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Abstract: Within a survey of mountain forest types in the Swiss Alps, we compared three statistical sampling methods, i. e.
stratified random sampling of the investigation area, systematic sampling and unrestricted random sampling. The stratifica-
tion was based on a digital terrain model and performed using GIS technology. A comparison of the three sampling methods
shows that stratified random sampling is an efficient method that guarantees a sample which is proportional to the extension
of the environmental types. We investigated the resemblance pattern of relevés and found that it differs between purely
random and all others. This leads to the conclusion that stratification introduces a bias into the true pattern. A comparison of
the efficiency of the three tested sampling strategies shows that for a classification as used at the regional level (10 - 50 km?),
stratified random sampling draws an accurate picture of the small scale vegetation pattern at low sampling effort, At lower
resolution, unrestricted random sampling should be applied in the present case, as it leads to a more balanced sampling of
large scale vegetation patterns.

Compared to manual stratification, GIS-based stratification generally leads to a considerably higher number of strata. We
found that relevés from rare attribute combinations neither tend to become outliers in the final data set nor considerably
contribute to rare vegetation types. Stratification using GIS technology therefore can be recommended as an efficient tech-

nical help even if the number of resulting strata is large and rare strata have to be omitted.

Introduction

The sampling design is usually one of the most crucial
factors governing the limits of results and interpretation of
vegetation analysis. In general, samples may be placed in a
study region in four different ways: (1) preferentially, (2)
randomly, (3) systematically and (4} stratified, i.e. the study
region is subdivided into compartments by some criteria and
each compartment is then sampled randomly (see Gauch
1989, for an overview).

Preferential sampling is commonly used by the tradition-
al school of Braun-Blanquet (1964). Sampling units are
placed in assumingly typical, homogeneous, representative
or undisturbed vegetation patches. This method lacks ex-
plicit and repeatable procedures and requires a preceding in-
spection of the survey area.

To avoid these disadvantages many recent investigations
rely on statistical sampling to increase objectivity and to
maximise the amount of biological information recorded at
minimum expenditure. All types of statistical sampling
methods carry some known properties, enabling the user to
direct investigations towards specific objectives.

Systematic sampling has the advantage that the sampling
units are easy to locate (Bourdeau 1953, Moore & Chapman
1986). But this method has an inherent tendency to over- or
undersample vegetation types of extreme spatial extensions.
If patch sizes vary considerably, the intersample distance is
likely to be smalier than the mean diameter of the large
vegetation patches and larger than the mean diameter of the
small ones. Under these conditions small vegetation patches
are most likely under- and large patches over-sampled.
Moreover, the point pattern of systematic sampling can in-
terfere with regular patterns occurring in the investigation
area and thereby cause resonance (Finney 1949, Kershaw &
Looney 1985). Another disadvantage of this method is that
the position of the first point determines all the others, and if
the whole grid is shifted, the results obtained may change
drastically (Podani 1984 a,b).

In random sampling any part of the study areca has the
same probability of being sampled and the placement of a
plot is completely independent of the position of those al-
ready located. The randomised arrangement ensures that the
sampling is not influenced by arbitrary decisions. The data
obtained in this way represent the most powerful input for
statistical analyses, as they allow a quantification of the
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reliability of conclusions (Bourdeau 1953, Zohrer 1980,
Podani 1984a, Kershaw & Looney 1985). Compared to sys-
tematic sampling where the nearest neighbour distances are
constant, random sampling has the advantage that these vary.
A drawback of this method is that a large sample may be
needed to represent rare types (Wildi 1986). When spatial
autocorrelation between neighbouring plots is strong, sys-
tematic sampling sometimes is more efficient than a random
sample of the same size (Moore & Chapman 1986).

Modifications of random and systematic sampling are at-
tempts to overcome inherent deficiencies (see Sampford
1962, Greigh-Smith 1964, Smartt 1978, Green 1979, Caldas
& White 1983, Kershaw & Looney 1985). Stratification of
the area prior to random sampling to some extent prevents
uneven representation of types.

