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Abstract

Question: The heterogeneous origin of the data in large phyto-
sociological databases may seriously influence the results of
their analysis. Therefore we propose some strategies for strati-
fied resampling of such databases, which may improve the
representativeness of the data. We also explore the effects of
different resampling options on vegetation classification.
Methods: We used 6050 plot samples (relevés) of mesic
grasslands from the Czech Republic. We stratified this data-
base using (1) geographical stratification in a grid; (2) habitat
stratification created by an overlay of digital maps in GIS; (3)
habitat stratification with strata defined by traditional phyto-
sociological associations; (4) habitat stratification by numeri-
cal classification and (5) habitat stratification by Ellenberg
indicator values. Each time we resampled the database, taking
equal numbers of relevés per stratum. We then carried out
cluster analyses for the resampled data sets and compared the
resulting classifications using a newly developed procedure.
Results: Random resampling of the initial data set and geo-
graphically stratified resampling resulted in similar classifica-
tions. By contrast, classifications of the resampled data sets
that were based on habitat stratifications (2-5) differed from
each other and from the initial data set. Stratification 2 resulted
in classifications that strongly reflected environmental factors
with a coarse grain of spatial heterogeneity (e.g. macroclimate),
whereas stratification 5 resulted in classifications emphasiz-
ing fine-grained factors (e.g. soil nutrient status). Stratifica-
tion 3 led to the most deviating results, possibly due to the
subjective nature of the traditional phytosociological classifi-
cations.

Conclusions: Stratified resampling may increase the repre-
sentativeness of phytosociological data sets, but different types
of stratification may result in different classifications. No
single resampling strategy is optimal or superior: the appropri-
ate stratification method must be selected according to the
objectives of specific studies.

Keywords: Ellenberg indicator values; Geographical stratifi-
cation; GIS; Habitat stratification; Phytosociological data;
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Introduction

Vegetation surveys and associated analyses of habi-
tat types provide basic information for decision making
in nature conservation, environmental management and
landscape planning (Haila & Margules 1996). Correct
estimates of biodiversity or natural resource quality of
an area are critically dependent on the sampling design
of such surveys. Appropriate sampling designs, how-
ever, may differ from the classical principles of prob-
ability sampling (Cochran 1977). While probability sam-
pling is mainly concerned with estimating parameters of
the target statistical populations (Gregoire 1998), the
surveys aimed at vegetation or habitat typification focus
on sampling maximum variation, which is not achieved
with simple random or systematic arrangement of sam-
pling units over the study area. Such sampling schemes
tend to yield high numbers of replicates of common
habitats whilst rare habitats may be under-represented,
or even missing (Gillison & Brewer 1985; Kenkel et al.
1989; Bunce et al. 1996).

As a specific case of maximum variation sampling
(Patton 1990), modern biological surveys of large areas
increasingly use environmentally stratified sampling de-
signs (Goedickemeier et al. 1997; Gimaret-Carpentier et
al. 1998; Olsen et al. 1999; Yoccoz et al. 2001) or
different kinds of adaptive sampling strategies (Thomp-
son & Seber 1996; Stein & Ettema 2003). Strata are
usually defined on the basis of environmental vari-
ables that have been shown in previous studies to
influence species composition. If there is sufficient
information on the spatial pattern of such variables,
e.g. digital climatic or geological maps, appropriate
strata for sampling can be created by overlaying these
maps in geographical information systems (GIS). Sam-
pling designs that use random arrangement of relevés
within such strata are assumed to maximize the be-
tween-relevé variation and to give the same chance of
common and rare habitat types being sampled. Exam-
ples of large area vegetation surveys based on environ-
mentally stratified sampling plans include British



480 Knollova, I. et al.

Countryside Survey (Bunce et al. 1996; Smart et al.
2003), the Austrian forest survey (Grabherr et al. 2003),
or regional vegetation surveys in the Rocky Mountains
(Stohlgren et al. 1997) and New South Wales (Cawsey
et al. 2002). To reduce survey costs, the gradient di-
rected transect or gradsect method was proposed
(Gillison & Brewer 1985; Austin & Heyligers 1989;
Wessels et al. 1998), in which only a few transects are
sampled, located along the steepest environmental gra-
dients in the area, instead of sampling the entire area.

