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A B S T R A C T

Periglacial processes are active under current climatic conditions on the more exposed 
peaks and ridges of Tasmania’s high country. Non-sorted steps, stripes, and solifluction 
lobes with vegetated risers and bare treads have formed on many of the mountains 
capped in fissile sedimentary rocks. Any disturbance to the balance between vegeta-
tion and bare ground can result in biogeomorphic feedbacks leading to an increase 
or decrease in periglacial activity and thereby threaten the survival of fjaeldmark. We 
tested the hypotheses that vegetation helps create risers by capturing material moved by 
needle ice, water, and wind, and that the balance between vegetation and bare ground 
in fjaeldmark is dynamic in Tasmania at the decadal time scale. Repeat photo plots and 
temperature data loggers were employed to monitor the dynamism of two non-sorted 
lobes on Mount Rufus over a seven-month period. Diurnal freeze/thaw cycles resulted 
in needle ice formation on the bare treads and promoted downslope movement of the 
surface layer through frost creep. Vegetation was observed to reduce geomorphic activ-
ity and to capture soil and clasts transported downslope, thereby steepening the risers. 
Aerial photographic analysis showed a 0.065% per annum increase in vegetation cover 
in fjaeldmark since the mid-20th century. Mountains that had a high number of days 
with snow cover were especially prone to increases in vegetation cover. Decline in veg-
etation cover occurred on some mountains burned during the past century. The smallest 
changes occurred on the most exposed peaks and ridges.

IntroductIon

Soil type, moisture availability, slope gradient, freeze/
thaw regime, and vegetation type and cover all influ-
ence the morphology of landforms that result from 
solifluction, the genesis of most of which involves per-
mafrost (Washburn, 1979; Matsuoka, 2001; Harris et al., 
2008). In marginal periglacial environments like alpine 
Tasmania, where only the surface layer (typically 5 to 
10 cm) freezes, frost creep is the dominant solifluction 
process (Kiernan, 1985; Slee et al., 2016). This type of 
solifluction produces shallow landforms, with risers on 
steps and stripes typically <30 cm tall (Matsuoka, 2001). 
Solifluction steps have a downslope border composed of 
bare clasts (sorted) or vegetation (non-sorted). The tread 

is generally free from vegetation and has a gradient less 
than that of the general slope of the hillside. Non-sorted 
steps imperceptibly change into non-sorted stripes at a 
general slope of approximately 8° (French, 1976; Wash-
burn, 1979).

On mainland Australia, non-sorted steps and lobes 
have been described from the Mount Kosciuszko re-
gion, where they have formed on wind-exposed meta-
sedimentary slopes above 1900 m a.s.l. in a matrix of tall 
alpine herbfield and fjaeldmark (Costin et al., 1967). On 
the higher slopes near the mountain crests, radiocarbon 
analysis of organic materials buried beneath the risers 
indicate that episodic movement has occurred during 
the past 300 years. Farther down the slopes, vegeta-
tion cover is more complete. Here radiocarbon analysis 
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yielded ages between 2000 and 3000 yr B.P., suggest-
ing that these steps have not been active for some time 
(Costin et al., 1967).

In Tasmania, non-sorted lobes, steps, and stripes are 
common on the summits and ridges of mountains 
topped with sedimentary rocks, where they typically oc-
cur within fjaeldmark (Kirkpatrick and Harwood, 1980; 
Kirkpatrick, 1984a; Kirkpatrick and Whinam, 1988; 
Lynch and Kirkpatrick, 1995). The vegetated risers can 
be dominated by herbs and cushion plants or by shrubs. 
Interactions between the downslope movement of clasts 
and soil because of frost creep, redistribution of smaller 
particles by wind and water, and the capture of clasts 
and soil by vegetation are postulated to be the primary 
processes responsible for the formation and persistence 
of these features (Kirkpatrick and Harwood, 1980; Kirk-
patrick, 1984a), some of which are active (Kirkpatrick et 
al., 2002), and most of which have evidence of activity.

While frost creep, fluvial, and eolian processes are 
well understood in periglacial environments, the role 
of vegetation in contributing to the formation of non-
sorted stone stripes and steps has been deduced more 
than demonstrated. Nevertheless, feedbacks between 
geomorphic processes and vegetation dynamics are 
known to play an important role in the creation and 
perseverance of periglacial landforms (Matthews et al., 
1998; Eichel et al., 2015).

