Calluna vulgaris and Vaccinium myrtillus with small 1334 

Betula pubescens trees in the background); (B) ant nest mound on a low moraine ridge 1335 

surrounded by shrubby Betula pubescens (Bergsetbreen in the background, water bottle is 1336 

15 cm high); (C) ant nest mound at Nigardsbreen on glaciofluvial outwash deposits with 1337 

partial ground cover of Calluna vulgaris and, in the background, patchy Betula pubescens 1338 

woodland and a solitary Pinus sylvestris tree (Note A4 sheet for scale to right of mound). 1339 

  1340 

Figure 6. Ants herding aphids and aphid eggs on Betula pubescens at Fåbergstølsbreen 1341 

glacier foreland. 1342 

   1343 

Figure 7.  Frequency histograms of mound size and surface characteristics, including all 1344 

the mounds measured on the three glacier forelands: (A) mound height; (B) mound width; 1345 

(C) mound volume; (D) sand % cover; (E) gravel % cover; (F). organic % cover. 1346 
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 1347 

Figure 8. Ant nest mounds of different sizes: (A) the smallest mound (height <10 cm) at 1348 

Nigardsbreen surrounded by Empetrum hermaphroditum heath; (B) mound of intermediate 1349 

size at Bergsetbreen surrounded by Empetrum hermaphroditum heath with individual poles 1350 

of Betula pubescens and Salix sp.; (C) moderately large mound at Fåbergstølsbreen 1351 

surrounded by Vaccinium myrtillus heath and scattered trees of Betula pubescens; (D) the 1352 

largest mound (height 92 cm) at Fåbergstølsbreen in relatively dense Betula pubescens 1353 

woodland outside the glacier foreland boundary. Note the water bottle is 25 cm high. 1354 

 1355 

Figure 9. Selected statistically significant linear relationships between mound size and 1356 

surface characteristics and terrain age (p<0.05): (A) sand % cover at Fåbergstølsbreen (r = –1357 

0.53, n = 33); (B) organic % cover at Bergsetbreen (r = 0.36, n = 35); (C) mound height at 1358 

Nigardsbreen (r = 0.27, n = 100); (D) mound height at Fåbergstølsbreen (r = 0.47, n = 33). 1359 

95% confidence intervals are shown. 1360 

 1361 

Figure 10. Non-metric multidimensional scaling and segmented bubble plots summarizing 1362 

the interaction between mound characteristics, terrain age and environmental variables: (A) 1363 

Nigardsbreen (stress = 7%); (B) Bergsetbreen (stress = 10%); and (C) Fåbergstølsbreen 1364 

(stress = 8%). Six scaled mound size and surface composition characteristics are shown for 1365 

each individual mound (see key). The length and direction of the vectors, which relate to 1366 

both mound characteristics and environmental variables, indicate the strength and direction 1367 

of their correlation with the axes defining the NMDS two-dimensional space. Extension of 1368 

vectors to the full diameter of the circle, the position of which is arbitrary, would indicate 1369 

perfect correlation. Note the ‘poles’ vector in (A) is too short to be seen. 1370 

 1371 

Figure 11. (A) Boxplot of mound height in four habitat types (boxes define the interquartile 1372 

range around the median; tails define the full range) based on the combined data set from 1373 

the three glacier forelands; (B) Tukey simultaneous pairwise comparison of mound height 1374 

in relation to the four habitat types using the same data set as in (A) – 95% confidence 1375 

intervals are shown around the difference in means between each habitat pair (means are 1376 

significantly different where corresponding confidence intervals do not contain zero); (C) 1377 

boxplot of mound height where aphids are present or absent on trees within 5 m of the 1378 

mound based on the combined data set from Nigardsbreen and Fåbergstølsbreen (aphids not 1379 
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having been investigated at Bergsetbreen); (D) Tukey pairwise comparison of mound 1380 

height where aphids are present or absent using the same data set as in (C). 1381 

 1382 

Figure 12. Rose diagrams showing mound aspect on the three glacier forelands: (A) 1383 

Nigardsbreen (n = 100 mounds); (B) Bergsetbreen (n = 35); and (C) Fåbergstølsbreen (n = 1384 

33). Percentage of mounds is shown in relation to 16 compass points; circles define 10% of 1385 

mounds (labels highlight the aspects with >10% of mounds). 1386 

 1387 

Figure 13. Surface composition of (A) a relatively young mound with prominent gravel 1388 

cover and (B) a relatively old mound with ~100% organic cover, Bergsetbreen glacier 1389 

foreland.   1390 

 1391 

Figure 14. Conceptual model of the main geo-ecological processes (lower case lettering) 1392 

affecting red wood ant populations on glacier forelands in southern Norway. Arrows 1393 

indicate the direction of the main effects between compartments of the geo-ecosystem 1394 