Successful vegetation survey requires that the full en-
vironmental space including the extremes is covered (Mar-
gules & Stein 1989). Stratification based on environmental
vanables using GIS technology is expected to generate a data
set which ideally represents the full environmental space.
Since the technical breakthrough in the field of GIS in the
late 1980s, environmental data can be stored in digital form
and can be combined freely at any time to suit individual
needs. Hence stratification and modelling using GIS technol-
ogy has increasingly become common in vegetation surveys.
Among all computerised environmental variables, climatic,
topographic, soil and spectral parameters are most frequently
used in vegetation surveys (Steffenson 1987, Austin &
Heyligers 1989, Margules & Stein 1989, Davis & Goetz
1990, Brzeziecki et al. 1993, Neldner et al. 1995). Neverthe-
less, the increasing number of digitised variables generally
available forces the user to carefully select the parameters
based on their biological relevance. Thus, the most important
decision prior to stratification is the selection of attributes to
be used and the number of classes 10 be created. These
decisions depend on the aim of the investigation, the size of
the study area and the availability of appropriate com-
puterised data sets with sufficient spatial resolution and ac-
curacy. The more attributes are chosen for stratification and
the more classes are built, the larger becomes the number of
strata (Steffenson 1987). This and the usually skewed dis-
tribution of strata size lead to problems.

It is in this context that we investigated different sam-
pling strategies for their efficiency in revealing vegetation
patterns. Three criteria are used for this evaluation: the
representation of the environmental space within the three
data sets, the variability of species assemblage and the ef-
ficiency of the three tested sampling methods with regard to
a description of the vegetation pattern under investigation.

We further inspected the role of the numerous small
strata resulting from digital stratification. In this context, the
question arises if relevés originating from rare attribute com-
binations represent *outliers’, i.e. extreme observations in the
sample. Based on this we investigated whether rare strata
could be omitted or, in contrary, should be sampled more in-
tensively to yield a reliable picture of the vegetation pattern.

Material and methods

Study area

The study area covers approximately 16 km? on a south-
facing slope in the Canton of Valais in the Swiss Alps. The
forest area varies both in structure and floristic composition,
ranging from xeric pine forests to montane and subalpine
spruce and spruce-larch forests and to open larch forests at
the timbetline. The climate is dry and continental (total
amount of rainfall per year about 600 mm at the bottom of
the valley).

Computer systems and software

The GIS-analyses were performed ona SUN workstation
applying the software ARC/INFO, versions 6 and 7. We
analysed the vegetation data using the MULVA-5 statistics
package for ecological data (Wildi & Orléci 1996). The com-
parison of relevés is based on the similarity ratio, s, defined
as
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where x represents the elements of one and y the same of the
other relevé to be compared. The ratio has a range from 0 to
1. It has been used for classification (sum of squares cluster-
ing) as well as for nearest neighbour statistics.
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Stratified random sampling using GIS technology

The GIS stratification was based on the secondary site
factors elevation, slope and aspect. In a small investigation
area, these parameters have nearly functional relationships to
primary site factors such as temperature, soil water, radiation
etc. Elevation, slope and aspect were selected based on the
availability of appropriate computerised data sets with suffi-
cient spatial resolution and accuracy. For stratification, we
used the following procedure:

For each of the three attributes selected, a grid coverage
of the area was derived. The elevation data originate from a
national digital elevation model (DEM) with a resolution of
25 x 25 m. Aspect and slope were derived from the elevation
model by using the ’aspect’ and ’slope’ functions in the
ARC/INFO module GRID. All grid-points below 1000 m
a.s.l. and above 2250 m a.s.]. (timberline) as well as the grid-
points with a slope exceeding 50° were excluded. The
remaining points were classified separately for each attribute
(5 elevation, 3 slope and 3 aspect classes). Then the grid
coverage’s were transformed into polygon coverage’s and
overlaid to create the map of strata (see Table 1).