Succession from active periglacial landforms to 
inactive ones results from a number of different pro-
cesses, which cause increased surface stabilization, en-
couraging the establishment of vegetation (Bryant and 
Scheinberg, 1970; Haugland, 2006; Hjort, 2014). Nee-
dle ice brings larger rocks to the surface and loosens 
smaller clasts, which get removed by fluvial and eolian 
processes (French, 1976; Washburn, 1979). As the per-
centage of fines in the soil decreases, less moisture is 
retained in the larger rocks, and the formation of nee-
dle ice is limited. The increased stability allows lichens, 
mosses, graminoids, cushion plants, and herbs to be-
gin colonizing the bare ground and encroaching from 
the boundaries of the tread (Haugland, 2006). Once 
vegetation cover begins to increase, it offers additional 
insulation against the more severe freeze/thaw cycles 
(Luthin and Guymon, 1974), and needle ice growth 
is suppressed. This biogeomorphic feedback promotes 
further colonization.

Across the Earth, trees and shrubs have been observed 
migrating to higher altitudes and latitudes as a response 
to warmer temperatures and climate change (Harsch et 
al., 2009; Ernakovich et al., 2014). Fjaeldmark and its 
associated periglacial landforms have been identified as 
particularly vulnerable to climate change in Tasmania 
(Brown, 2009; Visoiu, 2014).

Fjaeldmark vegetation is defined by the mixture of 
bare ground and vegetated surfaces (Kirkpatrick, 1997) 
and so can be destroyed by either plant colonization 
of bare areas or the complete removal of vegetation by 
geomorphic activity. A decrease in vegetation cover in 
fjaeldmark was recorded for the Southern Range of 
Tasmania over the period of a decade in the late 20th 
century (Kirkpatrick et al., 2002), but the overall pattern 
of change in fjaeldmark between the mid-20th century 
and the early 21st century is not known.

Repeat aerial and oblique photography have revealed 
an expansion of shrubs in arctic tundra (Sturm et al., 
2001; Tape et al., 2006), especially after fire (Lantz et 
al., 2013). A potential positive feedback loop involves 
the snow-holding capacity of shrubs leading to great-
er snow accumulation, insulating ground temperatures 
from the coldest winter months and providing addition-
al moisture that in turn increases soil microbial activity, 
making more nitrogen available for the shrubs in their 
summer growing period (Sturm et al., 2005). In Sibe-
ria, fjaeldmark and landscapes that contain patterned 
ground features have been shown to be especially vul-
nerable to shrub expansion (Frost et al., 2013; Frost and 
Epstein, 2014). In these environments, bare patches of 
ground resulting from cryoturbation can offer oppor-
tunities for colonization free from the competition of 
pre-established plant species.

In this paper we test the hypotheses that vegetation 
creates and reinforces risers by capturing, at the tops of 
risers, the material moved down the treads by needle ice, 
water, and wind, and that the balance between vegeta-
tion and bare ground in fjaeldmark has been changing 
in Tasmania at the decadal scale.

Methods

The Study Area

Thirty-eight patches of fjaeldmark from 21 moun-
tains located across Tasmania were used to investigate 
multidecadal change in the balance between bare 
ground and vegetation in fjaeldmark (Fig. 1). These sites 
were selected because of the availability of high-quality 
and high-resolution historical aerial photographs and 
the presence of non-sorted steps and stripes. The rocks 
are predominantly horizontally bedded sandstones, silt-
stones, and mudstones of the Upper and Lower Par-
meener Supergroups (Mineral Resources Tasmania, 
2016).

Tasmania has a cool temperate maritime climate 
that is heavily influenced by prevailing westerly winds. 
Southwesterly to northwesterly winds frequently ex-
ceed 100 km h–1 in exposed sites in the alpine zone. 
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The mean annual precipitation on all the mountains 
with fjaeldmark exceeds 2500 mm (Nunez et al., 1996). 
Air temperatures in fjaeldmark in the hottest month 
approximate a mean of 10 °C, whereas in the coldest 
month, they approximate 2 °C, resulting in a low per-

sistence of snow cover during winter, except in areas of 
accumulation on lee slopes.

Mount Rufus (1416 m a.s.l.) is located in central Tas-
mania (Fig. 2). The surface geology is dominated by fis-
sile Triassic quarzitic sandstones of the Upper Parmeen-

FIGURE 1.  Location of mountains included in the study, with (p) denoting oblique repeat photo locations 
(Grid reference: GDA94 MGA Zone 55).
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er Supergroup. On the higher ridges, the sandstone has 
been thermally hardened upon contact with a dolerite 
intrusion during the Jurassic (Forsyth, 2003).

Glaciers covered the northern and eastern slopes of 
Mount Rufus during the last glacial maximum (Derby-
shire, 1963; Kiernan, 1985, 1991), and periglacial activity 
was widespread (Jennings and Mabbutt, 1967; McKin-
non et al., 2004). Fires have burned in the alpine areas of 
Mount Rufus on several occasions in the past century, 
with the most recent occurring in 1980 (Styger and 
Balmer, 2009). The climatic treeline at Mount Rufus 
lies at approximately 1200 m a.s.l. (Harrison-Day et al., 
2016), extending up to ~1300 m a.s.l. on the warmer 
north-facing slopes.

