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THE MEASUREMENT OF HORIZONTAL PATTERNS IN
VEGETATION: A REVIEW AND PROPOSALS FOR MODELS

;. Bouxin, rue des Sorbiers 133, B-5101 Erpent, Belgium

Keywords: Horizontal pattern, Distance, Models, Monespecific. Non-parametrical tests, Plurispecific, Sampling, Vegetation

Abstract. General reviews of the concepts of pattern, of sampling methods, of the problems of scale and
of the models for pattern analysis of grid and distance data are first presented. Models are then proposed.
Tests for monospecific patterns, a sequential model associated with multivariate analyses for multispecific
patterns, least-squares mapping associated with a distance technique, and complementary tests for distan-
ce patterns are presented. A discussion of future directions in pattern analysis concludes the text.

Introduction

Phytosociological associations and other community-
types are described by means of the species composi-
tion of vegetation - and concurrently or alternatively
by environmental, phystognomic, structural or other
characteristics - but with always the same objective of
analytically superposing biotic and physical characte-
ristics of similar dispersions. Pattern analysis is a fun-
damental tool of this, most obviously in vegetation
studies concerned with the ground arrangement of
plants.

There are many techniques to idendify horizontal
patterns. I attempt to organize these and describe them
in a systematic manner. However, [ do not plan to co-
ver all techniques of pattern analysis, only a concise
treatment of typical methods used for identification of
pattern in the horizontal arrangement of plants. I will
consider the concept of pattern, problems of scale, and
sampling methods. A large part of the paper is on com-
mon mathematical models, The problems linked to pat-
tern recognition are several: How to define pattern?
What are the components? Which sampling frame is (o
be used? Which technique is suitable for a specific ob-
jeetive? Which null hypothesis is appropriate? What is
the place of pattern analysis in vegetation study? I at-
tempt to answer theses questions in the sequel.

Concepts of pattern

Pattern as used here is concerned with the horizon-
tal dispersion of plants. Simply defined in Kershaw
(1964) it is the spatial arrangement of individuals of a
species. In Greig-Smith {1979) pattern is a state of the
arrangement when it departs from randomness, with
the latter regarded as the exception, irrespective of arca
size. In some circumstances, Greig-Smith (1979) speaks
of ‘distribution pattern’, in others, ‘spatial heterogenei-
ty’. Pielou (1977) observes frequent confusion in this
usage of ‘distribution’ and ‘arrangement’ which, she
warns, must be avoided. According to her, ‘distribution’
shuld be used in its statistical sense, restricted to the

states of a variate which have a distribution, but not
applied to describe the ground pattern of organisms
which may form clusters, patches, clumps, aggregates,
etc. Others give more genceral definitions. For example,
Orléci (1988) considers pattern as the manner of arran-
gement in spacestime applicable to obiects and relation-
ships. Upton and Fingleton (1985) defines pattern as the
zero-dimensional characteristic of a set of points which
describes point locations in terms of the relative distan-
ces of onc point to the next.

To Piclou (1977), two distinct features of pattern are
important: intensity and grain. ‘Intensity’ is the extent
to which density, or some other property, varies from
place to place. In a pattern of high intensity the densi-
ty differences are pronounced, that is, dense phases al-
ternate with sparsely populated zones. When intensity
is low, the density contrasts arce slight. ‘Grain” has to
do with the size of the pattern units {(clumps or patches)
and is independent of ‘intensity’. Some studies [ocus
on ‘grain’ (Forgeard and Tallur 1986), leaving other fea-
turcs of pattern unexplored. [t is to be noted that only
simple patterns, such as aggregates, clumps, are com-
pletely defined by intensity and grain. Mostly, pattern
is more complex and the notion of grain vanishes. For
an efficient definition, a complex pattern requires de-
scription of its intensity as well as type, such as aggre-
gate, clump, gaped, density variant, gradient type or
a complex of these.

The pattern concept has been extended to environ-
mental variables for which Kershaw (1958) and others
(sec Greig-Smith 1983, p. 88 et seq.) applied the methods
of monospecific pattern analysis. The concept of pat-
tern is, however, not limited to monospcecific popula-
tions. It also applies to clearly defined community units
such as associations, forest types, and other groupings.
A multispecific pattern exists when two or more spe-
cles have similar dispersions. In all cases, the pattern
observed depends on the ground scale used, i.e., the
sampling unit size and the area sampled. Multispecific
pattern is especially sensitive to the scale effect. The
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concept of multispecitic pattern is important in phyto-
sociology, since it provides a rigorous base for the de-
finition of communities.