To restrict the sample to forest vegetation, all strata out-
side the forest area were excluded. Next, the total area of
each stratumn within the forest area was calculated. Strata
with a total area below 625 m® were excluded. The total
sample of 170 plots therefore represents a stratified random
sample among the remaining strata (see Table 2).



45

Table 1. List of site parameters used in the stratification and class limits. DEM= digital elevation model,

Site parameter Unit

Spatial resolution

Classes Derivation

Elevation (DEM) m

Slope deg

Aspect deg

25m

25m 0-15°

25m

1000-1249 m
1250-1499 m
1500-1749 m
1750-1999 m
2000-2249 m

DEM

DEM

Table 2. Sampling density in the stratified random sam-
pling data set.

Strata area oNquTng Numbts',{r gtfu;:}lots per Total number of plots

. ;?ntgllc subsample S ;?rt.?,lc subsample
>80 ha 2 10 4 20 3
20-80 ha 10 8 3 80 30
13-20 ha 6 5 2 30 12
7.5-15ha 5 5 1 25 5
<75ha 15 { 1 15 15
Total 38 170 70

Table 3. Over-, under- and not sampled strata in the fre-
quent and rare strata types of the systematic and random
sampling data sets.

Sam&)]lhég Total strata  numberof number of  number of
metho area oversampled undersampled  strata not
strata strata sampled
Systematic >2ha 3 3 2
sampling
<2ha 0 0 11
Unrestricted >2ha 3 5 1
rand?m
SAMPANE  oha 0 0 9

All 170 plots were used for vegetation classification. A
random subset of 70 plots, served for the comparison of the
three sampling methods (see Table 2).

Systematic sampling

The plots were located at regular intervals of 177 m
covering the entire study area. This grid width yields the in-
tended sample size of n=70.

Unvrestricted random sampling

70 pairs of random geographical co-ordinates with a mini-
mum distance of 25 m within the study area were chosen; thus
each plot is selected independently, and each combination of
co-ordinates has an equal chance of being chosen. The mini-
mum separation of 25 m was taken to avoid overlapping plots

Field methods

At each site all species of vascular plants were recorded
within a cricle of 500 square metres. Species abundance was
estimated on a Braun-Blanquet (1964} cover-abundance
scale. The plots were located using an aerial photograph
(1:5,000) and a map (1:10,000).

Results and discussion

Representation of the environmental space

In the first step, we inspected whether the sampling
schemes applied really yield different representations of the
environmental space as it is needed for further comparison.
Figure 1 shows the frequencies of relevés in each stratum as
a function of the sampling strategy. As intended, only the
data set based on stratified random sampling a priori covers
the entire environmental space described by elevation, slope
and aspect. With systematic sampling, 13 strata (34%) and
with random sampling, 10 strata (26%) were not represented.

Taking the sampling density of the subset of stratified
random sampling as a standard (Table 2) it is evident that
systematic sampling and random sampling both lead to an
under-sampling in some of the frequent strata and to an over-
sampling in others (Table 3). As expected, the lack of rare
strata is higher with systematic sampling than with random
sampling. This is a consequence of the inherent property of
the systematic sampling method to under-represented rare
types.These findings of course do not yet answer the question
whether the same relationships also result in the vegetation
data.

Variability of species composition

To examine the variability of species composition, 2
nearest neighbour analysis in resemblance space was per-
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Figure 1. Number of relevés in each stratum a) stratified random sampling, b) systematic sampling and c) random sam-
pling. The strata are coded as follows: The first digit represents elevation (1: 1000-1250 m, 2: 1250-1500 m, 3: 1500-1750
m, 4: 1750-2600 m, 5: 2000-2250 m), the second digit represents aspect (1: W-N-E, 2: E-S, 3: S-W) and the third digit

represents slope (1: 0-15°, 2: 15-30°, 3: 30-50°).

formed. With this method, the similarity of each relevé to its
nearest neighbour in terms of similarity is determined. The
distribution of similarity values within each data set is shown
in Figure 2. Isolated relevés, i.e. relevés with a low similarity
with their most similar neighbours occur on the left hand side
of the histogram and relevés with a high similarity to their
most similar neighbours, on the right hand side.