Vegetation surveys of large areas are expensive
and time consuming (Olsen et al. 1999), even if cost-
effective methods such as gradsect are used. For this
reason, the required information is often extracted
from existing data (Haila & Margules 1996). In recent
years, many electronic phytosociological databases have
been compiled, mainly in Europe, but also elsewhere
(Mucina et al. 2000; Ewald 2001; Hennekens & Scha-
minée 2001; Wiser et al. 2001; Chytry & Rafajova
2003). Ewald (2001) estimated that ca. one million
relevés had already been computerized and stored in
electronic databases worldwide. However, relevés con-
tained in the databases are usually heterogeneous, as
they originate from various sources and were sampled
for different purposes, often without any sampling
plans. They are usually biased towards sites that are
easily accessible or of special interest (e.g. nature
reserves) and towards habitats that are attractive to the
researchers (e.g. those containing rare species or high
species richness). In contrast, some geographical areas
or habitats may be under-represented.

Therefore, we propose that the use of existing data
sets should be preceded by stratified resampling that
would increase their representativeness. Such re-
sampling cannot remedy the lack of data from some
areas or habitats (these can only be obtained through
additional field sampling), but it can improve the qual-
ity of the data sets by removing redundancy due to
oversampling of some areas or habitats.

There are two basic approaches to resampling of
the existing databases: (1) geographical stratification
with strata corresponding to a priori delimited land
areas such as quadrats in a geographical grid; (2)
habitat stratification based on partitioning of environ-
mental space into relatively homogeneous strata. There
are several options for achieving habitat stratification.
One possibility, similar to the planning of a new sur-
vey, is defining strata using a GIS overlay of a few
digital maps of selected environmental variables that
are likely to be the most relevant to plant distribution.
The accuracy of GIS data, however, depends on the
level of detail of the original maps, which is often
coarser than the fine scale habitat mosaics that control
plant distribution patterns. Unlike digital maps of large

areas, species composition records in databases reflect
this fine-scale environmental variation. Therefore, a
promising option in the context of database resampling
is habitat stratification based directly on the species
composition of the available relevés. This can be
achieved in several ways:

1. Use of traditional phytosociological associations
as strata. In areas with a phytosociological tradition,
such as many parts of Europe, relevés in the databases
are often assigned to associations, which are based on
specific floristic composition and implicitly contain
expert knowledge of local habitats.

2. Construction of numerical classifications of all
relevés in the database and use of the resulting clusters
as strata.

3. Application of species indicator values, such as
Ellenberg indicator values in central Europe (Ellenberg
et al. 1992), to stratify relevés by relative values of
estimated environmental variables.

The purpose of this paper is to compare different
types of stratified resampling of phytosociological data-
bases, with respect to the subsequent classifications of
real data.

Material and Methods

Initial non-stratified data set

As an initial non-stratified data set, we used 6050
relevés of meadows and mesic pastures from the Czech
Republic, stored in the National Phytosociological Da-
tabase (Chytry & Rafajova 2003) in the TURBOVEG
program (Hennekens & Schaminée 2001). Only relevés
with an expert assignment (as taken from the original
sources) to the phytosociological class of European
meadows, Molinio-Arrhenatheretea, were included in
this data set. The plot size of relevés in phytosociologi-
cal databases varies considerably (Chytry & Otypkova
2003), and we tried to limit this variation by selecting
only those from plots of 4-100 m?2. Each relevé con-
tained a species list with cover estimates on the Braun-
Blanquet or Domin scales (Kent & Coker 1992). To
facilitate simultaneous use of all relevés, cover values
from original scales were transformed into percent-
ages. Cryptogam records were deleted, as they were
missing in several relevés and the quality of their
recording varied. Data handling and stratified
resampling were conducted with a modified version of
the JUICE 6.3 program (Tichy 2002).
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Stratified resampling of the initial data set

The initial data set was stratified in the following
ways:

Geographical stratification (GEO)

GEO divided the country into 9834 quadrats of a
geographical grid of 2.5 longitudinal and 1.5 latitudinal
minutes, i.e. ca. 3 km x 2.8 km. 1626 of these quadrats
contained at least one relevé.