(upper case lettering in solid boxes). The dashed box encloses components of the internal 1395 

environment of the nest mounds.  1396 
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Table 1.  Summary of the distribution and density of ant nest mounds on the three glacier 1422 

forelands. ‘Youngest terrain’ refers to the most recently deglaciated terrain on which 1423 

mounds occur. 1424 

_____________________________________________________________________ 1425 

Glacier              No. of   Area  Density Youngest 1426 

foreland  mounds searched (No./hectare)  terrain 1427 

     (m
2
)     (years) 1428 

_____________________________________________________________________ 1429 

Nigardsbreen  100  220,320 4.5  49 1430 

Bergsetbreen  35    74,440 4.6  83 1431 

Fåbergstølsbreen 33  127,800 2.5  78 1432 

_____________________________________________________________________ 1433 

 1434 

 1435 

 1436 

 1437 

 1438 

 1439 

Table 2.  Summary of mound characteristics (size and surface composition) on the three 1440 

glacier forelands (SD = standard deviation; * = evidence of bimodality). 1441 

_____________________________________________________ 1442 

   Mean     Max.       Min.      Mode       SD       1443 

_____________________________________________________ 1444 

 1445 

Nigardsbreen (n = 100) 1446 

Height (cm)  42.0     100        10          30-35*  19.9       1447 

Width (cm)  78.0     137        23          65-70  23.1 1448 

Volume (m
3
)  0.17     0.98        0.003     0-0.05  0.17 1449 

Organic (%)  85.2     100        15          95-100    19.8 1450 

Sand (%)  2.7     15        0          0-1  3.5 1451 

Gravel (%)  12.4     80        0          0-55  18.1 1452 

   1453 

Bergsetbreen (n = 35)   1454 

Height (cm)  43.5     92        8          40-45  20.1       1455 

Width (cm)  81.2     121        17          70-80  26.4  1456 

Volume (m
3
)  0.20     0.79        0.001      0-0.05  0.19 1457 

Organic (%)  82.7     100        25          95-100  18.7 1458 

Sand (%)  2.7     10        0          0-1  3.5 1459 

Gravel (%)  14.2     65        0          0-5  17.2 1460 

 1461 

Fåbergstølsbreen (n = 33)   1462 

Height (cm)  48.2     95        18          50-55*  18.2       1463 

Width (cm)  86.2     160        43          80-90  23.6 1464 

Volume (m
3
)  0.23     1.37        0.016     0.1-0.3  0.24 1465 

Organic (%)  88.4     100        47          95-100  13.48 1466 

Sand (%)  3.3     10        0          0-1  3.2 1467 

Gravel (%)  10.10     46        0          0-5  13.6 1468 

_____________________________________________________ 1469 

 1470 

 1471 
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Table 3.  Pearson correlation coefficients between mound characteristics and potential 1472 

response variables from the three glacier forelands. Values in bold italics and underlined 1473 

are statistically significant (p<0.05).  1474 

A. Nigardsbreen (n = 100)

Height Width Volume Sand Gravel Organic Altitude Age Trees Poles

Width 0.698

Volume 0.872 0.825

Sand -0.212 -0.047 -0.119

Gravel -0.295 -0.083 -0.239 0.536

Organic 0.273 0.039 0.219 -0.617 -0.968

Altitude -0.243 -0.271 -0.237 0.006 0.077 -0.027

Age 0.267 0.200 0.206 -0.018 -0.063 0.026 -0.890

Trees 0.469 0.416 0.523 -0.164 -0.380 0.368 -0.124 0.044

Poles -0.001 0.044 0.033 -0.051 0.002 0.034 0.303 -0.346 0.075

Ground cover 0.161 0.101 0.155 -0.294 -0.271 0.311 -0.063 0.016 0.303 0.177

B. Bergsetbreen (n = 35)

Height Width Volume Sand Gravel Organic Altitude Age Trees Poles

Width 0.749

Volume 0.923 0.765

Sand 0.108 0.227 0.055

Gravel -0.217 -0.084 -0.192 0.300

Organic 0.159 0.048 0.169 -0.476 -0.963

Altitude -0.028 -0.033 -0.188 0.361 0.125 -0.223

Age 0.146 0.059 0.270 -0.287 -0.307 0.355 -0.838

Trees 0.609 0.417 0.619 -0.157 -0.248 0.277 -0.338 0.334

Poles 0.383 0.355 0.434 -0.152 -0.340 0.327 -0.353 0.546 0.355

Ground cover 0.137 0.131 0.156 -0.170 -0.100 0.122 -0.115 0.283 0.081 0.125

C. Fåbergstølsbreen (n = 33)

Height Width Volume Sand Gravel Organic Altitude Age Trees Poles

Width 0.529

Volume 0.769 0.781

Sand -0.265 -0.009 -0.251

Gravel -0.311 -0.189 -0.246 0.566

Organic 0.268 0.105 0.239 -0.793 -0.830

Altitude -0.459 -0.175 -0.368 0.537 0.388 -0.457

Age 0.474 0.193 0.351 -0.534 -0.439 0.478 -0.821

Trees 0.025 0.053 0.014 -0.157 -0.063 0.274 -0.118 -0.127

Poles 0.048 -0.060 0.036 -0.242 -0.120 0.110 -0.335 0.307 -0.288

Ground cover 0.176 0.247 0.170 -0.285 -0.240 0.320 -0.285 0.230 0.089 0.347

 1475 
 1476 

     1477 


