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Abstract

The distribution pattern of individual plant species, as well as of plant commu-
nities, at the transition between the alpine and the nival environment (= alpine-
nival ecotone) is likely to be drastically affected by climate change. Currently,
the best way to explore the vegetation structure and to detect possible changes is
the application of spatial modeling to predict vegetation patterns over larger areas
combined with dynamic modeling techniques. Schrankogel in Tyrol, Austria, was
selected as a typical high alpine mountain to establish and test such models. As
a first step, the predictive model for the spatial pattern of species and plant com-
munities is presented here. Direct and indirect gradient analyses (CA, CCA) were
combined with GIS-techniques based on a fine-grained Digital Elevation Model
(DEM; pixel size: 1 m?). Approximately 1000 field samples (vascular plant spe-
cies and cover within 1 m? squares) distributed over the alpine-nival ecotone of
the mountain were taken as the vegetation data input. Topographic descriptors
were derived from the DEM as habitat characters of those samples. Using the
correlations between vegetation samples and habitat characters, single plant spe-
cies as well as community distribution could be predicted for the pixels of the
whole model area (the studied ecotone area contained a total of 650,000 pixels)
for which habitat characters were known from the DEM. Distinct distribution
patterns at different spatial resolutions appeared for individual species, species
groups, and communities in relation to the relief. Descriptors of relief curvature
and roughness explained more of the variability than “‘classical” terrain attributes,
such as elevation or exposure. Nevertheless, the altitudinal gradient was clearly
reflected by the CCA ordination. As species richness of vascular plants was re-
corded in each sample plot, biodiversity distribution patterns could be modeled.
These patterns showed the general trend of decline of biodiversity with altitude,
but with a maximum of species richness at the ecotone itself. Since the relief
modifies the high mountain climate remarkably, this differentiated relief depen-
dency of vegetation supports the view that this type of environments will be
affected significantly by climate change.

Introduction

If human impact on climate continues as today, a global
warming of 1 to 3.5°C is to be expected by the year 2100
(Houghton et al., 1996), leading to temperatures similar to those
of the middle Holocene (Beniston, 1994). However, the transi-
tion from the ice age to this warm period took place over ap-
proximately 50 centuries. A rapid temperature change compa-
rable to the current predictions is only known from the Younger
Dryas period when the warming trend at the ending ice age
reversed for 200 to 500 yr (Beniston, 1994). Temperature mea-
surements in the Alps, going back to the end of the 18th century
(Bohm, 1993), show, with some fluctuations, a warming tenden-
cy since 1890. At Sonnblick (3106 m, Austria) the annual mean
air temperature increased by 1°C (Auer et al., 1993) during that
period. As temperature is a key factor for high mountain plants
(for details see Larcher, 1994; Kérner and Larcher, 1988; Kérner,
1995a) an upward migration of species must be the consequence
(e.g., Peters and Darling, 1985; Ozenda and Borel, 1991). In fact,
such a trend was demonstrated by comparing present and his-
torical records of 30 alpine summits. Species richness increased
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remarkably during the last decades at 70% of the investigated
mountains (Gottfried et al., 1994; Grabherr et al., 1994, 1995;
Pauli et al., 1996). At lower summits the increase was partially
due to the invasion of plant species from the alpine belt. This
indicates that the transition zone between the alpine belt and the
uppermost zone, which is usually termed nival zone (Ozenda,
1985; Walter, 1985; Grabherr, 1995), must be an environment
especially sensitive to climate change and, therefore, of high
indicative value. Closed alpine swards reach their upper limits
there and disintegrate into fragments (Reisigl and Pitschmann,
1958). The organic soil layer gets shallow and finally disappears.
The plant cover decreases from more than 50% to less than 5%.
Species richness may decrease by more than half over 150 m.
The pronounced modification of climatic factors by the microre-
lief results in a fine-grained vegetation mosaic which may dis-
play vegetation changes in various ways.

To take advantage of these characteristics, we started a
long-term project to monitor vegetation changes at the alpine-
nival ecotone of Schrankogel, Tyrol, Austria. This mountain is
situated in a region where ecological research activities have a

M. GOTTFRIED ET AL. / 207



49° .D_CI '-\“"_1,__. 72 ’pol"_"

International |
boundaries

FIGURE 1.

long tradition (Moser, 1973; Moser et al., 1978). As a first step,
we established a network of permanent plots (started in summer
1994) that were documented in a detailed manner (Pauli et al.,
1998). This was followed by the development of a spatially ex-
plicit model to predict the distribution of single vascular plant
species, as well as communities, for the whole research area
using data sets derived from the permanent plots. On the basis
of the hypothesis that at least the fine-scale pattern of plant and
community distribution is closely related to the relief, we used
topographic descriptors derived from a fine-grained Digital El-
evation Model (DEM; pixel size | m?) for exploring this rela-
tionship. This model, as well as the modeling results, are pre-
sented here. Our approach attempts to combine techniques of a
Geographical Information System (GIS) as a preprocessing tool
for spatial analysis with Canonical Correspondence Analysis (ter
Braak, 1986) as the prediction method and uses GIS again as an
extrapolation machine and visualization platform. The method-
ology developed here serves as a tool to create distribution maps
of the whole area (first examples are presented here), as well as
to explore migration pathways for individual plants.

In a third step we plan to relate the topographic descriptors
to climatic characters (mainly temperature) derived from direct
measurements in the field as the input for predicting direct ef-
fects of climate change.

Methods

APPLICATION OF PREDICTIVE GLOBAL CHANGE
MODELING TO THE HIGH ALPINE ENVIRONMENT

Various attempts exist to model vegetation responses and
feedbacks to climate (see Martin, 1993, for a classification). Pi-
oneered by Schimper (1898), predictive phytogeographical mod-
eling was developed by Holdridge (1947) and Box (1981),
among others, and boomed when the global change discussion
came up (e.g., Emanuel et al., 1985; Prentice et al., 1989; Lee-
mans, 1989; Adams et al., 1990; Lenihan, 1993; Cramer and
Leemans, 1993; Brzeziecki et al., 1993, 1995; Austin et al,
1994b; Beerling et al., 1995). These spatially explicit models
use correlation techniques and are static in the sense that they
consider vegetation to be in an equilibrium state with climate
(Monserud and Leemans, 1992). Mechanistic, dynamic model-
ing, on the other hand, attempts to reflect the underlying rela-
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The position of Schrankogel (11°05'58"E, 47°02'41'N; 3497 m). a: The chain of the Eu-
ropean Alps. b: Satellite image of the heavy glaciated vicinity of Schrankogel in the Stubaier Alps, Tyrol,
Austria. Thin line: boundary of the Digital Elevation Model (see Fig. 2a).

tionships of components of a system (Mitchell, 1994), often
combining basic plant physiology processes to simulate vegeta-
tion responses to environmental change (e.g., Woodward et al.,
1995) and explicitly addressing temporal characteristics. Devel-
oped first for forest systems (e.g., Botkin et al., 1972; Shugart,
1984; Pastor and Post, 1985; Prentice, 1986; Kienast, 1987; Bon-
an and Korzuhin, 1989; Bugmann and Fischlin, 1992; Botkin,
1993), principles of these so-called gap models were extended
to mixed life-forms in forests (Burton and Urban, 1989; Fulton,
1993), to heathlands (Prentice et al., 1987), grasslands (Coffin
and Lauenroth, 1990), and recently to alpine plant communities
(Humphries et al., 1996).

