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Abstract Analgorithm of automatic classification is proposed
and applied to a large collection of perennial ryegrass wild
populations from Fraice. This method is based on an ascend-
ant hierarchical clustering using the Euclidian distance from
the principal components extracted from the variance-
covariance matrix between 28 agronomic traits. A contiguity
constraint is imposed: only those pairs of populations which
are defined as contiguous are grouped together into a cluster.
The definition of contiguity is based on a geostatistical par-
ameter: the range of the variogramme, i.e. the largest distance
above which the variance between pairs of population no
longer increases. This method yields clusters that are generally
more compact than those obtained without constraint. In
most cases the contours of these clusters fit well with known
ecogeographic regions, namely, for macroclimatic homogene-
ous conditions. This suggests that selective factors exert a
major influence in the genetic differentiation of ryegrass popu-
lations for quantitatively inherited adaptive traits. It is pro-
posed that such a method could provide useful genetic and
ecogeographic bases for sampling a core collection in wide-
spread wild species such as forage grasses.

Key words Genetic resources * Lolium perenne L. - Ecotypic
variation + Spatial variation - Core collection

Introduction

Plant species such as forage grasses, legumes or forest trees are
present in nature as large numbers of wild populations. This is
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also seen in some wild relatives of domesticated crops like
cereals and vegetables. These wild populations can represent
useful genetic resources for the improvement of culti-
vated species and they have been intensively collected in last
decades.

It is obviously unrealistic to collect and to conserve
samples of every population. Furthermore, the size of a collec-
tion, which must be regularly multiplied in order to become
freely available, is limited, in the outbred species,
by the number of isolation facilities required. The concept
of “core collection” proposed by Brown (1989) would be very
useful for this reason. As forage plants are relatively undomes-
ticated, many populations may have interesting characteris-
tics. The aim of core sampling is to gather a representa-
tive sample of the ecotypic variation present in the whole
collection.

Multivariate analyses and, in particular, clustering
methods provide a scientific basis for sampling a core (Peeters
and Martinelli 1989). In wild species, however, this variation is
known to be influenced both by ecological and geographical
factors, the former being a possible source of selection pressure
while the latter may cause isolation-by-distance. Therefore,
Pecters et al. (1990) have suggested the use of ecogeographical
data in the exploitation of variation. These authors suggest
that simple geographic data may offer an effective method for
stratifying and sampling variation in germ plasm collections.
In the same way, Weltzien (1989) found geographic grouping
to be as effective as grouping based on similarity for mor-
phological traits in distributing the variance for quantitative
traits among and within groups of barley landrace popula-
tions from the Near East.

Several methods have been put forward to handle
geographic data and quantitative traits together. Gabriel and
Sokal (1969) proposed a method for partitioning an area into
regions, with populations being homogeneous within each
region but differing from one region to another. They defined
the concepts of contiguity and connectedness. Other authors
have proposed methods of hierarchical clustering with a
geographic contiguity constraint (Lebart 1978; Monestiez
1978; Perruchet 1979). These methods lead to clusters more
readable on maps than hierarchical clustering used alone.



They are useful in all situations where individuals are geo-
graphically defined and a contiguity can be defined, such as
geology, economy or population genetics.

This paper describes the application of these methods to an
extensive collection of perennial ryegrass populations from
France.

Materials and Methods
Collection of populations and evaluation designs

The collection and evaluation designs have been fully described by
Charmet et al. (1990). It could be useful, however, to recall the main steps.
Eleven teams of private breeders or INRA workers collected seed samples
throughout continental France in the summer of 1983 and 1984. Each
year, each team methodically prospected one administrative region and
sampled wild ryegrass as regularly as possible in order to obtain an
extensive sample of the possible variation of the natural species. On each
collecting site, seeds from at least 50 plants were taken from an ecologi-
cally homogeneous area of 100—1000 m?. These conditions are supposed
to yield a sample of seeds representative of the original panmictic popula-
tion (Yonezawa 1985; Tyler 1987). Information about collection sites was
taken at the time of collection: general habitat, grassland management,
latitude, longitude and altitude. Seeds of all plants were bulked, without
balancing for the contribution of each plant, then divided into 12 equal
amounts for evaluation.