Habitat stratification by overlay of digital maps (GIS)

GIS defined strata by combining three digital maps:
mean annual temperature, mean annual precipitation
and potential natural vegetation (Neuhduslovd et al.
1997). The latter was used as a representative of the
joint effect of bedrock, soil type and soil moisture. We
used seven categories for temperature (< 4, 4-5, 5-6, 6-
7, 7-8, 8-9, > 9°C), six categories for precipitation (<
500,500-600,600-700,700-900,900-1200,>1200 mm)
and 17 units of potential natural vegetation as defined at
the higher hierarchical level of the map. The overlay of
these categories yielded 229 strata of which 118 con-
tained at least one relevé.

Habitat stratification by associations (ASS)

ASS defined strata by assigning relevés to phyto-
sociological associations corresponding to the standard
phytosociological classification of the Czech Republic
(Moravec et al. 1995). According to the expert assign-
ments by the researchers who sampled the plots in the
field, there were 56 associations of meadows in the
initial data set.

Habitat stratification by numerical classification (NUM)
NUM defined strata as clusters that resulted from
numerical classification of the initial non-stratified data
set. Cluster analysis from the PC-ORD 4 package
(McCune & Mefford 1999) was used. Percentage cover
data were square-root transformed, distances between
all pairs of relevés were computed as a relative Euclidean
(chord) distance and the -flexible method with f=-0.3
was used to create a dendrogram. Based on the resulting
dendrogram, the relevés were divided into 60 groups.

Habitat stratification by Ellenberg indicator values (ELL)

ELL defined strata as subdivisions of six dimen-
sional environmental space whose axes were Ellenberg
indicator values for light, temperature, continentality,
moisture, soil reaction and nutrients. For most vascular
plant species of Central Europe, Ellenberg et al. (1992)
tabulated ordinal values that expressed their relation-
ships to these six factors. By calculating mean species
values within each relevé, we obtained a single value for

each relevé and each factor. Relevés were then stratified
into three strata for each factor, corresponding to low,
medium and high levels of the factor, so that each
stratum contained an equal number of relevés. For the
combined two-way stratification with two factors, we
would obtain nine strata; in our case with six factors, we
obtained 3% = 729 strata, of which 573 contained at least
one relevé.

Finally, we also created stratifications by combining
the geographical stratification with different variants of
the habitat stratifications (GIS-GEO, ASS-GEO,NUM-
GEO, ELL-GEO). In all cases, habitat stratification was
carried out first, with a subsequent geographical stratifi-
cation within the habitat based strata.

From each of the nine stratified data sets, we
resampled 1210 relevés, i.e. 20% of the initial data set.
Resampling was random within strata and aimed at
obtaining as even a number of relevés within strata as
possible. First, one relevé was randomly selected from
each stratum that contained at least one relevé. Then,
another relevé was randomly selected from each stratum
that contained at least two relevés, etc. When the number
of resampled relevés approached the limit of 1210,
random selection of the next relevé was only done in
randomly selected strata and the process stopped when
1210 relevés were resampled. For the sake of compari-
son, we also made a random resampling (RAN) of 1210
relevés from the initial data set. Each resampling was
repeated ten times, which yielded 100 resampled data
sets.

Classification

Each of the resampled data sets was classified by
cluster analysis. The options were the same as in the
habitat stratification by numerical classification (see
above). For each resampled data set we took eight
clusters at the highest level of the dendrogram hierar-
chy. The results of each classification were summarized
in a synoptic table, which contained eight columns with
frequency occurrences for each species. The diagnostic
value (fidelity) of each species for each column was
calculated, using the phi coefficient of association (Sokal
& Rohlf 1995), which quantified the degree of associa-
tion between species and clusters (Chytry et al. 2002).
As the unequal numbers of relevés included in indi-
vidual clusters resulted in higher @ values for larger
clusters, each of the eight clusters was virtually adjusted
to the size of 151 relevés (i.e. 1/8 of the data set size),
while holding the percentage occurrences of species
within and outside the target clusters the same as in the
original data set. This virtual equalization of the cluster
sizes could result in high @ values for some rare species
that occurred in relevés of small clusters mainly by
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chance, even though their association with such clusters
was not statistically significant because of their rarity.
Therefore, we additionally tested the statistical signifi-
cance of the concentration of each species in each clus-
ter by Fisher’s exact test, using actual cluster sizes. The
@ value was arbitrarily set to zero for all species whose
occurrence concentration in a cluster was not signifi-
cantly different from random at P < 0.001. Species with
positive @ values for particular clusters were then con-
sidered as diagnostic species of these clusters.

