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Abstract

In the area of Piz Corvatsch (Upper Engadin, Grisons, Switzerland), the actual vegetation on active and inactive rock glacier
surfaces has been mapped. The floristic composition (vascular plants and lichens) of the different rock glacier surfaces has be
mapped and compared with photogrammetrical measurements of surface movements of the active rock glaciers. In general, the
active rock glacier surfaces show a very low cover of vascular plants. Most of them are located at the edge and at the front of
the rock glacier where fine-grained soil material occurs in small pockets.

Lichenometry has been used as an additional method on Murtél rock glacier and on the protalus rampart. Measurements of
Rhizocar pon geographicumthalli revealed increasing sizes from the root zone of the rock glacier to its front. On the Murtél rock
glacier,Rhizocarpon geographicumthalli with a diameter >4cm occur on surfaces with ages between 5000 and 6000 years B.P.

The statistical analysis (MULVA-5) of the dense vegetation cover of the inactive and relict rock glaciers revealed four plant
sociological groups, which are composed of species reflecting well consolidated sites: alpine grassland, subalpine dwarf shrubs
and small patches with single small trees of Swiss stone Rimascembra) and larch I(arix decidua).

Key words: vegetation cover, pioneer plari®hkjzocarpon geographicum, permafrost, Upper Engadin (Canton of Grisons,
Switzerland), Valais, Livigno-Sondrio (Valtellina, Italy)

Nomenclature LAUBER & WAGNER (1998),WIrTH (1995)

I ntroduction (1997) studied the flora on active, inactive and relict
rock glaciers in the Fletschhorn area (Western Swiss
There exist several investigations about the relatigklps). Her results showed that plants growing on active
between vegetation dynamics and permafrost (andfmck glaciers mainly belong to the vascular species.
rock glacier) dynamicsfonnson (1963) explored the CanNoNE (1997) investigated plant species on rock
plant ecology in permafrost areas in the Rocky Mourfacier surfaces and other permafrost forms in the area
tains. Burca (1987) mapped the vegetation cover owof Foscagno pass (Bormiese, Italy). Her results revealed
inactive and relict rock glaciers in the Poschiavina clear relation between vegetation abundance and
valley, the regions of Livigno and Bormiese (Italy)dynamics and permafrost parameters (air temperature,
Furrer & HUTTER (1994) investigated the relationshipradiation, snow cover). She established a simple model
between vegetation cover and permafrost in theith geophysical and vegetational data allowing the
Corvatsch area (Eastern Swiss AlgS}AUENFELDER  detection of possible permafrost occurrence and the
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mapping of surface movements. A vegetation cover ofimate modeling of sensitive mountain permafrost
Caricetum curvulae andSalicetum herbaceaeand a low areas, shrinking permafrost areas and possible natural
abundance of mosses implies a low probability dfazards in high mountains.

permafrost occurrence ; whereas@grietumdigynae,

high abundance of mosses, low cover Saficetum

herbaceae and surface movement indicators implies ?nvestigation area

high probability of permafrosCannNoNE (1997) com-

pared her results with BTS (basal temperature of th@e investigated rock glacier surfaces (Murtél, Crap da las
snow cover) measurement$lAEBErLI 1975); the Ravulaunas, protalus rampart) are located at the northern
correspondence of her permafrost map and BTS agidpe of Piz Corvatsch (Upper Engadin, Grisons, Switzerland,
seismic data amounts to 91,3% and 93,3%, respectivetig. 1). The Piz Corvatsch area belongs to the lower Eastern
In our study, the active rock glacier Murtel (where a highlpine Bernina nappe s.I.; its solid rock consists of grano-
amount of geophysical, photogrammetrical and climdliorites and calcne-marbles of the_ChasteIets_—Se&mn(—
tological data is available from former studies, e.g!ANN 1993). The studied rock glaciers are mainly composed
BARsCH & HELL 1975; WAGNER 1992; Vonper °Of coarse granodioritic rock debris.