In total, 226 populations were collected in 1983 and evaluated from
1984 to 1986; 321 others were collected 1 year later and studied from 1985
to 1987. Wild ryegrass populations were evaluated in 12 different loca-
tionsin France, either as turf plots or as spaced plant nurseries. This paper
only deals with the spaced plant evaluation.

In each location, 30 plants of each origin were put into the field in the
spring (April or May) in a randomized three-block design with six control
cultivars (namely, cvs ‘Mantilla’, ‘Sisu’, ‘Préférencé’, “Vigor’, ‘Manhatan’,
‘Idole’) as elementary plots of 10 plants at 40-cm spacing. The nurseries
were cut two or three times during the establishment year to allow diseases
to develop, then frequently (every 3-4 weeks) in the second year to
simulate a rotational grazing. Subsequently, all plants were cut the same
day at each location whatever their developmental stage. As a result, most
observations were made outside the sexual cycle, e.g. in early spring and
later on during vegetative regrowth. Finally, the plants were allowed to
flower in the last year to avoid seedling contamination.

Ten traits of agronomic interest were observed during the 3 years,
most of them being scored visually on a 1-9 scale. These traits were
described in the following ways:

During the sowing year

1) the ability to produce spikes in the year sown (1 =no spikes to
9 = many ears per plant)
2) growth habit in autumn: (1 = erect to 9 = prostrate)
3) crown rust susceptibility: (1 = resistant to 9 = heaviy damaged)
During the first year after sowing

4) frost susceptibility (1 = no change to 9 = dead)

5) early spring growth (1 = weak to 9 = vigorous)

6) aftermath heading (1 = none to 9 = many ears and few leaves in
the regrowth)

7) summer aspect (1 = dried to 9 = green and vigorous)

8) autumn regrowth (1 = weak to 9 =vigorous)

In the second year after sowing

9) persistence: (1 = dead to 9 =fully living plant)
10) heading date: (date of ear emergence, fron January 1st).

Statistical development

An analysis of variance was performed using the model:

X=MU+YE+LO+ YELO+ YELO.BL+ PO + LO.PO + EPS
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where MU is the overall average, YE is the main year effect, LO is the main
location effect, YE.LO is the year-by-location interaction, YE.LO.BLis the
block, hierachized within YE.LQ, effect, PO is the main population effect,
LO.PO is the population x location interaction and EPS is the residual
eIror.

This analysis allowed us to identify two kinds of agronomic traits. The
first set of traits are those related to reproduction development: ability to
flower in the year sown, growth habit, aftermath heading and date of ear
emergence. These traits are quite stable from one location to another, and
thus the overall population means MU + PO (adjusted in this way for
year effects) are meaningful descriptors. The other traits, 1.e. vigour and
susceptibility scores, show high levels of population x location interac-
tion. A breakdown of these interactions using a multiplicative model
(Mandel 1971)indicated that four locations out of nine summarize most of
the population x location interactions.

Thus, a complete description of these sets of ryegrass populations
requires the use of 28 initial variables, i.e. population means for four
“stable” traits and 24 combinations of 4 locations x six traits for the
interactive ones. Clearly this indicates that the use of multivariate
methods such as principal component analysis can be useful in reducing
the size of the data and therefore the complexity of their interpretation.

This has been done by Charmet etal. (1990), who carried out a
hierarchical clustering method using the first six principal components in
order to group the 547 wild populations into more homogeneous classes.
However, most of the clusters obtained in this way group populations that
are not located in a restricted geographic area. Such a “geographic”
grouping can obviously be obtained by crossing the former hierarchical
clustering with a regional partition.