Dynamic approaches tend to operate, as a result of their
mechanistic structure, on spatial scales relevant to the individual
species they model. Forest gap models use plots of 100 m® to
1000 m? while Humphries et al. (1996) modeled alpine plant
species on plots of 0.09 m?. This contrasts with static predictive
modeling which came from a global view and often used grid
increments on the order of magnitude of one geographical degree
since global climate data were only available on this scale (e.g.,
the ITASA climate database, with a grid resolution of 0.5° Lee-
mans and Cramer, 1990). This resolution is commonly consid-
ered as meeting the requirements of biome modeling, but moun-
tain systems are not well represented in such models. In a 0.5°
grid the chain of the Alps would be 3 to 4 pixels wide. When
scaling down, empirical modeling soon meets problems with the
availability of climatic data with sufficient resolution. Despite all
efforts of climatic downscaling, the “true climate” experienced
by alpine plants cannot be predicted from meteorological data
due to their strong exposure and radiation-controlled microen-
vironments (Korner, 1995b).

To consider both the spatial and the temporal nature of the
responses of vegetation to environmental change, it was sug-
gested to combine static and dynamic modeling approaches
(Monserud and Leemans, 1992). Austin et al. (1994a) pointed
out that dynamic modeling of species response over time at a
regional level will require input from models of species distri-
bution patterns. This clearly necessitates a harmonization of the
spatial scales of these two modeling schemes. The static predic-
tive distribution model presented here attempts to meet the scale
requirements of dynamical modeling, providing resolutions in
the magnitude of high alpine vegetation mosaics, i.e., of square
meters.
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a: The model area and its vicinity. Vertical view of the Digital Elevation Model (DEM).

The pixel size of the DEM is 1 X 1 m. Sites of permanent plots: A—southwest slope, B—south ridge, C—
southeast ridge. The exact location of the permanent plots in areas A—C is marked by black dots. Types
of important topographic situations: 1—well pronounced, southwest slope, rich in scree; 2—hollows with
scree; 3—downslope areas below major ridges which structure the main slope; 4—upslope areas on major
ridges; 5—ridge tops; 6—wide debris cones below major ridges. b: Zoom into the south ridge (area B in
Fig. 2a); permanent plots of 1 X 1 m each, arranged in transects (arrays of plots) of varving length. c:
Magnification of the boxed area in Figure 2b. As an example of the biotic information content, the presence
of one of the sampled species (Carex curvula) in a plot is indicated by hatching. d: Micro- versus macro-
relief. Zoom into the southeast ridge (area C in Fig. 2a). White circle: a west-exposed, shady location of
few square meters (dark), embedded in a southwest-exposed slope. Black circle: a similar west exposed
location, embedded in a southeast-exposed slope (for explanations see text).

INVESTIGATION AND MODEL AREA

Schrankogel (3497 m a.s.l., Tyrol, Austria; Fig. 1) was se-
lected as a high siliceous mountain typical for the Eastern Cen-
tral Alps. Surrounded by wide glaciers (Fig. 1b) it offers a mo-
saic of ridges and steep slopes with several exposures (i.e., com-
pass directions) which bear swards or screes and which vary
with moderate steep or gentle hollows, where snow persists often
far into the summertime (for snow accumulation phenomenons,
see Barry, 1992). The investigation area contains three main sites
(Fig. 2a): On the southwest ridge and slope (A) the closed alpine

sward (Caricetum curvulae) disintegrates at around 2900 m into
sward fragments and finally is replaced by nival scree vegetation.
At the south ridge (B) the sward reaches its limits at about 3050
m, and at the southeast ridge (C) at 3150 m. The transition zone,
from typical swards to typical nival scree vegetation, is approx-
imately 100 altitudinal meters high and 40° steep. This alpine-
nival ecotone shows local deviations and a slight inclination in
the altitudinal position of the transition zone from west to south
to east, which reflects the mesoclimatical situation of the region
in a typical manner. The model area is about 400 altitudinal
meters high (2800-3200 m, 650,000 m?; Fig. 2a).
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SAMPLING DESIGN

About 1000 single permanent plots of 1 X 1 m, constructed
of flexible measuring-tapes, were installed in the field. The cor-
ners of each plot were exactly geo-positioned. The plots were
arranged in transects (long arrays of plots) of 3 m (sometimes 2
m) width and 3 up to 30 m length (Fig. 2b—c). The single plot
size of 1 m? was chosen for two reasons. First, due to the narrow
mosaic of environmental conditions changing over short dis-
tances, the vegetation patterns at ‘thz ecotone are extremely
small-scaled. The chosen size fits the requirements of the mini-
mum area approach (Braun-Blanquet, 1964). Second, the plots
were designed to detect migration effects and, hence, according
to the slow migration rates of alpine plants (Grabherr et al.,
1995), had to be small and placed near to each other.

Due to practical constraints like accessibility, danger of
rockfall, and cost effectiveness, the transects could not be ran-
domly positioned within the research area, but were selected
subjectively, somewhat grouped together (Fig. 2a, A-C), but
covering as much terrain situations as possible.

VEGETATION DATA SET

Two biotic data categories were used in this study: (1) a
list of vascular plants of each plot with their abundances (mea-
sured in the field as the visually determined percentage of the
surface of the total plot area covered by the species; the abun-
dance values were log-transformed and divided by the maximum
value of the respective species), and (2) the result of a TWIN-
SPAN-classification (Hill, 1979) of each plot into several com-
munity types.