Field Data Collection

Two non-sorted solifluction lobes were select-
ed for short-term observations, both occurring on 
north-facing slopes on Mount Rufus at an altitude of 
~1300 m a.s.l. (Fig. 2). The lobe at Site 1 has a tread 
approximately 3.6 m wide at its widest point, and is 
2.8 m long. The slope of the tread is 11° in the cent-
er, with the vegetation covered riser having a slope 
of 38°. The general slope for the whole site is ap-
proximately 25°. The lobe is one of many that extend 
downslope as a stripe, with channels of active and in-
active debris weaving among vegetation. The surface 
of the bare ground is mainly small stones and pebbles 

<5 cm along the longest axis, and clayey silt. The oc-
casional larger clast sits on this surface. Where not 
vegetated, risers have clasts 5 to 25 cm in diameter, 
and occasionally >25 cm, which trap any downslope 
movement of fines. Site 2 is a series of non-sorted 
and sorted solifluction lobes extending downslope 
in a tongue shape. Bare ground connects all parts of 
the interior of this feature, and vegetation borders the 
entirety of its perimeter. It measures 12 m wide at 
its widest point, and is 38 m long. The general slope 
for this site is approximately 23°. At the borders of 
the feature, bare ground terminates in lobate forma-
tions banked by vegetation. The vegetated risers vary 
in steepness from 25° to 45°. The surface sediments 
are largely the same composition as at Site 1. Steeper 
slopes generally have larger clasts, rocks, and boul-
ders. Miniature patterned-ground features, including 
sorted stone polygons (up to 15 cm wide) and sorted 
stone stripes (up to 1 m long and 15 cm wide), have 
developed on the bare ground. At the head of the 
feature, water seeps from between boulders and veg-
etation.

Near-surface air and ground temperature data were 
collected hourly from 9 September 2015 to 13 April 
2016 using Tinytag Plus 2 TGO-4017 temperature data 
loggers (Gemini Data Loggers Ltd., 2014). Data loggers 
buried 5 cm below the surface recorded ground tem-
perature, with the loggers attached to a wooden stake 
by a short length of thin wire to assist in relocation. 

FIGURE 2.  Study sites on 
Mount Rufus.
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Near surface air temperatures were recorded 5 cm above 
the surface, with the data loggers attached to the same 
wooden stakes. A radiation shield constructed of PVC 
pipe 10 cm tall × 8 cm in diameter, with a number of 
holes perforating the sides, was used. At each of the 2 
sites, a data logger pair (measuring both air and ground 
temperatures) was installed in the center of the bare 
tread of the solifluction lobe, and another pair inside 
Orites revolutus R.Br. shrubs on the risers.

Twenty-five photo plots were marked out and photo-
graphed on 13 September 2015. They were concentrated 
on the boundaries between bare and vegetated ground. A 
1 m × 1 m quadrat made from 20 mm conduit was used 
to delineate the perimeter of each plot. All plots were re-
located and photographed again on 13 April 2016.

A series of time lapse photographs was used to capture 
a single freeze/thaw event over the night of 21 Septem-
ber 2015 (https://youtu.be/Rb4SDon8OG4). A GoPro 
HERO3 White action camera coupled with a CamDo 
time lapse intervalometer (CamDo Solutions, 2016) was 
mounted on a tripod and set to take a photograph every 
45 min for a time period of 18 h. A neoprene cover was 
constructed and fastened over the camera to insulate it 
against subzero temperatures. The site was kept illumi-
nated by a small LED light.

An assemblage of historic vertical and oblique pho-
tographs depicting Tasmanian fjaeldmark was obtained 
from private collections. The oblique scenes were re-
photographed between September 2015 and February 
2016, with the period of time elapsing between the 
original photographs and the repeat photographs vary-
ing between 26 and 44 years.

Photographic Processing

Photographs of the 1 × 1 m quadrats on Mount 
Rufus were corrected for geometric distortion using 
the program Adobe Photoshop CS6. Stratified random 
sampling was used to select up to 25 clasts from each 
quadrat. A grid with 25 equally spaced squares with 
a point placed randomly in each cell was overlaid on 
the image. The visible surface area of the clast that was 
directly below the point on the latest photograph was 
measured. In the case of no visible clasts being directly 
below the point, or the clast not being identifiable in 
each of the photographic pairs, the nearest clast that was 
identifiable in both photographs was selected. Any clast 
movement in the second image from the original posi-
tion in the first image was measured using a straight line 
drawn from the center. The visible surface area of each 
selected clast and the direction and degree of movement 
were recorded. The scale of each image was set using 
the bottom edge of the quadrat. The program ImageJ 

(Schneider et al., 2012) was used for all clast movement 
measurements.