Figure 2 reveals that the similarity distribution from
stratified random sampling (Fig. 2a) is very similar to that
from systematic sampling (Fig. 2b). The enly obvious dif-
ference between these two distributions is a wider range of
nearest neighbour similarities in the stratified random data
set. We believe that the absence of a clear difference between
stratified and systematic is the result of the topography and
shape of our investigation area. Systematic sampling on a
single slope can interfere with elevation as the main gradient.
Unintendedly, the systematic sampling procedure results in
a stratification of the environmental space. The effect would
probably be different in a study area with a more hetero-
geneocus topography.

Random sampling (Fig. 2¢) resuits in lower similarity
among relevés. This is surprising as the other iwo sampling
designs are expected to suppress spatial auto-correlation.
However, the opposite effect, feigning higher homogeneity
in the sample than really present, appears to predominate.

The contribution of rare combinations of environmental
factors (total area of stratum < 1 ha) to the resemblance pat-
tern found in the vegetation data was assessed in two ways.
Firstly an outlier analysis was performed over all 210 relevés
of the three merged data sets. For each relevé the similarity
to its nearest neighbour (formula 1) was determined. We con-
sidered relevés with a similarity < 0.4 as isolated. 29 isolated
relevés were detected, but only 7 of them belonged to strata
with rare attribute combinations.

Secondly the 210 plots were classified using sum of
squares-clustering. The classification showed that relevés
from strata with rare attributc combinations do not form
specific vegetation types.

We therefore concluded that strata with rare attribute
combinations often represent stratification artefacts due to
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Figure 2. Histograms of nearest neighbor values, a) stratified random sampling, b) systematic sampling and c) unrestricted
random sampling.
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the selectional classification of the stratification variables
and do not necessarily represent environmental extremes.

Representation of vegetation types

The aim of many phytosociological investigations is the
conclusive recognition, description, definition and differen-
tiation of vegetation types. The efficiency of such investiga-
tions strongly depends on the sampling design, i.e. the fewer
relevés are needed, the faster and cheaper an investigation
can be carried owt. In order to achieve sufficient reliability of
the results, the sampling design should aim at a balanced
representation of all plant communities within the studied
area. For that reason, it is important to know which one of the
methods applied in this paper leads to a balanced representa-
tion of the vegetation at the investigation area, such that all
vegetation types are described by approximately the same
number of relevés. This was tested at two different hierarchi-
cal levels of vegetation classification. For this, a data set con-
sisting of all 170 relevés from stratified random sampling
was subdivided once into 3 and once into 8 vegetation types
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with the aid of cluster analysis. Then the relevés of the other
two data sets were allocated to this classification by nearest
neighbour analysis.

As Figure 3 shows, only the stratified random sampling
data set yields a relatively balanced distribution of the
relevés across the eight vegetation types of the lower hierar-
chical level. This is what can be expected in the case where
the resolution of the stratification is not too different from the
resolution of the final classification of the vegetation. The
distribution of the relevés in the random data set is a bit more
balanced than in the systematic sampling data set.

The classification at a higher hierarchical level (three
vegetation units) draws a completely different picture (Fig.
4). The systematic sampling data set and the random sam-
pling data set show a more even distribution than the
stratified random sampling data set. This indicates that the
stratification chosen falls short when the number of vegeta-
tion types is low.