.. . ) The investigation area (Fig. 1) is located in a typical conti-
glUHLL & HiEBIERE;'g%)’KELLER f‘ GIUlBIéglé 12839 nental Alpine valley. The climate is the dry continental climate

ERNHARD et al. S AEBERLI €t al. o - typical for inneralpine valleySGENsLER 1978). The average
KA&p et al. 1998 ;FRAUENFELDER & KAAB 2000; annyal air temperature at Piz Corvatsch (3303 m a.s.l.)

VOoNDER MUHLL et al. 2001 HoeLzLE et al. 2002) and  amounts to —4.9°C, the annual air temperature amplitude is
an additional inactive rock glacier (Crap da las Ravu5.8°C and the average annual precipitation reaches approxi-
launas) and a protalus rampart in its surroundings wemnately 1077 mm.

chosen to test and modify the model @ANNONE During the Late-Wirmian, the main valley glacier (Inn)
(1997). The main question of our study can be formand seve_ral tributary gla_czlers (e.q. Bernina gIaC|er)_ advanced
lated as follows: (a) do Alpine plant species or p|a,$pveral times, e.g. during the glacier stages Cinuos-chel,

communities on rock glacier surfaces reflect move2@medan and Pontresindisc 1992, 1995). The investi-

; .gation area was totally glaciated during the Egesen stage
ments and (p) can some_plant Species be used as "?@gunger Dryas); during the last glacier maximum of the 19th
cators of Alpine rock glacier activity ?

century, i.e around 1850, the upper zone of the Murtél rock
The presented study was related to the PACE (Pern@qaacier was still glaciatedMa1scH & SUTER 1982).

frost and Climate in Europe) project which dealt with” The study area is located in the Central Alpine continental
the following topics: climate change and permafrosirch-Swiss stone pine forest belt with a natural potential forest
occurrence of European high mountains, mapping afidhit at ca. 2300 m a.s.l. (actual forest limit at the northwestern

lll‘l'

relict rack gl:‘:l-fi&r.-

aciiee rock glaciar

,{f1r.1llrrél1

inactive rck glasar

active rock glacier f /"

Crap da las Ravlauras™ . protaliss rampart

Fig. 1. Investigated rock glaciers Mur-
tel, Crap da las Ravulaunas and protalus
rampart located at the northern slope of
Piz Corvatsch (2400 and 2700 m a.s.l.)
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slope of Piz Corvatsch: 2150 m). The investigated roddifolia, Ranunculus glacialis, Arabis alpina, Saxifraga
glag:iers are s!tuated between 2360 and 2740 m a.s.l. in tbmositifoﬁay Cerastium uniflorum; Androsace a|pina’
alpine vegetation belt. Poa laxa, Gentiana bavarica, Leucanthemopsis alpina
andSaxifraga bryoides. These plant species are success-
ful colonists of mobile rubble and scree-stabilisers. On
Methods consolidated zones, mainly at the edge of the rock
glacier tongue or in furrows with long lasting snow
Following methods have been applied: vegetational surveypver, Salicetum herbaceae (wBhlix herbacea and
mapping of vegetation, statistical analysis with MULVA-5,gphaldia procumbens) is abundant. On the rock glacier
lichenometry and GIS (ARC/ INFO). . surface occur besides lichens very few vascular plants
The vegetational survey has been carried out accordlmﬁge Salix retusa or Saxifraga opposififolia. But gener-

to the modified Braun-Blanquet method: plots ok 2 m . . -
on surfaces of inactive an%l relict rock glacieBm(UN- ally, high mobility of coarse detritic rocks, lack of

BLaNQUET 1964). Lower coverages of <1—5% of the gene,f_lne' §ubstrate, permafrost and long lasting snow cover
ally very low vegetation cover of the active rock glacier havéhibit a denser cover of vascular plangxifraga

been monitored with a finer scale (plots ok 1 m or even Oppositifolia is the only one vascular plant occurring at
smaller, mainly at the edge of the rock glacier tonguethe highest elevation up to 2700 m a.s.l. of the investi-
Mapping of vegetation of the inactive and relict rock glaciergated site. On the protalus rampart, Oxyrietum digynae
(Crap da las Ravulaunas, protalus rampart) has been cartiggs been recorded up to 2690 m a.s.l.