The historical aerial photographs were compared 
with Tasmania’s Orthophoto mosaic (DPIPWE, 2016a), 
available as a free base layer on ArcGIS 10.3 (ESRI, 
2014). The metadata for each photograph used in this 
mosaic were obtained from the Aerial Photo Viewer 
(DPIPWE, 2016b). The time period between succes-
sive vertical aerial photographs of the same places varied 
from 26 years to 59 years.

The total extent of fjaeldmark was outlined with a 
polygon on the most recent photographs. Images were 
displayed side by side on the computer monitor, with 
any increase or decrease in vegetation cover marked 
onto the newer photograph with a polygon.

The total fjaeldmark area and any increase or decrease 
in vegetation cover were measured for areas above and 
below the treeline, on north- and south-facing slopes, 
and on slopes >8° and <8°. The climatic treelines were 
determined by carefully examining the maximum alti-
tude of trees on each mountain on the latest aerial pho-
tographs. Where available in the literature (Kirkpatrick 
and Harwood, 1980; Kirkpatrick, 1982; Kirkpatrick and 
Balmer, 1991), previously observed treelines were used. 
A digital elevation model (DEM) was created using the 
10 m contour lines available from the LIST (DPIPWE, 
2016a) and the Topo to Raster tool in ArcGIS. Slope 
was then calculated using the Slope tool, with slopes 
divided into either >8° or <8° using the Raster Calcu-
lator tool. The Aspect tool was used to calculate aspect, 
with the Reclassify tool used to define either north- or 
south-facing slopes.

The geometric area (m2) of all polygons was calculat-
ed using the Calculate Geometry tool in the attributes 
table. Results were exported to Microsoft Excel, with 
the net annual percentage change in vegetation cover 
being calculated for each site.

Data Analysis

All data analysis was carried out in Minitab 17 Sta-
tistical Software (2010). The Kruskal-Wallis H Test was 
used to determine if any changes in vegetation cover 
above or below the treeline, on north- or south-facing 
slopes, or on slopes greater or less than 8°, affected the 
total change in vegetation cover. Each site was grouped 
into either northern (north of Mount Sarah Jane) or 
southern (south of, and including, Mount Sarah Jane) 
fjaeldmark patches. Difference in the net annual per-
centage change in vegetation between the two groups 
was tested for using the Kruskal-Wallis H Test. The 
percentage of clear days that the highest point of each 
mountain had snow cover for the years 1983 to 2013 
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(inclusive) (Kirkpatrick, et al., 2017), and increase in the 
percentage of clear days with snow cover over this time 
period (personal communication from Kirkpatrick to 
Annandale, June 2016) were correlated with the net an-
nual percentage change in vegetation cover.

results and dIscussIon

Short-Term Observations

There were 54 (Site 1) and 53 (Site 2) freeze/thaw cy-
cles on the unvegetated treads of the solifluction lobes on 
Mount Rufus over the 216 days of temperature recordings. 
In the vegetated risers, 47 (Site 1) and 41 (Site 2) freeze/
thaw cycles occurred. The coldest air temperature on the 
unvegetated treads was –6.8 °C, and on the vegetated risers 
–3 °C. At no time did temperatures 5 cm below the surface 
drop below 0 °C, confirming that needle ice is the primary 
agent of cryoturbation. In winter, periodic shallow ground 
freezing may facilitate gelifluction (Slee et al., 2015), but 
the limited temporal extent of such freezing would limit 
its effectiveness as an agent for downslope mass movement.

The vegetated risers had warmer minimum air tem-
peratures than the unvegetated treads (Site 1: paired t 
= –6.38, P < 0.001; Site 2: paired t = –9.9, P < 0.001). 
Maximum air temperatures were greater on the veg-
etated risers than on the unvegetated treads at Site 1 
(paired t = –8.69, P < 0.001), but at Site 2 the converse 
was true (paired t = 17.97, P < 0.001). Site 2 had thicker 
vegetation cover, thereby reducing insolation; whereas, 
at Site 1, vegetation cover was sparser. Also, the vegeta-
tion situated upslope of the data logger at Site 1 may 
have trapped outgoing radiation, creating a “solar oven” 
effect. Minimum ground temperatures did not differ 
significantly between vegetated and unvegetated sites 
(Site 1: paired t = 0.8, P = 0.426; Site 2: paired t = 0.29, 
P = 0.771), while maximum ground temperatures were 
higher on the treads (Site 1: paired t = 19.63, P < 0.001; 
Site 2: paired t = 21.37, P < 0.001).