Another method, called “hierarchical clustering with geographical
contiguity constraint” has been developed by statisticians for use in
geography, economy and geology (Monestiez 1978; Perruchet 1979}. This
problem of regional clustering has also been addressed by Fisher (1978),
Lefkovitch (1980) and Felsenstein (1983). We used the computer package
of Lebart (1978) in this study. The principles of this method can be
summarized as follows. A contiguity matrix is built with every individual
to classify by row (here the populations of ryegrass), and each row
contains the list of individuals that are considered to be contiguous with
the former population. This representation is equivalent to that of the
theory of the graph, populations being thus the edges of a contiguity
graph. A distance or similarity index is defined between every pair of
populations. In our study the standard Euclidian distance was used. In the
common hierarchical clustering the two closest populations are gathered
into the first cluster. The contiguity constraint is quite simple: only those
populations will be permitted to cluster that are declared to be contiguous
in the matrix (i.e. along the graph). When two populations have been
grouped into one cluster, both the distance matrix and the contiguity
matrix are re-estimated. Here the incremental sum of squares is used as an
aggregation strategy, and the new contiguity matrix simply consists of the
fusion of the rows of the populations that have been grouped. In this way
the contiguity is transmitted from step to step within the whole set of
populations, which can thus be grouped in a unique cluster if no other
constraint is imposed as, for instance, a maximum number of populations
within each cluster.

It should be noted that contiguity has not been defined here in the
classical way used by geographers. In the case of entities such as districts,
contiguity is easily defined when two districts have a common border. In
the case of collection sites of natural populations such a definition cannot
apply, since the area of each site is not well defined and the sites are often
much smaller than districts. For this reason we have utilized another
definition, where every population within a certain radius centred on a
given population is declared to be contiguous to this population. The
radius can either be chosen arbitrarily (for example to give quite a
constant number of contiguous pairs at each row of the contiguity matrix)
orbe based on a geostatistical basis. Monestiez et al. (1994) established the
variogrammes for some agronomic traits of this collection, i.e. the graphs
of V(X), the variance among all populations that are in a given class of
distance x from each other, as a function of x. They found these vario-
grammes to have range of 120km, that is the variance between popula-
tions reaches its maximum value for populations 120 km distant from
each other.

In the study discribed here, we have chosen a radius of 60 km, which is
half the range of the variogramme. As a result, the variance between all
pairs of contiguous populations is about half of the total variance between
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populations for most traits. In order to allow a comparison with the
previous classification of this collection, the same ratio of between cluster
variance to total variance (approximately 0.5) was used to determine the
level of clustering. In fact, the number of clusters is greater than what was
described in the previous study for the same variance ratio because of the
contiguity constraint, which often leads to several clusters having similar
agronomic characteristics but not being located contiguously on the map.
This method resulted in 25 contiguous clusters, while the unconstrained
hierarchical clustering method produced 11 clusters.

Results

The spatial variation of some agronomic traits is illustrated in
Fig. 1. While a trait such as “ability to flower in the year
sown”, which denotes an “annual habit”, decreases from south
to north along a cline, most of the other traits show a more

Ability to flower in year sown

“patchy” structure. In some instances it can be verified that the
scale of this patchiness is related to the range of the vario-
grammes (Monestiez et al. 1994), which confirms the choice of
the contiguity radius as an appropriate distance. It appears
difficult, however, to establish a clear-cut geographic partition
based on only one given trait. The multivariate approach
seems therefore justified.

The results of the constrained hierarchical clustering
method are illustrated in Fig. 2. While most of the clusters are
located in quite compact areas on the map, some of them
show a “chaining” effect that is due to the contiguity definition
used.

Fig.1 Spatial variation of some agronomic traits in perennial ryegrass
populations. The size of the symbols is proportional to the population mean
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A table showing the cluster means for 28 agronomic traits
compared with overall means and the means of control cul-
tivars is available on request as its size is too large to be
published. This information can either be presented graphi-
cally asin Fig. 3 for some traits or summarized by multivariate
techniques such as principal component analysis. In Fig. 4, the
barycentres of the 25 clusters are plotted on the Cartesian
graph of the first two principal components, which explain
40% of the total variance. The first component is positively
correlated with heading date and negatively correlated with
non-vernalized flowering ability, aftermath heading and frost
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Fig. 2 Maps showing locations of 25 clusters obtained by hierarchical
clustering with a contiguity constraint