out with a 50 x 50 m gr|d an'd Wlth the help of aerial phOtO- The Iower Iocated act|ve rock glac|er Crap da IaS
graphs. The main plant sociological groups of the inactiigsyulaunas has a higher vegetation cover (average

and relict rock glaciers have been established as ordinatiofyg ; ; ;
based on the multivariate statistic program MULVA-5. For thggtf) of O)fyrleftgmthdlgynae, dATdr&safﬁtumkalFlnae
plant ecological characterization the indicators of Lando nd a mosaic of both compared to viurtel rock glacier.
(Lanport 1977) have been used. ecorded plant species ar@xyria digyna, Geum

The lichenometry usinBhizocarpon geographicum, which ~ 'eptans, Linaria alpina, Cerastium uniflorum, Saxi-
is the dominant crust lichen on the active rock glacier Murtéfaga oppositifolia, S. bryoides, S. exarata, S. seguieri,
and the protalus rampart, has been performed accordingRoa laxa, P. alpina, Androsace alpina, Arabis alpina,
BescHEL (1957, 1961) andMaTtTHEWS (1992). Besides the Gentiana bavarica, Leucanthemopsis alpina, Artemisia
biggest diameter of the lichen thallus, also its total surfagfutellina, Erigeron uniflorus, Prizelago alpina ssp.
has .been measured. On the surfaces of the inactive and “ﬁlﬁ na and Cetraria islandica. At the front of the rock
sections of the rock glacier (Crap da las Ravulaunas) thescier tongue, the vegetation cover varies between 13%
age of some dwarf shrub species have been identified den Xd 74%. In more horizontal areas ocgalix herbacea,
chronologically. .
S retusa, Slene exscapa and Taraxacum al pinum (total
21 plots).
The vegetation cover of the inactive and relict rock
Results glacier below the active rock glacier Crap da las Ravu-
) ) ) _launas is significantly denser and consists mainly of
Plant species on the investigated rock glaciesgine climax plant communities (Fig. 2): Alpine dwarf
and the protalus rampart shrubs, Alpine grassland and small trees Pafius
cembra and Larix decidua. Only the inactive upper
The very low vegetation cover of the rock glacier Murtédection is covered with typical pioneer plants and single
and the adjacent protalus rampart is concentrated ground shrubs ofoiseleuria procumbens forming a
lateral and terminal zones of the tongue where finflagmentary vegetation cover. The following dwarf
detritic rock material or very thin humus layers occur. Avillows and dwarf shrubs growing on the surface of the
total of 121 vascular plants has been recorded. Thesactive and relict rock glacier have been dated dendro-
plant species are well adapted for very poor and dry soilsronologically Salix retusa: 16—74 years (4 samples),
and mechanical disturbance, and the plant root systdmiperus nana: 48-94 (!) years (5 samples), and
must be considered as very robust against mechaniBabdodendron ferrugineum: 28 years (1 sample).
stress occurring on the steep slopes of the rock glaciersThe total of 121 vascular plant species recorded at the
Typical abilities or strategies of pioneer plants seem tovestigation site can be linked to the following life forms
be required to survive in this high mountain environ(cf. fig. 3, according tRAUNKIAER 1904): hemicrypto-
ment with harsh climatic conditions (permafrost, longhytes: 62% (>70 plant species, mainly Poaceae, herbs,
lasting snow cover). especiallyGeum reptans and Oxyria digyna); herba-
Abundant pioneer plant communities are Oxyrieturneous chamaephytes: 17% (>20 plant species, chiefly
digynae and Androsacetum alpinae with the followingioneer plants, e.d.inaria alpina, Saxifraga aizoides,
speciesOxyriadigyna, Geumreptans, Cardaminerese- S bryoides, S. exarata, S. oppositifolia, S. paniculata,
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Fig. 2. Vegetation map of the inactive
and relict rock glaciers, as mapped in
July 1999 byRurreT (2001)
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Fig. 3. Liveforms of vascular plant species on the inactive and

relict rockglaciers in the Corvatsch area (absolute values), as
mapped in July and August 1999 (modified afRarFreT
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Fig. 4. Diameter oRhizocarpon geo-
graphicum thalli on the active rock
glacier surface of Murtél and protalus
rampart (modified afteRurreT 2001)