In the repeat photo quadrats, the difficulty in re-
identifying small clasts lead to a bias toward measuring 
larger clasts. Only 20 (3.9%) of clasts measured were less 
than 1 cm2. The median area of the 510 clasts measured 
was 5.6 cm2, and the median displacement was 1.96 cm. 
The mean size of clasts that moved was 9.3 cm2 and was 
smaller than the mean size of clasts that did not move 
(mean = 29 cm2) (t = –4.8, df = 302, P < 0.001). The 
steepness of slope did not have an effect on whether a 
clast moved or did not move. Clasts were more likely to 
move downslope than across or upslope (H = 11.5, df = 
1, P = 0.001). Slope did not have any effect on whether 
a clast became more buried by sediments, more exposed, 
or exhibited no change at all.

The study site was visited on 12–13 and 21–22 Oc-
tober 2015, and 12–13 April 2016, with overnight mini-
mum air temperatures on the unvegetated tread of Site 2 
reaching 1.3 °C, –2.9 °C, and 0.4 °C, respectively. Only 
on the night of 21 October 2015 did needle ice develop. 
On this evening, minimum air temperatures reached –2.4 
°C in the vegetated riser. Visible needle ice formation be-
gan at 21:31 hours when air temperatures were –1.3 °C. 
The ice continued to grow until 05:56 hours the follow-
ing morning (temperature = –2.2 °C). Melting began at 
06:41 hours (temperature = –1.5 °C), with all visible ice 
melted by 08:54 hours (temperature = 2.6 °C).

Measurements taken from a marker pen located in 
the center of the image indicate that the height of the 
needle ice was approximately 16 mm, with lifted mate-
rial moving 10 mm downslope following thawing. The 
observed downslope movement of clasts lifted by needle 
ice can be compared with the theoretical movement es-
timated with the equation:

 D = h tan (Θ), (1)

where D = downslope displacement in mm, h = height 
of needle ice in mm, and Θ = slope in degrees. Using 
the measurements of the pen from the time lapse pho-
tography, with a slope of 23°, an estimate of 6.8 mm 
of downslope movement was calculated. This equation 
assumes that as the needle ice melts, the clast drops ver-
tically to the surface. Through laboratory experiments, 
Higashi and Corte (1971) found that as the needle ice 
melted, clasts fell, rolled, and slid downslope instead of 
dropping vertically and settling. They formulated the 
equation:

 D = C h tan (Θ)2, (2)

where C is a constant representing the stochastic move-
ment of clasts due to toppling, rolling, and bending 
needle ice. Using this equation and C = 3 (Matsuoka, 
1998), downslope movement is estimated to be 8.7 mm. 
Through observations in the field, Mackay and Mathews 
(1974) estimated that downslope movement was close 
to the height of needle ice growth:

 D = h. (3)

This would estimate downslope movement to be ap-
proximately 16 mm. From these three different models, 
that of Higashi and Corte (1971) best matches the 10 
mm of downslope movement measured from the marker 
pen in the time lapse photographs. Matsuoka (1998) also 
found that Equation (2) best predicted downslope move-
ment in his study on frost creep in the Japanese Alps.
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Miniature patterned ground features, including sorted 
stone stripes and sorted stone polygons, were observed 
forming on the treads. Over the seven-month obser-
vation period, there was a noted removal or buildup 
of fine materials around larger rocks. This is consistent 
with the outcomes of fluvial processes, with the direc-
tion of sediment movement being downslope.

Vegetation was observed acting in a number of ways 
to slow the downslope movement of materials. Around 
the upper borders of the vegetated risers, clasts that had 
been moving downslope were trapped by the vegeta-
tion. Over the summer the vegetation stabilized cap-
tured clasts within its branches (Fig. 3). The increased 
vegetation cover is likely to allow more clasts to be cap-
tured as they move downslope. The addition of rocks 
and soils into the vegetated risers provides extra sub-
strate for the vegetation, allowing these risers to slowly 
increase in height. If downslope surface movement ex-
ceeds the ability for vegetation to capture the clasts, then 
the vegetation will be overrun, forming a “blow out” on 
the riser (Fig. 4).

The same freeze/thaw witnessed on 21 October 2015 
saw extensive fields of needle ice develop on patches 
of bare ground. Ground beneath vegetation was largely 
free of ice (Fig. 5). A small Orites revolutus R.Br. plant was 
observed holding back clasts lifted by needle ice (Fig. 
6), among many other instances of the same phenom-
enon. The vegetation of the risers was dominated by O. 
revolutus, Richea sprengeloides F.Muell., Epacris serpyllifolia 
R.Br., and Baeckea gunniana Schauer, with an under-
story that included Exocarpos humifusus R.Br., Schizacme 

montana Hook.f., Poa sp., and several species of mosses 
and lichens. Tasmannia lanceolata Poir, Planocarpa petsola-
ris C.M.Weiller, Olearia algida N.A.Wakef., Ozothamnus 
ledifolius Hook.f., and Coprosma nitida Hook.f. were also 
present. Some of these species vegetatively reproduce 
(Kirkpatrick, 1984b), a trait that may assist in their per-
severance in this geomorphically active environment.