ABIOTIC DATA SET

The abiotic data set was derived from a Digital Elevation
Model (DEM) with a pixel size of 1 X 1 m, matching the size
of the permanent plots. It covers nearly 1,700,000 m* between
2470 and 3497 m as.l, which, according to our knowledge,
makes it the DEM with the highest resolution of such an area,
which was produced for a part of a mountain system (Fig. 2a).
The plots sampled in the field were linked to the DEM by tri-
angulation. All derivations based on the DEM, as well as all
subsequent spatial explicit modeling steps, were performed with
the Geographical Information System ARC/INFO (ESRI, 1995).

From the DEM a variety of topographic descriptors were
computed. Aside from the traditional derivatives slope and as-
pect (exposure), a number of more sophisticated descriptor types
were extracted (Table 1). Each descriptor was represented by a
separate grid layer which was computed by moving a window
of 3*3 cells in a stepwise manner over the entire DEM layer.
After fitting a polynomial function to the 9 cells of the window,
the descriptor’s value was calculated based on the coefficients
of the fitted polynomial and stored in the interior cell of the
moving window (see Moore et al., 1991, for a description of
related techniques and equations).

Some of these descriptor types can be easily explained ver-
bally, while others cannot. For example, RVII, which was found
more or less by chance, lacks a tight verbal interpretation, but
revealed high correlation values with vegetation patterns. This
is no severe drawback, since this explorative study was aimed
foremost at obtaining good modeling results.

The differences of climatic features on different scales, re-
ferred to as micro-, meso-, and macroclimate, are well known.
Especially when dealing with ecological implications of topog-
raphy, the question of appropriate scaling must be taken into
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account as well. Mountain ecologists know that the relief has
different effects on species distribution on different spatial
scales. For instance, a west-exposed point embedded in a larger,
southeast-exposed slope area will, in most cases, not show the
same vegetation as a similar west-exposed point in a southwest-
exposed slope area. Both, the fine-scaled, as well as the wider
scaled exposure situation, influence the vegetation pattern. This
is what could be labeled as micro-, meso-, and macroscale of
exposure (Fig. 2d). Such effects also hold true for other topo-
graphic features, e.g., steepness. A small flat place embedded in
a flat slope is not impacted by rockfall, whereas vegetation on
a flat site in a very steep slope is extremely endangered by fall-
ing stones.

To incorporate such effects into the analysis, each topo-
graphic descriptor was smoothed using so-called *focalfunc-
tions” of ARC/INFO-GRID. Each cell in the grid receives the
mean (or in some cases the standard deviation, see Table 1) of
the surrounding cells delineated by a circle-shaped window of a
distinct radius around the center cell by moving this window
over the whole grid. The window radius was increased in steps
(r = 2, 5, 10, 20, 30, 40, 50, 75, 100 m), with each descriptor
type at each resolution generating an extra descriptor layer.
These layers were named according to the abbreviations defined
in Table 1 and to the radius (e.g., SL-2, EA-50, CII-75). Figure
3 shows four descriptor types on three smoothing levels, forming
12 descriptor layers.

Due to technical constraints in the program, some of these
topographic descriptor layers were transformed to coarser reso-
lutions using resampling instead of focalfunctions. In these cases
the cell size of the basic elevation layer was increased in steps
(compare Fig. 3, CII-5, CII-30, CII-100).

The combination of 17 descriptor types with 10 resolutions,
plus altitude (which was not smoothed), supplied 171 different
descriptor layers. The values of each descriptor layer were as-
signed to the center point of each permanent plot by linear in-
terpolation of the values of the four surrounding cells of the
respective layer. At this stage two data sets existed, one with the
cover value of each species in each sampled plot, and one with
the values of each environmental variable in each plot.

ANALYSIS OF RELATIONSHIPS BETWEEN SPECIES
DISTRIBUTIONS AND ENVIRONMENT

The core of each spatial predictive model is the analysis of
the relationships between the units the distributions of which
have to be modeled—in this case the vascular plant species un-
der observation—and the environmental descriptors which are
used to perform the prediction—in this case the topographic de-
scriptors. As a rather large number of units has to be treated (19
species, 170 environmental descriptors in the first step), the pro-
gram package CANOCO (ter Braak, 1988, 1990) was appropri-
ate for this analysis (see Birks et al., 1994, for a bibliography
of applications).

Indirect Gradient Analysis

To explore the multidimensional structure of the vegetation
data set, an indirect gradient analysis was performed on the spe-
cies data using Correspondence Analysis (CA). The basic algo-
rithm of this method is weighted averaging (for an introduction
see, e.g., ter Braak and Looman, 1995, and ter Braak, 1995),
which implies unimodal response curves of species to the en-
vironment.



TABLE 1

Topographic descriptor types, extracted from the Digital Elevation Model

Descriptor type

Derivation in the GIS

Linked features/comments

Abbreviation®*

Altitude
Slope

Easting
Southing®

Hillshade

Upslope area

Inverse upslope
area

Curvature I*
Curvature [I¢
Curvature III%*
Curvature [V
Roughness 1
Roughness I1
Roughness 111
Roughness IV
Roughness V*
Roughness VI

Roughness VII

Elevation above sea level
Slope

East-exposed fraction of aspect (exposure)

South-exposed fraction of aspect (exposure)

Reflection value when illuminating the DEM
from a distinct direction (here: azimuth angle
180° (south), altitude angle (40%)

Catchment area above a distinct location; also
termed flow accumulation

The DEM is inverted (max(ELEV)—(ELEV))
and flow accumulation (UA) is computed

Curvature, i.e., convexity/concavity of the sur-
face

Profile curvature, i.e., curvature of the surface
in the direction of slope

Planform curvature, i.e., curvature of the sur-
face perpendicular to the slope direction

Mean of CIII in a distinct radius around the lo-
cation; for explanation see text

Standard deviation of EA in a distinct radius
around the location; for explanation see text

Similar to RI, but derived from SO

Similar to RI, but derived from a slope-aspect-
index (an index combining slope and aspect
parameters, used to produce hillshades)

Similar RI, but derived from HS

Mean of absolute value of CIII within a distinct
radius

Standard deviation of absolute value of CIII
within a distinct radius

Ratio of RV and RVI

Temperature ELEV

Accumulation of scree and snow (negatively correlated); ava- SL
lanches; rockfall; irradiation

Weather events, which are commonly west to east directed in the EA
Eastern Alps (wind-, rainshadow)

Irradiation SO

Irradiation, taking into account slope and aspect HS

Distance to ridges: each location on a ridge has value 0, while UA
runoff paths are differentiated (the higher the upslope area, the
higher the value); wind; rockfall; scree and snow accumula-
tion; moisture