susceptibility at the mountain evaluation site. The variance for
component two can be explained by frost susceptibility at
different sites (negative correlation), spring growth at Rodez
and Bourg Lastic and most of the summer and autumn growth
and persistence scores. This component could possibly be
used as an alternative selection index (Godshalk and Timothy
1988) as it enables the rapid identification of the most promis-
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Ability to flower in year sown
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ing clusters for use in breeding of new varieties. When only
considering the late-flowering material (corresponding to
cluster 10 in our previous study {Charmet et al. 1990) no fewer
than 5 clusters have valuable populations: cluster 11, 16, 19, 24
and 25).

Discussion and Conclusion
The compactness of the clusters

The method presented here clearly succeeded in obtaining more geogra-
phically “compact” clusters than did the usual non-constrained method. It
is important to note that this compactness cannot be obtained with the
non-constrained method simply by requiring a higher number of classes.

In most cases (22 clusters out of 25), the size of each cluster is of the
same magnitude as the scale of patchy variation of individual variates
evidenced by MONESTIEZ et al. (1994). However there are two remain-
ing weaknesses with the proposed classification. As contiguity is transmit-
ted from place of place in a “stepping-stone” model, widespread clusters
are obtained in some instances {cluster 4,8 and to a lesser extent, cluster
16). Clearly, clusters 4 and 8 could have been divided if more clusters had
been required, or if an upper limit on the size of a cluster had been
imposed. We note that these “large clusters” group the less differentiated
populations as shown by the central location of their barycentres in Fig, 4.
It could, therefore, be somewhat artificial to obtain only compact clusters
when a background of few differentiated (i.e. from the overall mean)
widespread populations reflects the actual situation. Our only guideline
for choosing the clustering level was the ratio between cluster variance
and total variance, which was about 0.5.

Interpretation of contiguous clusters

The findings of this study are less easy to interpret than when
clusters obtained “freely” are closely associated with a specific

Cluster

Fig.3 Within and between cluster variation of some agronomic traits

geographic factor, as in the case of barley landrace popula-
tions from the Near East (Weltzien 1989) or, to a lesser extent,
the case of perennial ryegrass populations from Italy (Fal-
cinelli et al. 1988). Another approach would be the use of
multivariate techniques such as canonical analysis to confirm
the usefulness of an a priori geographical grouping, for
example by country of origin (Erskine et al. 1989). None of
these approaches has proven to be valuable in this collection
of perennial ryegrass populations from France. Keeping in
mind that the formation of the clusters from contiguous
populationsis based on their similarity for agronomic traits, it
1s however remarkable that many cluster limits fit some
macroclimatic borders extremely well: e.g. wet-mild south-
west (cluster 1), Mediterranean and Rhone valley (cluster 3),
French Riviera (cluster 18). Thus, a strong effect of natural
selection caused by the macro-environment on a regional
scale, especially by climatic factors, may be postulated to
explain most of the 25 contiguous clusters. This is more
evident for some clusters than others, for example, clusters 20
and 22, in which the sinuous border contours actually relate to
a specific altitude.

The average size of cluster area may be related to the
maximum distance of gene flow that leads to the homogeniz-
ation of the genetic background of the populations (Sokal and
Oden 1978).

The probable influence of natural selection on the ag-
ronomic traits of this ryegrass collection has been reported by
Balfourier and Charmet (1991). Why this influence did not
appear at the multivariate level on the location of non-



47

Fig.4 Barycentres of the 25 con- 1
tiguous clusters plotted on the
graph with principal component 1 c17 VIGOR
as the X axis and principal compo-
nent 2 as the Y axis T 9
£ PREFERENCE
2 c20 cie
Q
K] ©12 yanTiLLa
7 ci3 sisu
Q
E
£ cz23 co
3 ofz
<] cti
@ cie
£
= c22 cs
;= cascas
5 o cs oo
= c21
o
5 ot c6
o
=
[} c7
a
=
Q c3
&)
-l
< 0 c18
oL 9o 7
(@]
p=s
T
a
c2
I I f [ I
-1.0 -0.5 0.0 0.5 1.0

constrained clusters may be explained by evolutive conver-
gence leading to similar phenotypes amongst genetically dif-
ferentiated populations from separate regions.