Decadal Change

Forty-six percent of the 382 ha of fjaeldmark that 
were mapped occurred above the climatic treeline. 
Slopes <8° had 22% of the 382 ha, and north-facing 
slopes had 41% (Table 1). There was an overall mean 
increase in vegetation cover of 0.065% per annum. 
The fjaeldmark on the ridge extending to the south of 
Mount Pelion West had the greatest increase (Table 2). 
Here the fjaeldmark was all below the climatic treeline, 
faced north and was predominantly on a slope <8°. 
The summit area of Rocky Hill had the greatest de-
crease (Table 2), most likely because of erosion on the 
steeper west-facing slopes following the fire that burned 
through the area in 1934. There was no difference in the 
annual percentage of vegetation cover change between 
those areas measured above and below the treeline, on 
north- and south-facing slopes, and on slopes greater or 
less than 8°. The smallest changes occurred on the most 
exposed locations, such as mountain summits, where 
desiccating hot winds and limited water availability in 
summer, and abrasive ice laden winds and cold tempera-
tures in winter limit plant growth.

FIGURE 3.  Baeckea gunniana Schauer stabilizing clasts at the top of a riser over a seven-month period. Photograph 
(a) taken on 13 September 2015, and photograph (b) taken on 13 April 2016.
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The repeat oblique photography reinforced the re-
sults of the aerial photograph analysis, with incidences 
of increasing vegetation cover exceeding incidences of 
vegetation loss (Fig. 7). With the exception of Hill One, 
the locations of the treads and risers of the non-sorted 
steps have not changed, and most individual rocks are 
located in the same positions that they were decades 
ago. Some individual shrubs of Leptospermum rupestre 
Hook.f., Richea scoparia Hook.f., Athrotaxis selaginoides 
D.Don, and Diselma archeri Hook.f. increased in size to 
cover some of the previously bare ground. Ongoing 
erosion, and dieback of individual shrubs, provided inci-
dences of vegetation retreat (Fig. 7).

Vegetation increased behind rocks and pre-existing 
vegetation to the leeward side of the prevailing west-

erly winds. As vegetation cover in fjaeldmark contin-
ues to increase, the number of protected sites may also 
increase, offering further opportunity for plant estab-
lishment. This positive feedback loop could lead to an 
accelerated increase in vegetation cover in the absence 
of any disturbance events, and a shift in community 
structure from fjaeldmark to vegetation with complete 
cover.

Vegetation cover change increased with snow inci-
dence (r = 0.400, df = 36, P = 0.012) and change in 
snow incidence (r = 0.361, df = 36, P = 0.026), perhaps 
reflecting the efficacy of snow in protection from the 
ice-laden abrasive winds and intense freeze/thaw cy-
cles of winter (McVean, 1958; Billings and Bliss, 1959; 
Körner, 1999).

FIGURE 4.  An overflow of sediment 
on a vegetated riser composed primarily 
of Planocarpa petiolaris C.M.Weiller at 
the bottom of a non-sorted stripe on 
Little Mount Emmett. Photo taken 25 
September 2015. For scale, camera case is 
12 cm long.

FIGURE 5.  Needle ice on tread, but 
absent under vegetation. For scale, pen is 
16 cm long.
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The northern mountains had a greater annual per-
centage change in vegetation cover than the southern 
mountains, with a median increase of 0.041% per annum 
compared to 0.001% per annum in the south (H = 4.94, 
df = 1, P = 0.026). The northern mountains are the great-
est distance from the southwest coast, and thus have a 
more continental climate than the southern mountains, 
making the persistence of winter snow more likely.

A lack of disturbance events could also be influencing 
the encroachment of vegetation. Rocky Hill, burned in 
1934 (Kirkpatrick, 1984a), had a decrease in vegetation 
cover, most likely triggered by slope instability following 
fire. However, the less exposed fjaeldmark around Barn 
Bluff and above Cradle Cirque has been burned in the 
late 1800s or early 1900s (Kirkpatrick and Balmer, 1991) 
and had a strong increase in vegetation cover. Fire can 
remove vegetation and reactivate geomorphic activity 
(Kirkpatrick, 1984a; Shakesby and Doerr, 2006; Sass et 
al., 2012). On the southern slope of Rocky Hill South, 
fluvial erosion has revealed a section of Athrotaxis log 
previously buried beneath the fjaeldmark. Kirkpatrick 
(1984a) suggested that the hill may have been forested 
in the past, with fire killing the Athrotaxis and the fol-
lowing period of instability resulting in its burial. While 
this hypothesis cannot be excluded, other Athrotaxis 
logs displaying similar wind-abraded surfaces have been 
observed surviving as krummholtz in the fjaeldmark of 
the Boomerang. This suggests that a forest may not have 
been necessary for the Rocky Hill South log to have 
grown to that size, and that Athrotaxis trees may have 
existed there as krummholtz among the fjaeldmark for 
long periods of time.