Distance to runoff paths: each location within a runoff path has A
value 0, while ridges are differentiated (the more dominant the
ridge, the higher the value); similar to UA, but with different
numerical properties

Moisture; accumulation of snow and scree in hollows (negative- CI
ly correlated)

Influences acceleration and deceleration of flow, and therefore cI
erosion, deposition, rockfall, and moisture

Influences convergence and divergence of flow; similar to CI CInn
and CII, but with different numerical properties

Distinguishes areas with many little tops or ridges from areas cIv
with many little hollows

Relief roughness; the more diverse the aspects (exposures) in a RI
certain area, the rougher the relief

Compare RI RII

Compare RI RIIL

Compare RI RIV

High values describe areas with many little hollows and/or tops RV

In areas with high values the variation in depth/height of hol- RVI
lows/ftops are high

High descriptive value, but verbal interpretation difficult; see RVII

text

* Abbreviations also used in Table 3 and Figures 3 and 4.

" Descriptors of minor importance in the following analysis, because of being high correlated with other descriptors.

¢ Descriptors which are transformed by resampling instead of smoothed by using focalfunctions (see Fig. 3, and explanations below).

Direct Gradient Analysis

Canonical Correspondence Analysis (CCA; ter Braak,
1986) extends CA to a direct gradient analysis by regressing the
species data to environmental variables. For each environmental
variable a canonical coefficient—similar to regression coeffi-
cients in indirect methods, but with different statistical proper-
ties—on each environmental axis is computed by CANOCO.
These coefficients were of central importance for the following
steps of the model presented here. However, if some of the en-
vironmental variables in the input data set are highly correlated
with each other, the canonical coefficients became unstable. High
correlations between variables in a multiple regression equation
are reflected by high Variance Inflation Factors (VIFs, Montgom-
ery and Peck, 1982), which are also listed by CANOCO. To
avoid such unstable coefficients, the initial set of 170 environ-
mental variables was iteratively reduced, removing in each step
those variables with the highest VIFs. In this way the set of
environmental variables was reduced to 37, few enough to avoid

collinearity between the variables, but as large as possible so as
not to loose any environmental information.

For both the CA and CCA the default options of CANOCO
2.1 were used (see ter Braak, 1988).

SPATIAL EXTRAPOLATION OF DISTRIBUTION PATTERNS

For each sampled permanent plot the position in the mul-
tidimensional space of the CCA can be computed. This can be
performed in the species space by averaging the weighted spe-
cies scores of the species occurring in the sample. Alternatively,
it can be computed in the environmental space, using the envi-
ronmental values in the sample weighted by the canonical co-
efficients of the environmental variables. This multidimensional
position can also be computed for each of the 650,000 cells of
the modeling area, since the environmental descriptors are avail-
able for the whole area. At this stage of the model, the data were
exported to GIS again. For each dimension of the CCA ordi-
nation space, a separate coordinate layer was computed in ARC/
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FIGURE 3.

RI-50

Twelve examples of spatial topographic descriptor layers, derived from the DEM (Fig.

2a). Four descriptor types (left to right) on three spatial smoothing levels (top to bottom). Characters
indicate the descriptor type, numbers the smoothing level. SL—slope, UA—upslope area, RI—roughness
I, Cll—curvature II (see also Table 1). Bright pixels: high descriptor values; dark pixels: low descriptor
values. SL, UA, and RI were smoothed using focalfunctions, CII was transformed using resampling (for
explanations see text). The location of some of the sampled plots (compare Fig. 2a, area B) is marked by

white (or black) dots.

INFO-GRID as a linear combination of environmental values
weighted by canonical coefficients, similar to what was done
earlier for the sampled plots. For each cell the nearest neigh-
bor—the sample with the least Euclidean distance—can be de-
termined. This step (approx. 0.65 * 10° distance calculations in
four dimensions) needed about 24 h computation time (on a Sun
Sparc 20 workstation). Its output revealed two new layers for
the model area. In the first layer to each cell the sample number
of its nearest neighbor (that permanent plot of the smallest Eu-
clidean distance in the CCA ordination space) was assigned. The
second layer took for each cell this smallest Euclidean distance
itself. These values were seen as a measure for the confidence
level of the prediction. The closer a real environmental situation
exists to the extrapolated position, the more confidence one can
have in the prediction results.

Any information which is connected with sample numbers
of the plots sampled in the field could now be extrapolated and
displayed over the whole model area, as to each cell a distinct
sample number was assigned.

The results allowed production of several distribution maps
of species, of communities, of ecological indices such as species
richness, as well as of technical indices of the prediction scheme
(Figs. 5, 6).

MODEL EVALUATION

To evaluate the predictions, about 10% of the plots in the
input data set (i.e., approx. 90 plots) were removed. Then the

212 / ARCTIC AND ALPINE RESEARCH

extrapolation was run again, and the resulting predictions for the
model cells at the locations of the removed plots were compared
to the data sampled in the field. For 21 species (19 of them being
input to the CCA, and 2 more, which were of interest for a
comparison with the vegetation classification) each presence, as
well as each absence, in the sampled set compared to the pre-
dicted set, was counted. This led to 2 X 2-contingency tables
with counts for sOpO (species is absent in sampled plot and in
predicted plot), slp0 (species is present in sampled but absent
in predicted plot), sOpl, and slpl. These counts were set in
relation to expected counts (implying that no correlation between
sampled set and predicted set exists) which can be computed
from the row and column sums of the contingency table. The
ratio of expected counts and counts resulted by the prediction
model was termed sOp0O- and slpl-performance, and s1p0- and
sOp1-failure, respectively. For both types of indices, a random
model would produce scores of 100%. The higher the perfor-
mance-indices score beyond 100%, the better the prediction
model works. In turn, for failure-indices the model works the
better, the more they go below 100%. As a statistical measure
of agreement between sampled and predicted distributions we
used the Kappa statistic (Cohen, 1960; Monserud and Leemans,
1992). This index is 0 if the two sets are uncorrelated and reach-
es 1 if the sets are perfectly correlated.