Comparison of classifications of resampled data sets

Classifications of different resampled data sets could
not be compared by conventional methods, because
these data sets only partly shared the same relevés.
Therefore, we compared classifications through the simi-
larity between sets of diagnostic species of particular
columns of synoptic tables, assuming that clusters with
similar diagnostic species represent corresponding vege-
tation types.

Euclidean distances between all pairs of columns of
synoptic tables across all classified resampled data sets
were calculated, based on phi coefficients. Only values
of @> 0 were considered. The resulting distance matrix
had 800 rows and 800 columns (100 classified resampled
data sets, each with eight columns). This matrix was
further simplified into a 100 x 100 matrix of distances
between the classifications of the resampled data sets.
These distances were calculated in the following way:

The distance d(X;; Y) between the i-th column of the
synoptic table of classified resampled data set X and all
eight columns of the synoptic table of classified
resampled data set Y was calculated as:

(ny —1)-minj(EDU) (1)

(Z,Esz)_minj(EDij)

d(X;Y)=

where i and j denote columns of synoptic tables of
classified resampled data sets X and Y, respectively; n,,
is the number of columns in classified resampled data
set Y (eight columns in our case); ED, is Euclidean
distance between phi coefficients in columns X; and Y ;
minj (EDij) is the shortest of the distances between the
column X; and each of the columns of data set Y. Subse-
quently, the distance between classified resampled data
sets X and Y was calculated by averaging distances for
individual columns X; of classified resampled data set X:

d(x:v)=[ Y d(X;:¥)]/n, )

Such distance is an asymmetric measure, because the

distances d(X; Y) and d(Y; X) differ. Therefore the same
procedure was applied in the opposite direction:

(ny ~1)-min, (ED,)

dlY;X)=
(%) (X, D, )~ min, (ED, ) )

a(rix)=[ X a(v:x)|/n, )

Finally the symmetric distance D(X; Y) between the
classified resampled data sets X and Y was calculated as
the mean of d(X; Y) and d(Y; X):

D(X;Y)=[d(X;Y)+d(Y;X)]/2 )

These symmetric distances were calculated between
all pairs of classified resampled data sets. They were
arranged in a 100 x 100 distance, which was further
simplified with principal coordinates analysis (PCoA),
using the CANOCO 4.5 program (ter Braak & Smilauer
2002).

Additionally, we compared classifications of the
resampled data sets using Ellenberg indicator values.
We calculated mean indicator values for each relevé and
tested the null hypothesis of no difference in Ellenberg
indicator values among clusters resulting from each
classification (ANOVA from the STATISTICA 7 pro-
gram; www .statsoft.com). The differences were signifi-
cant (P < 0.05) for all Ellenberg indicator values in all
data sets, but there were conspicuous differences in the
values of the coefficient of determination (R?), which
specified the fit of the ANOVA model. The matrix of
R2-values for six Ellenberg indicator values and 100
resampled data sets was therefore analysed with princi-
pal components analysis (PCA on correlation matrix;
CANOCO 4.5 package, ter Braak & Smilauer 2002).

Results

The PCoA ordination diagram (Fig. 1) shows the
similarity of classifications among differently resampled
data sets. The randomly resampled, non-stratified data
set (RAN) occupies a central position. From this posi-
tion the other data sets diverge into two directions.
One direction contains the geographical stratification
(GEO), overlapping with all combinations of geographi-
cal and habitat stratifications. In the opposite direction
there are habitat stratifications by overlay of digital maps
(GIS) and by numerical classification (NUM). Isolated
positions at marginal parts of the diagram are occupied by
habitat stratification by associations (ASS, situated close
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to NUM) and habitat stratification by Ellenberg indicator
values (ELL, situated close to GEO and combinations
with GEO).