Next, the number of relevés was reduced to 15 per data
set (reduction according to the sampling design, ie. in

random

” Figure 3. Number of relevés per
sampling

forest type when distinguishing 8
vegetation types.

random
sampling

Figure 4. Number of relevés per
forest type when distinguishing 3
vegetation types.
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stratified random sampling small strata were omitted, sys-
tematic sampling was reduced systematically, and random
sampling randomly). As a result, the effect mentioned above
is even stronger (Fig. 5) and some forest types are missing,
i.e. type 3 in random and stratified random sampling and
types 5 and 6 in systematic sampling. Again, the relevés of
the stratified sampling data set still show the most balanced
distribution over the vegetation types. On the higher hierar-
chical level, the classification of the reduced data sets again
exhibits advantages for the systematic and the random sam-
pling design (Fig. 6).

Stratified sampling obviously represents the environ-
mental space, i.e. the mosaic of frequent and rare attribute
combinations. Thus the high resolution classification from
the stratified sampling data set directly reflects the high
resolution mosaic. Systematic and random sampling do not
consider the environmental space. The high resolution clas-
sification is insufficiently represented by these methods,
whereas tow resolution vegetation patterns, which integrate
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Figure 5. Number of relevés per
forest type when distinguishing 8
vegetation types after a reduc-
tion of the data sets to 15 relevés.

random
sampling

Figure 6. Number of relevés per
forest type when distinguishing 3
vegetation types after a reduc-
tion of the data sets to 15 relevés.

random
sampling

different environmental conditions, can be depicted even
more accurately than in stratified sampling. This demon-
strates that stratification may be preferred, but it should be
used with care, as it only increases efficiency within a small
range of scale.

Conclusions

In a survey of vegetation patierns in mountain forests, we
stratified the investigation area based on a digital terrain
model using GIS technology. To test the suitability of this
sampling procedure for patiem recognition, we compared it
to other statistical sampling strategies (systematic sampling
and unrestricted random sampling). This comparison was
done with regard to the environmental space registered, the
variability of relevé resemblance and the number of vegeta-
tion types represented.

Our results show that stratified random sampling based
on a digital terrain model is a suitable and efficient method
for vegetation sampling. Margules & Stein (1989) demand
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that samples should cover the entire range of environmental
variables including rare attribute combinations. Stratified
random sampling based on a digital terrain model fulfils this
demand. However, the gain in efficiency is paid by a loss in
generality. When comparing the nearest neighbour statistics
with the same of the random sample, it can be seen that the
average resemblance of the relevé plots is over-estimated.

One of Green’s (1979) principles for a sampling design
is that each vegetation type should be represented by an equal
number of samples. Stratified random sampling comes
closest to this demand at a low hierarchical level. It leads to
an even distribution of relevés over small scale vegetation
types. However, this effect only exists when the number of
strata and the number of vegetation types are high, With a
high number of strata, and a low number of vegetation types,
the latter tend to be unevenly represented and the advantage
of the stratification vanishes.

We conclude that at scales at which the environmental
conditions are reflected directly by the vegetation, stratified
random sampling draws a sufficient picture of vegetation
pattern at low expense. On the other hand systematic sam-
pling and unrestricted random sampling lead to a more
balanced sampling of low resolution vegetation patterns. Qut
of the two, unrestricted random sampling is preferable to sys-
tematic sampling for the investigation of low resolution
vegetation patterns because it allows a reliable assessment of
sampling error (Bourdeau 1953, Zshrer 1980, Podani 1984a,
Kershaw & Looney 1985).

A further property of stratified random sampling with
GIS is that the size of the environmental strata may vary con-
siderably. We evaluated the role of small strata in the sample
in order to develop an appropriate way to handle the
problem. It was found that relevés from rare attribute com-
binations neither tend to become outliers in the final data set
nor considerably contribute to rare vegetation types. Stratifi-
cation based on a digital terrain model therefore can be re-
commended even if the number of strata is large and strata
with rare attribute combinations have to be omitted.
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