This procedure (of removing 10% of the plots, performing
the extrapolation, comparing sampled and predicted presence/



TABLE 2
Results of indirect (CA) and direct (CCA) gradient analysis

Axl Ax2 Ax3 Axd Sum of all eigenvalues

CA Unconstrained = total inertia

Eigenvalue 0.41 0.21 0.19 0.15 1.796

Cumulative percentage variance of species data explained 226 343 45.0 53.5
CCA Constrained (canonical)

Eigenvalue 0.28 0.11 0.08 0.05 0.676

Species-environment correlation 0.84 0.73 0.66 0.64

Cumulative percentage variance of species data explained 15.7 21.8 26.4 29.3

Cum. perc. variance of species-environment relation explained 41.6 57.8 70.1 77.8

absence of species) was repeated 9 times, and the results for all
ten evaluation runs were averaged. Then the 21 species under
consideration were ranked according to each of their mean per-
formance/failure-ratios, and Kappa wvalues, respectively, and
clustered comparing their ranks in these 5 attributes. This re-
sulted in groups of species that were treated by the prediction
model in a similar way.

Resulis
GRADIENT ANALYSIS

The indirect gradient analysis (CA) showed a length of the
first ordination axis of about five standard deviations, indicating
a complete turnover of the species composition within the plots
along this axis. This supported the implication of unimodal rath-
er than linear response patterns (ter Braak, 1995) in our data set,
and, hence, the use of weighted averaging methods.

The first four CA-axes explained 54% of the total variance
in the sample scores of the vegetation data set (as indicated by:
Cumulative percentage variance of species data explained; Table

SAXIEXAR |
FESTINTE

ERIGUNIF

RVI-20

Ci-5

CCA axis 2

1+

SEDUALPE

2t
VEROALPI

-2 -1 ]

CCA axis 1
FIGURE 4.

CCA axis 4

2). When switching to direct gradient analysis (CCA), this value
dropped to 29% due to the constraints in ordination, i.e., the
regression of the sample scores to given environmental variables.
This indicated that important environmental variables were not
measured, but, in turn, that a considerable part of the species
distribution was predictable by the supplied topographic data.
Taking into account (1) that vegetation data sets are noisy in
general (Gauch, 1982), (2) that high alpine and nival data sets
are, according to our experience, even more so, and (3) that only
the relief is used to explain this structure, this value is remark-
able high. The inertia in the species data dropped to 0.68 in the
constrained analysis because the species scores were fitted now
to environmental variables. The first four axis carried 78% of
this inertia (indicated by: Cumulative percentage variance of spe-
cies-environment relation explained). This showed that more or-
dination axes would not enhance the precision of the predictions
of the following extrapolation substantially, while each addition-
al axis would increase the computational efforts for the extrap-
olation considerably.

A Monte Carlo permutation test showed that the species

axis 3 of environmental variables (rescaled)
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TABLE 3

Intra-set correlations® of environmental variables with CCA-en-
vironmental axis, T-values® of the canonical coefficients

Intra-set correlations with T-values of canonical

CCA-axis coefficients

Variable Axl Ax2 Axl Ax2
CI-5 —-0.52 0.25 ~3.10 —1.60
CII-75 0.44 -0.31 11.90 —4.80
RVII-20 0.31 0.43 8.10 0.80
CIV-100 0.00 0.54 1.60 10.60
RVII-10 —0.06 0.48 =4.00 3.00
SL-2 =0.11 0.40 0.80 2.90
RIV-5 -0.22 0.31 =3.60 6.20
RI-2 -0.24 0.28 —0.20 4.10
RIII-2 -0.09 0.21 3.10 -5.10
RII-2 —0.18 0.20 =0.10 —-3.30

Ax3 Axd Ax3 Ax4
ELEV-1 0.34 0.30 10.60 10.90
RVII-5 -0.20 0.14 ~4.30 2.70
IUA-5 0.18 —0.10 310 -5.10
EA-50 —=0.10 0.36 -5.30 -2.20
HS-1 -0.37 —0.30 0.70 -3.70
EA-1 —0.34 0.25 —-1.90 4.80
UA-10 —0.06 0.17 6.70 6.60

* Values in bold italic were considered for the decision on which axis the
variable should be interpreted.

were significantly related to the environmental variables (P =
0.01 for each ordination axis which was displayed).

The two ordination diagrams (Fig. 4) show—for clarity—
only the set of the 10 (on axis 1 vs. 2) and 7 (on axis 3 vs. 4)
topographic variables which performed best in the analysis. They
were selected according to their importance measured by (1)
intra-set correlations (the correlations between variables and en-
vironmental axes), (2) canonical coefficients (not indicated here),
and (3) T-values for these coefficients (Table 3). The intra-set
correlations can be obtained by dividing the inter-set correla-
tions, i.e., the correlations between environmental variables and
the species axes, by the species-environment correlations. The
variables were interpreted on this axis, to which they show a
high correlation paired with a reasonably high T-value.

In CCA biplots, the sequence of species response optima
along ordination axes as well as environmental variables can be
read by drawing lines from the species scores coordinates per-
pendicular to the axis, or environmental arrow (see ter Braak,
1995). Axis 1 of the biplot reflects mainly a curvature gradient.
It shows sward species like Carex curvula or Oreochloa disticha
preferring exposed sites (CI) on a relatively narrow scale of 5
m (CI-5) while Androsace alpina or Poa alpina avoid such po-
sitions. This is an effect of accumulation of snow and moisture
in little hollows, which sward species cannot withstand. C1J, the
profile curvature, is in principle negatively correlated with CI,
which is also the case for this data set. CII-75 models large
hollows which accumulate scree, inhabited by typical scree spe-
cies like Androsace alpina or Sedum alpestre. Axis 2 is corre-
lated with a variety of relief roughness variables (RI, RII, RIII,
RIV, RVII) on small resolutions, with slope (SL-2), and, most
strongly, with CIV on the 100 m resolution. The ecological
knowledge about and field observations of Saxifraga exarata,
the species most outstanding on axis 2, fit this set of variables
which describes rough, steep areas that are well structured by
many little ridges or tops.
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The environmental axes 3 and 4 are rescaled in the diagram
for graphical reasons (the gradients on these axes are, of course,
not stronger than those displayed on axis 1 or 2, which would
contradict the concept of canonical correspondence analysis).
Axis 3 bears mainly the altitudinal gradient (ELEV-1), separating
species being constrained to the lower parts of the investigation
area, such as Veronica alpina, Sedum alpestre, or Poa alpina,
from those species which occur more often and with higher cov-
er values in the higher regions of the model area, such as Poa
laxa, Tanacetum alpinwm, or Cerastium uniflorum. Species,
which show an indifferent response to altitude in this data set,
are plotted near the center of the axis (e.g., Minuartia sedoides
or Ranunculus glacialis). Another variable correlated with axis
3 is IUA-5, modeling distances to runoff-paths on a fine reso-
lution; again, the response is strongest by Saxifraga exarata.
Axis 4 is correlated to exposure variables (EA). Note that there
is a considerable difference in the response of some species to
exposure on different resolution levels. Carex curvula needs
both, the east-exposure on the microscale, the immediate sur-
rounding (EA-1), as well as on the macroscale (EA-50), which
shows that—at least in the higher parts of the area—only the
larger southeast-exposed ridges keep sufficient habitats for this
species. On the other hand, e.g., Sedum alpestre reacts similarly
to EA-1, but not to EA-50. Also insolation (HS-1) and upslope
area, or distance to ridges (UA-10) have some effects on this
axis.