The influence of non-macroclimatic selective factors,
such as the type of habitat, soil or grassland manage-
ent, cannot be excluded. It would be very interesting,
for example, if such a factor discriminates between clusters
4 and 8 in central France. The chief influence of a regional
macroclimatic factor would explain why these “micro-
environment” factors show little significant relationship
with agronomic traits when test-ed on the whole collec-
tion. Unfortunately we found few relationships between clus-
ters and microenvironmental factors, with the notable excep-
tion of clusters 12 and 17, which group populations from
grassland only, while populations from the other clusters
come either from grassland or from unmanaged areas such as
roadsides.

In conclusion, our method leads to clusters of populations
with similar agronomic characteristics, which in most cases
present a quite compact grouping and fit to known macrocli-
matic entities. This regional grouping was not obtained arbit-
rarily, but is based on the Euclidian distance from agronomic
traits. Since the distance is computed from principal compo-
nents that are extracted from a variance-covariance matrix, it
provides an estimate of genetic divergence of populations for
quantitatively inherited traits (Humphreys 1991). Moreover,
the choice of the agronomic traits takes into account the
genotype x environment interaction.

PRINCIPAL COMPONENT 1 {late heading,few aftermath heads...)

The geographic contiguity constraint helps to find areas
inhabited by a unique cluster of populations, thus clearing the
map of small-scale variation that can be considered to be
background noise. Indeed, a larger number of classes has to be
considered than when non-constrained clustering is used. This
constraint may appear to be somewhat artificial. However, it
is based on a geostatistical basis, the maximum distance for
linking populations by the contiguity relationships being half
of the range of the variogrammes for agronomics traits. This
choice is consistent with the choice of between cluster variance
over total variance of 0.5 for the clustering level. Indeed, this
definition of contiguity is both wide (in comparison with the
usual definition) and rigid, having a yes/no basis. Recently,
Oliver and Webster (1989) proposed another more sophisti-
cated method of spatially constrained classification where
contiguity is replaced by a spatial weighting using the par-
ameters of the variogrammes.

The use of this classification

The geographically constrained clustering succeeded in or-
ganizing a large, extensive collection of a widespread sponta-
neous forage species, perennial ryegrass, into a set number of
clusters that are clearly identified by both their agronomic
behaviour and their geographic location. As stated in the
introduction, such a classification provides a useful basis for
setting up a core collection. Genebank curators require that a
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Fig.5 Map of sites and habitats of the populations from the core
collection. Habitat: [] roadside, A path, B fallow, A meadow

core collection is as representative as possible with regard to
agronomic traits (conventional clustering) and in the case of
wild species, to geographic origin. The proposed method
makes core sampling easier as an adequate representation of
every cluster will ensure that both of the above requirements
are met.

In order to obtain a core of 20% from the whole collection
(111 out of 547 populations), from 2 to 12 populations have
been sampled from each cluster (depending upon its size) and
multiplied in field isolation between 1988 and 1993 (Fig. 5).
The list and passport data of populations of this core are
available on request, and seeds will be freely distributed at the
end of the regeneration scheme. Maps or graphic representa-
tions similar to Fig. 4 for all agronomic traits can also be
obtained. An in-depth evaluation of this core collection, in-
cluding yield and adaptation trials at several locations will be
carried out, hopefully in the form of a European co-operative
programme.

An electrophoretic survey of isozyme loci is being generated
from the core populations (Charmet et al. 1993). The purpose
of this survey is to demonstrate the structure of within and bet-
ween population differentiation for neutral genes, and it
would be particularly useful in elucidating the genetic basis of
conti- guous clusters by computing Wright’s statistics (Wright
1978).

Other uses of the core collection include the formation of
bulk populations either for conservation purposes (Guy et al.
1990) or for genetic improvement by recurrent selection.
Further results will involve both isozyme markers and quanti-
tative genetics parameters.
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