The PCA ordination diagram (Fig. 2) shows that
resampling based on the geographical stratification
(GEO) resulted in classifications that poorly reflected
any ecological gradient, in particular the temperature
gradient. Habitat stratification based on digital maps
(GIS) led to classifications with clusters of contrasting
temperature requirements but similar nutrient require-
ments, whereas the habitat stratification by Ellenberg
indicator values (ELL) produced the opposite pattern.
Clusters resulting from the classifications of the re-
sampled data sets based on habitat stratification by
associations (ASS) were differentiated mainly due to
underlying temperature gradient and to some extent to
soil reaction, continentality and light availability gradi-
ents. Classifications based on the other stratifications
were placed in the middle of the ordination diagram; this
indicates that these stratifications did not produce
resampled data sets with extremely high or low hetero-
geneity with respect to some particular environmental
gradient.

Discussion

Multivariate analyses of large phytosociological data-
bases are increasingly used for reassessment of national
or regional vegetation typologies (Rodwell 1990-2000;
Schaminée et al. 1995-1999; Diekmann et al. 1999;
Grabherr et al. 2003). Although the results of such analy-
ses are often robust, most databases contain a non-
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Fig. 1. Similarity of classifications resulting from differently
resampled data sets, expressed through similarity of species
composition among clusters of different classifications. Ordi-
nation was prepared using principal coordinates analysis
(PCoA).

representative sample of vegetation of the study area.
This may occasionally result in incompatible classifica-
tions even for adjacent areas that are assumed to contain
nearly identical vegetation types (Bruelheide & Chytry
2000). With the recently emerging large databases (Ewald
2001), representativeness can be improved by techniques
such as stratified resampling, which has been used in
several recent studies (Ewald 2002, 2003; Chytry et al.
2003; Koci et al. 2003; Havlova et al. 2004, Lososova et
al. 2004).
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Fig. 2. Similarity of classifications resulting from differently resampled data sets, expressed through the between-cluster variation
in Ellenberg indicator values. Ordination was prepared using principal components analysis (PCA). Small ordination diagrams show

separate categories of the large diagram.
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Our analyses have shown that the randomly re-
sampled data sets (RAN) and the resampled data sets
based on geographical stratification (GEO) or its com-
bination with some of the habitat stratifications (GIS-
GEO, ASS-GEO,NUM-GEO, ELL-GEO) tend to pro-
duce similar classifications (Fig. 1). Resampling based
on the pure geographical stratification seems to pro-
duce classifications with poor ecological differentia-
tion among clusters. In our case, the poorest differen-
tiation with respect to temperature (Fig. 2) was prob-
ably due to the fact that ca. 50% of the country’s area is
within a narrow altitudinal range of 200 - 500 m (Chytry
& Rafajova 2003), and relevés from these altitudes
predominate in the geographically resampled data sets.
These data sets were also poorly differentiated with
respect to soil reaction, reflecting the rarity of base-
rich soils in the country, so the geographically strati-
fied resampling increases the proportion of relevés
from acidic soils and homogenizes the data set. The
effect of geographical stratification, however, is de-
pendent on habitat heterogeneity within the study area.
Resampled data sets based on pure geographical strati-
fication would probably better reflect environmental
gradients in heterogeneous rather than homogeneous
areas.

Unlike the geographical stratification, habitat strati-
fications led to classifications which were different
both from each other and from the randomly resampled
initial data set. The data sets resampled within strata
based on the overlay of digital maps (GIS) produced
classifications that were most similar to those of ran-
domly resampled data sets (RAN) (Fig. 1), however,
they strongly differed in temperature requirements of
the resulting clusters (Fig. 2). This is not surprising,
given that the mean annual temperature was used to
define strata in GIS. However, it is striking that the
clusters based on GIS stratification were poorly differ-
entiated with respect to soil nutrient status. Obviously
the scale of the digital map of potential natural vegeta-
tion was too coarse to reflect the fine-scale mosaic of
habitats with different nutrient availability. The same
result would probably be obtained if we used soil or
bedrock maps, because the units of potential natural
vegetation are often delineated according to the bounda-
ries between different soil or bedrock types.