S seguieri, Androsaceal pina, Arabisalpina, A. caerulea,
Cerastiumuniflorum, Leucanthemopsis alpina) ; woody
chamaephytes: 8% (10 plant species Salgx herbacea,
S retusa, S reticulata, Vaccinium gaultherioides, V.
myrtillus, V. vitis-idaea); geophytes: 5% (e.d@Crocus
albiflorus, LIoydiaserotina).

recorded (seven transects with a total of 220 records,
largest thallus diameter 7.5 cm, largest thallus surface
>800 mn) (fig. 4).

The largest lichens are located at the front of the rock
glacier tongue; with increasing altitude the lichen thalli
become successively smaller and younger. The lichen-
free zone above 2700 m of the rock glacier surface is
covered longer than nine months with snow and more-
over it is very mobile. In 2700 m, the granitic rocks
ove >10 cm/a, in the lower section =6 cnika (B
et al. 1998 FRAUENFELDER & KAAB 2000).

Also the age of Murtél rock glacier (>6000 years)
Surface movements of the active rock glacier Murtdlas been estimated with the help of photogrammetrical
have been measured with the help of high resolutidéechnics KAis et al. 1998; cf. alsdlAEBERLI et al.
photogrammetryKAAB et al. 1998 FRAUENFELDER & 1998, 1999, 2003). Due to the lack of absolute data, it
KAAiB 2000,KA4B 2002). was not possible to establish a local curve of lichen

Along the stream of the rock glacier Murtel and thgrowth rates. But the overlap of surface movement
protalus rampart, the biggest diameter&itizocarpon vectors and lichen diameters shows a clear correlation
geographicum thalli and their exposures have beetetween these two parameters (see below).

Lichen thalli diameters on Murtél rock glacie
compared to its flow and age structure
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Fig. 5. Flow trajectories, age isochro-
nes and lichen thalli on active rock
) ) 1 o i/ glacier Murtél (modified afteRUFFET
o e 'Y N ™ 2001; flow trajectories and age iso-
' o | " chrones according 10X AB et al. 1998)

The flow rates (in our calculations assumed as @omparison to similar studies in other regions
constant parameter, which is certainly a disputab@F the Alps
assumption) have been overlayed with the sizes o
diameters of the largest thalli &hizocarpon geogra-
phicum (fig. 5). This overlap shows a clear correlatiofFurRrRER & HuTTER (1994) found pronounced differ-
between size (i.e. a function of the age of the lichen) of tkaces between vegetation on ground that was free of
lichens thalli and the flow pattern: the largest lichen thalfiermafrost during the last decades and vegetation on
occur at the front of the rock glacier tongue. The largegtound that was influenced by historic {16entury)
lichen individuals with diameters >4 cm are located opermafrost. Modelling tests revealed that the composi-
boulders between the 5000 and 6000 years isochroties of the number of higher evolved plant species
(as described iIHAEBERLI et al. 1999). It can be assumedwvould increase under conditions of permafrost melt
that rock debris which fell inside the rock glacier roofdue to climate warming) in favour of less evolved
zone (at 2800 m a.s.l.) 6000 years ago lies now at thiant species, a finding supported by investigations by
front of the rock glacier at 2645 m. The lichens ar®aTTHEWS (1992).
concentrated on ridges, whereas in snow niches theFRAUENFELDER (1997) investigated the vegetation
lichen abundance is very low. This finding correspondsver of active, inactive and relict rock glaciers in the
well with results byLEVESQUE & SvoBopa (1999) who area of Fletschhorn (Valais). The active and inactive
showed that lichen are very sensitive to the duration aick glaciers show more or less the same plant species
snow coverage. 50% of tiRbizocarpon geographicum  spectra and comparable vegetation patterns on siliceous
thalli are N-exposed, 17% are exposed to W and 3% tor8cks; but there were recorded some typical Western
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Table 1. Numerical exploration of community patterns (Mulva-5)
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Table 1. continued