The 530 m2 increase of vegetation cover at Hill One 
over 59 years is opposite to the vegetation loss in the 11 
years after 1989 recorded by Kirkpatrick et al. (2002) and 
indicated for a longer recent period by Figure 7. It is pos-
sible that there was a general trend in increasing vegeta-
tion cover until the 1980s, with the years 1989 to 2016 
experiencing a period of increased erosion and fjaeldmark 
expansion, perhaps as a result of the strengthening winds 
caused by a steepening of atmospheric pressure gradients 
resulting from climate change (Kirkpatrick et al., 2017).

conclusIons

The non-sorted solifluction lobes of Mount Rufus 
are active under current climatic conditions. The ab-
sence of ground freezing and subsequent dominance of 
diurnal freeze/thaw processes driving periglacial activity 
confirms the previous conclusion of Slee et al. (2016) 
that the area is only marginally periglacial. Periglacial 
and fluvial processes were the main contributors to 
downslope surface movement.

Vegetation reduces downslope movement by creating 
a thermal barrier limiting the development of needle 
ice, holding back clasts lifted by needle ice from moving 
downslope, capturing clasts transported downslope by 
either fluvial or periglacial processes, and stabilizing the 
risers. A positive feedback builds up the riser and gives 
form to the non-sorted solifluction lobe.

Vegetation cover has been increasing in fjaeldmark 
on net. While some areas containing fjaeldmark and 
periglacial features appear to be stable at present, others 
are dynamic. In the absence of fire or other disturbance 

FIGURE 6.  Capture of frost-displaced 
clasts by riser vegetation.
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TABLE 1

Total area (ha) of fjaeldmark by mountain and its geographical distribution depending on aspect, slope, and 
location of the climatic treeline.