A somewhat obscure role is played by the relief roughness
variable RVIL It occurs with considerable correlations on axis 1
(RVII-20), axis 2 (RVII-10) and axis 3 (RVII-5), despite the fact
that it lacks a clear verbal explanation, as mentioned earlier.

SPATIAL EXTRAPOLATION

Figure 5 displays the predicted distribution patterns of eight
species which represent typical patterns of distributions (for to-
pographic details and numbers mentioned below see Fig. 2a).
Androsace alpina (Primulaceae; Fig. 5, top) is a common species
in the modeled area; though it is also frequent in its lower parts,
it is found with higher abundances at higher altitudes. It prefers
scree areas, such as the pronounced southwest slope (1) and the
wide hollows (2) of the area. It also inhabits downslope stands
below major ridges (3), but avoids situations near or on the top
of these ridges (4, 5). On the latter habitats, competition by
sward species is high, as expressed by the pattern of Carex cur-
vula (Cyperaceae; Fig. 5, bottom). This keystone species of the
alpine swards keeps away from habitats with too much environ-
mental pressure by snow, scree, or rockfall, and, therefore, pre-
fers the safest sites in the area, which are the southeast-exposed,
midslope situations below the major ridges (4). Oreochloa dis-
ticha (Poaceae; Fig. 5, center left) copies that pattern, but is more
abundant at the tops of ridges, being better adapted to wind,
according to its role as a sward pioneer species. Silene exscapa
(Caryophylaceae; Fig. 5, center left), which has its optimum at
the upper limit of pioneer swards, is also most abundant in these
habitats, protected from excessive erosion, but reaches deep into
the scree areas, thereby linking the alpine with the nival zone.
A number of species, e.g., Poa laxa (Poaceae; Fig. 5, center left),
are widespread in the upper alpine, as well as in the nival zone.
They do not show distribution preferences in the model area,
either in presence or in abundance. This is not the case for an-
other grass, Poa alpina (Fig. 5, center right), which shows a
strong dependence on the altitude. It inhabits the lower parts of
the area which are rich in scree (1, 3, 6). Sedum alpestre (Cras-
sulaceae; Fig. 5, center right) behaves similarly to P. alpina re-



garding its presence/absence, but differently concerning its abun-
dance patterns. While P. alpina is highly abundant (magenta
pixels) on some southeast-exposed, downslope situations (3) and
inhabits the wide scree cones below (6) regularly, though in a
scattered manner (cyan pixels), the opposite is the case for S.
alpestre, which shows its highest abundances (magenta and yel-
low pixels) at the most erosive habitats in the area (6). Saxifraga
oppositifolia (Saxifragaceae; Fig. 5 center right) is an example
for those sparse species in the data set that were not taken into
account for the CCA, but which, nevertheless, can be extrapo-
lated over the model area since whole vegetation samples with
all their species information and not just individual species are
extrapolated. The scattered distribution of this species, with
higher abundances restricted very narrowly to ridges, corre-
sponds well with field observations in the investigation area.

One cannot overlook conspicuous rectangular structures in
the predicted distribution patterns, varying in size and density,
from area to area, and from species to species. Some of the
terrain curvature descriptors were not smoothed to lower reso-
lutions in a continuous way, but by enhancing the cell sizes of
the descriptor layer (compare Fig. 3 CII-5, CII-30, CII-100).
This influences the extrapolation. Some species are more strong-
ly related to such descriptors, while others are not. For instance
CII-75 overwhelms the prediction of Androsace alpina (repre-
sented by the cyan squares in Fig. 5—A. alpina, with 75 m edge
length). This relations vary also among different parts of the
model area. On the broad southwest exposed slope, where terrain
curvature—at least on coarser scales—does not change over
wide areas, such descriptors are not important.

The Schrankogel vegetation data set was also floristically
classified, revealing a number of distinct units, e.g., nival vas-
cular plant assemblage, scattered single vascular plants in the
nival/subnival zone, pioneer sward vegetation with Carex cur-
vula, and scattered cushion plant assemblage of the type Andro-
sacetum alpinae (details of these analysis will be published else-
where). As was the case for individual species, these vegetation
types can be extrapolated to the model area since each cell of
the model can be linked—via its assigned sample number—to a
certain vegetation type. In Figure 6a, the several vegetation types
were grouped into three important formations. The alpine swards
and pioneer sward vegetation (cyan) has its uppermost closed
stands on the lower parts of the southwest slope, and its pioneer
stands on the major ridges of the south slope. Widespread on
the lower parts of the area which are rich in scree is what can
be assigned to the already syntaxonomically described type of
siliceous high alpine and nival scree vegetation, the Androsa-
cetum alpinae s. 1. (yellow). Note that—surprisingly on first
glance, but reasonably due to the relief conditions—the swards
extend on favorable stands far beyond the main distribution area
of this type. Above the Androsacetum, some vegetation types,
grouped together as nival and subnival vegetation (magenta),
lead to the true nival zone. The transition from the upper alpine
to the nival zone is clearly displayed. Figure 6b—e show some
single vegetation types. The true nival vegetation, consisting of
only five vascular plants, provisional termed nival vascular plant
assemblage is closely restricted to the high parts of the model
area (Fig. 6b). At the stands which face the highest environ-
mental pressure from scree and snow, i.e., the shady, gorgelike
hollows in the upper parts of the south slope, the model predicts
a vegetation which has no stable species composition but consist
only of one or the other nival species at random (scattered single
vascular plants in the nival/subnival zone, Fig. 6¢). The ecolog-
ical limits of vascular plant life are reached here. In turn, closed
and pioneer swards with Carex curvula are predicted only on

the favorable, southeast-exposed, solid parts of the slopes (Fig.
6d). Figure 6e displays the extrapolation for the core association
of siliceous high alpine screes, the Androsacetum alpinae.