Habitat stratification by phytosociological associa-
tions (ASS) resulted in classifications that deviated the
most from the others (Fig. 1). Their clusters strongly
differed with respect to temperature and also to soil
reaction (Fig. 2). This pattern may result from the intui-
tive judgement of the traditional phytosociologists, who
perhaps tend to over-emphasize the variation along the
altitudinal gradient (lowland vs montane communities)
and the soil reaction gradient, although these two gradi-

ents may not be the most important for the species
composition of the studies.

Habitat stratification by numerical classification
(NUM) led to classifications that were intermediate
between classifications based on GIS and ASS strati-
fications (Fig. 1). NUM is an iterative classification
technique, in which the first classification is used to
provide strata for resampling and the classification of
the resampled data set is accepted as a final output. We
believe that it has the potential to produce robust results,
especially if more than two iterations are used, but
further study is needed to explore its performance in
more detail.

Habitat stratification by Ellenberg indicator values
(ELL) led to different classifications than other habitat
stratifications: they were more similar to the classifica-
tions based on geographical stratification (Fig. 1) and
emphasized the differences in nutrient availability (Fig.
2). This suggests that ELL stratification is perhaps the
most efficient for describing vegetation heterogeneity
controlled by the environmental factors that form fine-
scale mosaics. Downweighting of temperature differ-
ences due to this stratification reflects a narrow tempera-
ture range within the study area, which is further nar-
rowed by the absence of the studied vegetation type
(mesic grassland) in both the warmest and the coolest
areas.

There seems to be no single, optimal resampling
strategy, as there is no such strategy for field sampling.
Hirzel & Guisan (2002) proposed a basic dichotomy
between the equal-stratified sampling and the propor-
tional-stratified sampling. The former uses a constant
number of sampling sites in each habitat, while the latter
selects the number of sites in each habitat proportionally
to the habitat area. Our resamplings based on habitat
stratifications approximated the equal-stratified sam-
pling, combinations of the habitat and geographical
stratification were closer to the proportional-stratified
sampling, and the pure geographic stratification was
similar to the combination of systematic and random
sampling (random selection of relevés within systemati-
cally placed quadrats).

The most pronounced effects on the resulting classi-
fications were obtained with pure habitat stratifications.
Different kinds of habitat stratification, however, pro-
duced contrasting results. GIS stratification led to clas-
sifications that emphasized the differences in those en-
vironmental factors, which are variable on coarse spa-
tial scales (temperature), while stratifications based on
species composition (ASS, NUM, ELL) also reflected
factors that tend to be variable on fine scales (e.g.
nutrients). This result is also relevant for planning new
field surveys, where environmental landscape stratifica-
tion with GIS is increasingly used as a guide to site
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selection (Austin & Heyligers 1989; Stohlgren et al.
1997; Grabherr et al. 2003; Smart et al. 2003). Our
results suggest that the data from GIS-planned surveys
may over-estimate the heterogeneity due to coarse scale
environmental factors. By contrast, factors that fre-
quently change at small distances may be under-esti-
mated, even though they may impose a strong control on
plant communities, such as nutrients that depend on the
position of the meadows in microtopography of river
floodplains or on the input of artificial fertilizers in
some places. If the heterogeneity due to fine scale fac-
tors is of interest, stratified resampling of the existing
databases can yield, under certain circumstances, even
more representative data sets than new field sampling
according to some statistical plan.

In conclusion, stratified resampling can increase the
representativeness of phytosociological databases,
mainly by removing redundant relevés from oversampled
areas or habitats. However, it can hardly provide a fully
representative data set, because some areas or habitats
are probably under-represented or missing already in
the source database. Ideally, resampling should be com-
bined with a gap analysis and subsequent additional
field survey. In any case, specific strategies of both
database resampling and field sampling should be se-
lected carefully with respect to the aims of individual
studies: different strategies may result in classifications,
which reflect different environmental gradients.
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