Mountain Total area
Above 
treeline

Below 
treeline Slope < 8° Slope > 8°

North- 
facing

South- 
facing

The Boomerang 31.78 16.29 15.49 7.43 24.35 16.51 15.27

Barn Bluff 3.01 0.00 3.01 1.90 1.11 0.97 2.04

Mesa 1.43 0.00 1.43 0.66 0.77 1.15 0.27

Mount Sarah Jane 2.38 0.12 2.26 0.91 1.46 0.26 2.12

Mount Pelion East 8.43 8.43 0.00 1.32 7.11 3.01 5.43

Mount Pelion West a 0.55 0.00 0.55 0.14 0.41 0.55 0.00

Mount Pelion West b 5.71 0.41 5.30 0.00 5.71 0.00 5.71

Mount Pelion West c 1.15 0.00 1.15 0.00 1.15 0.00 1.15

Mount Pelion West d 3.23 0.00 3.23 0.00 3.23 0.00 3.23

Mount Picton a 2.45 0.73 1.73 2.03 0.42 1.21 1.24

Mount Picton b 2.75 0.00 2.75 0.83 1.92 1.27 1.48

Mount Chapman 0.32 0.00 0.32 0.00 0.32 0.00 0.32

Mount Inglis 35.80 3.54 32.26 7.20 28.60 14.55 21.25

Bluff Cirque 2.26 2.00 0.26 0.29 1.97 1.82 0.45

Cradle Cirque 0.94 0.00 0.94 0.64 0.30 0.41 0.53

Little Mount Emmett 8.86 0.00 8.86 0.36 8.50 3.29 5.57

Dome Hill 46.76 0.00 46.76 11.57 35.19 16.98 29.78

High Dome W 6.14 0.00 6.14 0.24 5.90 3.04 3.10

The Amphitheatre 3.37 0.00 3.37 0.00 3.37 0.89 2.47

Rocky Hill south 4.67 0.00 4.67 2.62 2.05 1.84 2.83

Rocky Hill main 13.86 0.00 13.86 1.08 12.78 4.92 8.95

Rocky Hill east 1.96 0.00 1.96 0.07 1.89 0.83 1.13

Pyramid Mountain a 10.23 0.00 10.23 0.97 9.26 3.89 6.34

Pyramid Mountain b 5.40 0.00 5.40 3.38 2.02 2.27 3.13

Gould’s Sugarloaf 12.43 8.01 4.42 0.00 12.43 1.18 11.24

Little Sugarloaf 10.00 8.18 1.82 0.61 9.39 4.51 5.48

Mount Victoria Cross 12.28 2.76 11.68 3.43 8.85 3.55 8.72

Mount Wylly 6.48 2.53 3.95 0.67 5.81 1.24 5.24

Table Top 6.32 4.60 1.73 3.72 2.61 2.55 3.78

Hill One 7.32 6.51 0.81 0.57 6.75 2.59 4.73

Hill Two 11.09 11.09 0.00 3.61 7.49 4.80 6.29

Hill Three 8.77 8.64 0.13 1.92 6.85 4.45 4.32

Hill Four 12.83 10.24 2.59 2.95 9.89 4.46 8.37

Agnetes Garden 6.57 0.00 6.57 2.22 4.35 1.65 4.92

Maxwell Ridge 31.42 30.95 0.47 8.07 23.35 14.33 17.10

Mount La Perouse a 10.88 10.88 0.00 4.17 6.70 5.32 5.56

Mount La Perouse b 35.65 35.65 0.00 7.43 28.22 20.79 14.86

Mount Rufus 6.43 6.40 0.04 0.05 6.38 4.63 1.80
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TABLE 2

Change in vegetation cover per year, as a percentage of the total area of fjaeldmark; negative values indicate a 
decrease in vegetation cover.

Mountain Total
Above 
treeline

Below 
treeline Slope <8° Slope >8°

North- 
facing

South- 
facing

The Boomerang 0.019 0.014 0.006 0.026 0.017 0.016 0.022

Barn Bluff 0.381 * 0.381 0.120 0.829 0.818 0.173

Mesa 0.131 * 0.131 0.045 0.205 0.125 0.158

Mount Sarah Jane 0.014 0.000 0.016 0.009 0.017 0.006 0.015

Mount Pelion East 0.021 0.021 * 0.000 0.025 0.019 0.030

Mount Pelion West a 0.398 * 0.398 1.001 0.186 0.398 *

Mount Pelion West b 0.081 0.159 0.075 * 0.081 * 0.081

Mount Pelion West c 0.209 * 0.209 * 0.209 * 0.209

Mount Pelion West d 0.083 * 0.083 * 0.083 * 0.083

Mount Picton a 0.336 0.423 0.300 0.361 0.217 0.458 0.218

Mount Picton b 0.281 * 0.281 0.285 0.280 0.321 0.247

Mount Chapman 0.000 * 0.000 * 0.000 * 0.000

Mount Inglis 0.036 0.108 0.028 0.012 0.042 0.030 0.040

Bluff Cirque 0.011 0.009 0.025 0.003 0.012 0.004 0.039

Cradle Cirque 0.042 * 0.042 0.024 0.079 0.035 0.047

Little Mount Emmett 0.040 * 0.040 0.012 0.041 0.077 0.018

Dome Hill 0.057 * 0.057 0.071 0.052 0.088 0.039

High Dome W 0.071 * 0.071 0.000 0.074 0.120 0.023

The Amphitheatre 0.075 * 0.075 * 0.075 0.059 0.081

Rocky Hill south 0.005 * 0.005 0.003 0.008 0.000 0.008

Rocky Hill main -0.027 * -0.027 -0.044 -0.026 0.017 -0.051

Rocky Hill east 0.005 * 0.005 0.145 0.000 0.013 0.000

Pyramid Mountain a 0.029 * 0.029 0.002 0.032 0.073 0.002

Pyramid Mountain b 0.004 * 0.004 0.006 0.000 0.008 0.000

Gould’s Sugarloaf 0.023 0.009 0.048 * 0.023 0.052 0.020

Little Sugarloaf 0.077 0.044 0.226 0.063 0.078 0.059 0.092

Mount Victoria 
Cross

-0.006 0.000 -0.006 0.001 -0.008 0.001 -0.008

Mount Wylly 0.006 -0.017 0.022 0.032 0.003 0.000 0.008

Table Top 0.002 0.000 0.006 0.001 0.002 0.003 0.001

Hill One 0.013 0.000 0.111 0.000 0.014 0.019 0.009

Hill Two 0.008 0.008 * 0.006 0.009 0.001 0.013

Hill Three 0.009 0.008 0.085 0.003 0.010 0.012 0.005

Hill Four 0.003 -0.001 0.017 0.005 0.003 0.007 0.001

Agnetes Garden 0.023 * 0.023 0.023 0.023 0.043 0.016

Maxwell Ridge 0.006 0.005 0.050 0.001 0.008 0.010 0.003

Mount La Perouse a 0.005 0.005 * 0.007 0.004 0.008 0.003

Mount La Perouse b 0.001 0.001 0.000 0.000 0.002 0.002 0.000

Mount Rufus 0.014 0.015 0.000 0.142 0.013 0.013 0.019

* = none in class.
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events, fjaeldmark and its associated active periglacial 
features may diminish in Tasmania, with heath taking its 
place. Exceptions to this may occur in the more exposed 
and extreme environments, where fjaeldmark and per-
iglacial landforms may be able to persist over the next 
tens to hundreds of years.
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