1124 Polytrichum norvegicum 9991+ 1+ +| + | r | 2
| 64 Lotus alpinus 9991 r 22 176 + 1 |

| 6 Juniperus c. ssp. nana 999t 1 2+ 4] 3 |

| 42 Doronicum clusii 999] + | 1 + | 1 +|

| 65 Minuartia verna 3999} | r ¢ 2r i r |

1104 Veronica bellidioides 999} 1 | rr 1 29 |

1106 Carex atrata 9991 | 2+ 2 | 1+ | |
1110 Elyna myosuroides 9991 | 2 5 61 | 1 |

| 4 Dryas octopetala 999] + 2 | | 22 | ]
| 10 Salix helvetica 9991+ 3 | | 2 5 |
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1126 Thamnolia vermicularis 999+ 2 | + | + |
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| 2 Arctostaphylos alpinus 999| r! | |
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| 45 Euphrasia alpina 999| | T | 1

| 47 Galium anisophyllon 999] | r | |

| 48 Gentiana acaulis 9991 2 | 1 |
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| 62 Linaria alpina 9991 | | |+

| 69 Phyteuma hemisphaericum 9991 | | r |

| 83 Saxifraga aizoides 999 | 1 2 |

| 86 Saxifraga exarata 999] | | | r

| 98 Silene rupestris 9991 | 14 | [
1101 Taraxacum alpinum 999 | + 1 |

}102 Trifolium alpinum 9991 | + | |

1112 Festuca halleri 999 I 5 | |

{119 Phleum alpinum 999} | r | |

1123 Polytrichum piliferum 399} I | | 1
Alpine and Valaisian plant species likehillea nana CanNONE (1997) investigated the relationship

and Senecio halleri. There are also some local differ-between discontinuous permafrost (rock glaciers) and
ences in the density of the plant cover. The relict rodkipine vegetation cover in the area of Livigno-Bor-
glaciers of the Fletschhorn area show the same planiese, Province of Sondrio, Italy. One of the principal
successional development of the plant cover with nanaims of her work consisted in mapping permafrost
phanerophytes and chamaephytes like the Piz Corvatadturrence with the help of the vegetational cover
area, vizLarix decidua, Pinuscembra, Juniperusnana, of rock glaciers. Her work hypothesis consisted in
Rhododendron ferrugineum and Vaccinium gaultherio-  the question how far indicator plant species or phyto-
ides. FRAUENFELDER (1997) could also show that — incoenoses reflect permafrost occurrence and different
contrast to the widely accepted idea (BgrscH 1996) activity degrees of rock glaciers in Alpine areas. Within
that active rock glaciers show no plant coverage — thédye above mentioned test ar€aNNONE investigated
can exhibit plant coverages of up to 10%. The planine rock glaciers with regard to their morphogenesis
succession on relict rock glaciers within the timberlinand vegetation cover as indicators of rock glacier
ecotone of the Central Alps tends to a fragmentagctivity and evidence of their relative age (see also
Larici-Pinetum cembrae. GUGLIELMIN et al. 2001).
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Discussion and conclusions plants colonize active rock glaciers. These are the same
plants growing in glacier forefields (e.g. Morteratsch