Figure 6f—h show three different thematic maps. In Figure
6f the percentage of surface covered by vascular plants is dis-
played, and in Figure 6h the species richness. Note that the al-
titudinal decline in species richness is predicted not only related
to changes in vegetation types, but also within the types them-
selves. This can be judged by comparing Figure 6a, where the
sward and pioneer sward vegetation captures a wide altitudinal
range, with Figure 6h, which makes clear the decreasing species
richness. However, the general trend of decreasing biodiversity
with altitude is superceded by a tendency of maximum species
richness at the ecotone itself. One can inspect that best in the
left part of Figure 6h, the southwest-exposed, well pronounced
slope (compare Fig. 2a). This slope shows medium species rich-
ness (yellow) in the area below 2900 m, low species richness
(cyan) above 3000 m, and a peak of species richness (magenta)
between 2900 and 3000 m (for altitudes compare contours in
Fig. 2a).

Figure 6g does not display any vegetation, but a measure-
ment for the goodness of the prediction (confidence level of
prediction). Magenta cells have a short Euclidean distance to the
next sampled plot in the multidimensional environmental CCA
space used for the extrapolation. The topographic situation of
such a cell is, therefore, considered as satisfactorily comparable
to a situation sampled in the field. Cyan cells, in turn, have their
next neighbor in the CCA space relatively far away and are
considered as more weakly comparable to the sampled data.

MODEL EVALUATION

The predictive power of the model differed for the species
studied; this is summarized in Table 4. The values presented in
this table have to be interpreted as in the following example:
e.g., Carex curvula, present in 14.3 (referred to as sl-cases) of
the plots (n = 92, average over 10 runs) which were randomly
selected out of the total 903 plots sampled in the field, was
predicted by the model to be absent with 109% of the accuracy
which would be expected by chance (sOpO-performance). The
number of plots where absence was sampled and presence was
predicted (sOpl-failure) was only 38% of what would have been
expected for a random distribution. The slp0-failure, to be in-
terpreted analogously, was 49%. The number of cells, where C.
curvula was present, both in the field and in the model predic-
tion, exceeded more than 4 times the random prediction (slpl-
performance = 477%). Kappa (0.55) was quite high, indicating
a good agreement between reality and prediction.

Clustering the species according to the prediction indices
of Table 4 revealed five meaningful groups. The prediction per-
formed best for the species of group 1. Taking into account that
these species were present in comparably few sampled plots (less
than 20% on average: sl-cases = 16.6 out of 92), all predictions
agreed quite well with reality (Kappa = 0.48). Sampled pres-
ences were confirmed by the prediction more than three times
beyond random (slpl-performance = 337%). These species
have well-defined topographic niches (see displays for C. cur-
vula, P. alpina, and S. alpestre in Fig. 5). This does not mean
necessarily that they have similar distribution patterns, or eco-
logical niches, but that their distributions are easy to interpret
according to terrain conditions. Group 2 contdined species with
similar Kappa values. Due to more sl-cases, the predictive pow-
er dropped to 171% of a random performance. Group 3—species
showed again better slpl-performances, but due to high predic-
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Androsace alpina

Silene

Oreochloa
Saxifraga
oppositifolia

Carex curvula

Medium.. . Low relative abundance

FIGURE 5. Predicted distributions of eight typical species, superimposed on the vertical view of the
DEM. Black dots: sampled plots. Note that abundances are displayed not in absolute values, but relative
to the highest sampled abundance of the respective species.
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a) M Nival and subnival vegetation [ ] Androsacetum alpinae s.|. [ Alpine swards and
b) M Nival vascular plant assemblage pioneer sward
c) I Scattered single vascular plants in the nival/subnival zone vegetation

d) M Pioneer sward vegetation with Carex curvula

e) l Scattered cushion plant assemblage of the type Androsacetum alpinae

g) M High.. [] Medium.. [ Low confidence level of prediction

f) I High.. [] Medium.. [ Low percentage of surface covered by vascular plants

h) Il High.. [ Medium.. [M Low species richness of vascular plants

FIGURE 6. Predicted distributions of different types of vegetation (a—e), percentage of surface covered
by vascular plants (f), species richness (h), and confidence level of the prediction (g), superimposed on

the vertical view of the DEM. Black dots: sampled plots.
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TABLE 4

Model evaluation and prediction indices®

s0p0- sOpl- s1p0- sipl-
Group Species sl-cases slpl-cases performance failure failure  performance Kappa
n =92 n=92 L] Yo Do P 0<k<l
1 Carex curvula 14.3 8.3 109 38 49 477 0.55
Poa alpina 20.1 11.8 114 40 51 320 0.53
Sedum alpestre 20.2 13.6 116 51 42 279 0.52
Veronica alpina 1.2 6.7 107 65 48 360 0.41
Festuca intercedens 173 9.6 110 67 57 247 0.37
mean 16.6 10 111 52 49 33T 0.48
2 Oreochloa disticha 271 17.1 119 56 54 205 0.45
Androsace alpina 30 19.2 122 61 56 180 0.41
Luzula spicata 51.7 38.6 154 59 57 132 0.41
Gentiana bavarica 34.8 20.3 122 61 64 165 0.37
mean 359 238 129 59 58 171 0.41
3 Primula glutinosa 33.7 18.6 118 68 69 157 0.31
Erigeron uniflorus 22.8 11.6 111 71 67 189 0.3
Saxifraga oppositifolia 11.2 47 104 74 68 296 0.28
Minuartia gerardii 12.6 6.3 106 79 63 234 0.27
Saxifraga exarata 18.2 7T 106 78 74 190 0.23
mean 19.7 9.8 109 T4 68 213 0.28
4 Cerastium uniflorum 56.5 41.6 155 65 66 122 0.34
Saxifraga bryoides 67.5 53.9 180 68 70 112 0.3
Silene exscapa 43.6 304 130 76 66 127 0.28
Tanacetum alpinum 64.6 49 158 72 74 113 0.27
Ranunculus glacialis 56.9 41.6 145 74 73 116 0.26
Minuartia sedoides 439 26.9 124 73 74 129 0.26
mean 55.5 40.6 149 71 71 120 0.29
5 Poa laxa 80 70.6 80 102 102 100 0