The study of causal factors and mechanisms are ve-
ry important to understand pattern. However, this ficld
will not. be reviewed beyond reference to work presen-
ted in Bouxin and Gautier (1979, 1982), Duvigneaud
(1983), Gimingham (1978), Greig-Smith (1979), Kershaw
(19634), Pielou (1960 and 1961), Phillips and MacMahon
(1981), Upton and Fingleton (1985), Watt (1947, 1981a,
b), and Yeaton and Cody (1976) who treat the topic.

Sampling for pattern

To characterize completely the sampling procedure,
one must state the size and shape of the sampling unit,
the type of recorded data, and the characteristics of the
sampling frame. Different kinds of sampling units, da-
ta and frame have been used in pattern analysis. In the
simplest case, the sampling units are equivalent to di-
serete habitable sites (Pielou 1977), such as the tree
branches on which some caterpillar nests. Each branch
constitutes a natural sampling unit. This case does not
occur frequently in vegetation work, although the di-
spersions of the parasitic Loranthaceae represents an
analogous example. Others include epiphytic plants
(moss, lichen, fern, orchid, or other). The site is always
a4 map locality where parameters are recorded.

Upton and Fingleton (1985) emphasize the differen-
ve between point pattern and quantitative data. For
exatple, point patterns are usually analyzed based on
counts within quadrats. Patlerns of other types, such
as spatial correlation pattern, usually use quaniiiative
data in which the individual values (states a variable)
are associated with fixed localities in logical progres-
sion, sueh as on a transect.,

The quadrat is the most frequently used areal sam-
Ming unit; numerous examples for its use are mentio-
ned by Chessel and Gautier (1984). Generally, it is
square shaped. One plant organism can cover several
neighbouring quadrats, which is not necessarily a draw-
back if the morphological properties are known. Using
quadrat as the unit, many variables can be scored or
measured: presence-absence, density {organisms, stems,
shoots) cover, dry biomass, mean diameter, mean length
of stems, fruit weight, number of leaves, leal length,
leal width, soil depth, topography, water table level,
salinity, ionic ratio, and many others such as, for in-
stance, visual estimations of abundance-dominances
{sec also Chessel and Gautier 1984).

The sampling unit may also be a point, 4 pin or a li-
ne scgment. Kershaw (1958) used point quadrats for
taking contiguous cover readings along a transect. With
4 frame, the readings arve taken at intervals, sometimes
assmall as 1 ¢m along # transect. Examples and simpli-
fied variants are described in Anderson (1961), Bouxin
(1974}, Corre and Rioux (1969), Forgeard and Tallur

(1986) and Poissonet (1969, in Chessel et Gautier (1984).
Recordings based on points, crosshairs, or needles, may
seem tedious, but are adaptable to rather large survevs
as shown by Bouxin (1975). Line segments are also used
by many {¢.g. Lecompte 1973, Thiébaut 1976) to record
different types of data. With points, presence data are
obtainable. In addition, from a point distances can be
measured Lo the first, second, third, or n“‘ nearest
neighbour plant (Thompson 1956). The point may stand
frec or be defined as the center of stem (Galiano 1982h).
With a pin, contacts with plant parts are counted but
the number of contacts is influenced by the diameter
and the inclination of the pin, and of course, by the
wind (Goodall 1952, Gounot 1969, Kershaw 1958 and
Warren Wilson 1959). The technique called *‘specific
contact contributions™ allows accurate description of
the vertical vegetation structure, especially in heath-
land (Forgeard and Tallur 1986).

It is now clear that random siting of the sampling
units is not well adapted to pattern analysis (Chessel
1978, p. 53). The intensity of pattern can be estimated,
but nothing precise can be deduced about the type of
pattern. Indeed, the variability of density is affected
by quadrat siting. With random sampling, the portion
of information duc to relative position or distance va-
nishes. Random selection of quadrats is common {e.g.
Heltshe and Ritchey 1984). A method of quadrat siting
was developed by the Braun-Blanguet school for typi-
fication, but not recommendable for analysis of ground
pattern.