In all test areas of Switzerland and ltaly the vegetatiarear Pontresinddurca 1999) which represent a typical
cover shows marked differences between active, ingoimary succession on lithosoils of subalpine and alpine
tive and relict rock glaciers. With the help of theenvironments. As known from numerous case studies of
multivariate statistical program MULVA-5, different alpine glacier forefields (see e.NATTHEWS 1992),
plant groups growing on active, inactive and relict roc&rucial factors of colonization are fine detritic material
glacier surfaces could be distinguished (tabAt}ive (clay/silt-fine sand; coarse sand-gravel; coarse gravel-
rock glaciers with dynamic surfaces are characterizédulders), water supply and favorable microclimatic
by low vegetational cover with low coverage (<10%) ofonditions on consolidated sites (“safe sites”). Further-
vascular plants (pioneer plants). The latter are mainhgore, there is a certain correlation between grain size of
located on fine substrate (sand, silt) of the margintie substrate and the occurrence of defined vascular
zone of the rock glacier Murtel using different growtlplant species: Some species prefer mainly clay/silt and
strategies against slow moving rock material: creepirigne sand, other species rather coarser material (see e.g.
shoots, creeping roots, extension growth, caespitose [Berga 1999).
form and cushion plants. Between the very coarse rockSurface deformation can be considered within a
debris of the main surface there are scattered very feertain range of velocity gradients as a locally crucial
single vascular plants (espalier shrubs and some herlpgtameter of occurrence of plants, but in some cases
The vegetation ofinactive rock glaciers is almost surface deformation can affect the vegetation cover only
continuous with higher coverage (ca. 70%) and &s a secondary factor in a rather modifying way. In most
composed by subalpine dwarf shrubs, herbs, grasses aages, quality of substrate and surface deformation are
few pioneer plants at the upper edge of the rock glaciecennected parameters; regarding this case study, there is
Surfaces ofrelict rock glaciers are characterized byno clear evidence of a statistical separation of the releas-
a dense vegetation cover (>80%) of subalpine ainp factors and mechanism.
alpine successional and climax plant species like smallSo, in addition toCaNNONE’s (1997) results we
coniferous trees, subalpine dwarf shrubs and grassnclude that not only the movement of substrate, but
communities. also the quality of substrate like size grain, size of fine

These data show that surface disturbances producedk debris, and other plant growth controlling para-
by permafrost creep are an important environmentaieters (such as microclimate, water supply, nutrient,
factor controlling plant growth. The vegetation patterdength of growing season, duration of snow cover etc.)
mainly the coverage percentages and the abundancemnoist be considered regarding the vegetational cover and
pioneer plants and lichens (thallus sizeRlmzocarpon its correlation with permafrost occurrence. Neverthe-
geographicum), and the measured movements of thiess, the comparison of abundance and cover of plants
rock glacier Murtel show a clear correlation: Generallyand plant community development with the actual dyna-
vegetation cover decreases with increasing movemenics and age of rock glacier surfaces shows a clear
and where rock debris change to significant coarseorrelation between the occurrence of pioneer plants
debris. With movements higher than ca. 30 cm/yedrascular plants and lichens) on both active and inactive
vascular plants and most of lichens tend to be absent.@srelict rock glacier surfaces with and without occur-
the environmental factors on the rock glacier surfagence of permafrost respectively.
change locally, the vegetation pattern shows a high
variability which is not in all cases explicable. Surfaces
with finer_detritic mqterial and decreasing moveme%cknowledgement
are colonized by typical stress tolerant vascular plants
(pioneer plants like in a glacier forefield; see e.Grhe presented study has been carried out by J. Ruffet as
BurGa 1987, 1999) which can be used as “movemegtmaster thesis. The work was partly funded by the Federal
indicators”: e.g.Linaria alpina, Oxyria digyna, Saxi- Office for Education and Sciences (Contract 97.0054-2)
fraga bryoides, S. oppositifolia, Cerastium uniflorum,  within the EU programme PACE (Contract ENV4-CT97-
Geum reptans, Arabis alpina and Poa laxa, mainly 0492).
located at the steep front or lateral parts of the rock
glaciers.

Regarding the environmental conditions on rocReferences
glacier surfaces (character of substrate, surface defor-
mation) the key question arises about the crucial paigsgscu, D. (1996): Rockglaciers. Indicators for the present
meters controlling the establishment of vascular plants and former geoecology in high mountain environments. —
on such surfaces. As already mentioned, mainly pioneer Springer, Berlin.
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