# Values in bold italic were used for grouping the species. For explanation of columns see text.

tion failures (74% and 68% of the expected random failures),
Kappa dropped. Interestingly, this group was reflected almost
perfectly by the floristic classification. The group represents a
basiphilous pioneer vegetation, characterized by E. uniflorus, S.
oppositifolia, M. gerardii, and S. exarata, among a few other
species. The somewhat ruderal character of this vegetation may
be responsible for the high rate of prediction failures. Group 4
contains the ubiquitous species of the high alpine and nival veg-
etation. They were found in about 60% of the plots, being, there-
fore, not very precise to characterize concerning their topograph-
ic niches. Note that also in the CCA ordination diagrams (Fig.
4), these species formed a group positioned near the center of
all 4 ordination axes, which indicates that they react indifferently
to the involved gradients (a second, but unlikely interpretation
of this centering effect would be, that these species have their
optimum near the mean of each gradient: see e.g. ter Braak,
1995). Nevertheless, their predictions indices are clearly not ran-
dom, with Kappa similar to that of group 3. In group 5 there is
only a single species, Poa laxa, which was found in almost all
evaluation plots (in 80 plots on average over 10 evaluation runs).
Kappa dropped to 0, indicating that there was no significant
agreement between the sampled and predicted distribution of the
species. Such distributions can in principle not successfully be
modeled, because the species is almost not differentiated in the
sample set, at least according to its presence/absence.

Discussion
TERRAIN AND VEGETATION DISTRIBUTION PATTERNS

The initial hypothesis that distribution patterns of species
and vegetation units at the alpine-nival ecotone can be explained
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using topographic descriptors holds. Obviously the relief ex-
presses a remarkable part of the environmental conditions which
control these patterns.

We used exclusively information derived from the DEM as
the environmental descriptor set for the following reasons: Reg-
ular grid networks of climatic data, extrapolated from weather
stations, still do not meet the resolution requirements of high
alpine distribution modeling, whereas information layers ob-
tained from aerial images are fine-scaled enough. The traditional
information derived from such photographs have some disad-
vantages in high alpine environments: e.g., the snow cover is
season dependent; vegetation or soil patterns are often not visible
on a feasible photographic scale. Surface elevation and its de-
rivatives, however, represent the oniy type of data which is not
**seasonally” and obtainable with a sufficiently fine resolution.

A number of different topographic descriptor types proved
to be especially useful in the analysis. Moreover, the assumption
that vegetation patterns are related to the relief in different ways
depending on the spatial resolution used could be verified.

CANONICAL CORRESPONDENCE ANALYSIS

To our knowledge this was the first time that Canonical
Correspondence Analysis was coupled with a GIS system to per-
form spatial explicit predictive modeling. This combination, GIS
as preprocessing tool for the spatial environmental analysis,
CCA as prediction method, and GIS, again, as extrapolation ma-
chine and visualization platform, proved to be very useful.

CCA was criticized for its basic assumption of Gaussian
response curves of species to environmental gradients (Austin et



al., 1994b), and alternative regression methods, for instance,
Generalized Linear Modeling (McCullagh and Nelder, 1989;
Nicholls, 1989, 1991), were suggested for gradient analyses. Al-
though the Gaussian nature of species responses in this data set
was not examined in detail, CCA proved to be an effective tool
to describe the relations of vegetation to the relief, and the mean-
ingful results obtained in this study justify its use.

From our viewpoint, CCA rewards the drawback of treating
all species with the same response model (Austin et al., 1994b)
with a clear advantage. While methods which model single spe-
cies responses separately loose the information about the com-
position of species within samples, CCA uses exactly this infor-
mation through its weighted averaging algorithm. Therefore, not
only the position of species, but also of samples in relation to
gradients can be defined. We used exactly this property by not
predicting the occurrence of a particular species on a given point,
but the occurrence of a particular vegetation sample. Species
distribution patterns were obtained indirectly by extracting them
from predicted sample distributions. In this sense the model can
be seen as a vegetation-site model (Brzeziecki et al., 1993).

By defining the position of each modeled cell in the mul-
tidimensional CCA ordination space and assigning to it the veg-
etation of the nearest neighbor sampled in the field (based on
Euclidean distance in the CCA space), it was guaranteed that
only real existing species compositions could be predicted. An-
alyzing the responses of each species separately, predicting spe-
cies distributions, and assembling predicted species composi-
tions on new locations from them would probably create artifi-
cial vegetations not existing in reality. Especially when syntax-
onomical units are under consideration, methods treating species
separately should therefore be avoided.

Moreover, the proposed prediction method has the advan-
tage that any information related to samples, e.g., assignments
to vegetation types, species numbers, or cover values, can also
be spatially extrapolated.

CONFIDENCE LEVEL OF PREDICTION AND MODEL
EVALUATION

The constraints in the sampling design of the vegetation
input data, which prevented a stratified random sampling, caused
clear drawbacks. 'This can be demonstrated by inspecting Figure
6g. The confidence level of the prediction is high (magenta) near
the sampled permanent plots and also on the broad southwest-
exposed slope, where the terrain situation is very similar to that
of the plots located in this part of the model area. The results
are less reliable in the wide downslope scree areas, indicated by
cyan pixels. Obviously, this topographic situation was not sam-
pled sufficiently in the field, and, therefore, the power of the
predictions for these areas, concerning for instance Figure 5, P.
alpina and S. alpestre, is low. Nevertheless, these predictions are
ecologically meaningful, which is supported by personal field
observations of, for instance, Poa alpina, a frequent species on
the downslope debris cones.

The problem continues in the model evaluation. Although
good evaluation values were obtained, these measures came
from sampled plots, and therefore are valid, in a strict sense,
only within the areas of a high prediction confidence level,
where the plots are lumped. An evaluation based on randomly
selected control plots is planned for summer of 1998.

Conclusions

The strong interdependencies between the vegetation dis-
tribution patterns and the terrain conditions, which modify cli-

mate effects, highlight the vulnerability of the alpine-nival eco-
tone. Even small-scaled migration effects are likely to cause fun-
damental changes in species compositions of its vegetation units,
which have well-defined and in some cases spatially limited
niches. These impacts on mountain biodiversity are particularly
severe when considering the endemic character of the zonal veg-
etation types of the Alps (Grabherr, 1995).

Mountain hydrology is likely to change with displacements
along the ecotone. The strong variability over short distances of
plant cover, and, hence, soil and area stabilized by roots, as
shown by the presented patterns, expresses the hydrological sen-
sibility of this high mountain zone.

Through its sensitiveness, the alpine-nival ecotone can be
seen as an excellent potential sensor of the effects of climate
change. Until monitoring results will be available, fine-scaled
spatial modeling can help to generate hypotheses and future sce-
narios. Coupling the static model presented here with dynamical
approaches (Monserud and Leemans, 1992) could be a promis-
ing tool coping with both the space and time dimension of the
expected events.
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