The most. classical sampling design for pattern ana-
lyses uses a grid of contiguous quadrats. In some me-
thods (e.g. Greig-Smith 1452) the number of quadrats
is a power of two. The rectangular grids and narrow
transects of various sizes are also used. The repetition
of the same sampling frame in neighbouring sites gives
results less dependent on the site location or on the star-
ting point. Many modifications are possible. For exam-
ple, a linear application is found in Bouxin and Le
Boulengé (1983) along a 22 ki stream divided into 182
contiguous sections. Patterns are also definable with ir-
regularly spaced quadrals or points, provided that the
position of the sampling units is mapped. lowever, in
the latter, pattern type and intensity are not so clearly
defined as with regularly placed quadrats. Bouxin
(1983) presented an example of savanna vegetation,
The random placing of points for cover or distance mea-
surements is no more recorumended than the random
placing of quadrats. In addition, the accurate placing
of points in dense forest vegetation is very difficult. Pie-
lou (1977 pointed out that one cannot obtain a random
sample of the individuals in a population by selecting
those that are nearest to random points. The latter pro-
cedure gives a biased sample in which relatively isola-
ted individuals are over-represented. Regular placing
of points along lines is preferred. In vegetation with re-



cognizable plant individuals (analogous to points), such
as the annuals, most shrubs or trees, the organisms’ lo-
cations are casily mapped (sce least-squares methods
in Rohif and Archie 1978), possibly based on aerial pho-
tographs and a coordinate digitizer (Franklin et al,

- 1985). Forest mapping of tens of hectares or more is
now possible, IHowever, precaution must be taken as
regards the growth patterns of some plants which re-
sult in the overfap and fusion of separate individuals
Lo form a clump that cannot be distinguished from that
produced by a single individual (Cox 1987). The inabi-
lity to distinguish intimately fused individuals creates
a bias toward perceiving uniformity, such as in the tech-
niques of dispersion analysis based on theory relating
to the dispersion of dimensionless points.,

Problems of scale

In analyses of pattern over small areas, it soon be-
comes evident to the observer that the concelusions
could be dependent on the size and sometimes on the
shape of the sampling arca and unit. Greig-Smith (1964)
gave an example with a map showing patches of higher
density imposed on a general dispersion pattern at lo-
wer density. When this map is sampled with quadrats
of varying sizes, the results show that the pattern ap-
pears to be random with small quadrats and with large
quadrats, but non-randomness appears with quadrats
of intermediate sizes.

Regular pattern cannot be detected with very small
quadrats, In general, the larger the quadrat, the more
distinct the departure from random expectation will ap-
pear, up o a point. Indeed, as quadrat size approaches
the size of the patches, or the lacunae, the variance re-
lative 1o the mean will rise sharply. The real problem
is, of course, not the detection of non-randomness
which is general, but the detection of the scale or sca-
les at which non-randomness oceurs. So it becomes pos-
sible to relate some environmental factors to the scales
of the detected non-randomness (Kershaw 1964). The
problem of scale logically led to the analysis of grids of
quadrats, and Lo forims of geometrical sampling. Consi-
dering only the phancrogams, patterns have been re-
vealed at much varying scales, starting from several
centimeters (as for annuals) (o large geographical areas.
Examples are found in Bouxin (1975, 1976, 1977 and
1983). Bouxin and Gaulticr (1979, 1982). Bouxin and Le
Boulengé (1983), Chessel and Donadieu (1977), Greig-
Smith and Chadwick (1965), Lamont and Fox (1981),
Mottt and McComb (1974).

Models for pattern analysis

Most approaches to the problem of pattern analysis
refer to detection and measurement of the departure
from randomuess. A standard method consists of rela-
ting an obscerved number of individuals per quadrat to
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the expected number derived from the Poisson series,
A distribution is said to be Poisson when individuals are
random dispersed in the available environment. Pattern
may depart from random by being contagious when in-
dividuals are clumped together, or regular when indi-
viduals are scattered evenly on the ground. For these
pattern types, the terms overdispersed and underdi-
spersed were used, which lead to confusion (Greig-
Smith 1964). The analytical scheme is classical: in a set
of randomly placed quadrats, the number of individuals
is recorded and the observed distribution is compared
to the Poisson. Indices may be caleulated and tested
against the null hypothesis of random dispersion. Exam-
ples are found in Aberdeen (1958), Ashby (1935), Black-
man (1942), Clapham (1936), David and Moore (1957),
Fracker and Brischle (1944}, Lefkovitch (1966}, McGin-
nies (14:34), Numata (1949 and 1954), Upton and Fin-
gleton (1985) and Whitford (1949). Indices of
aggregation, calculated from data obtained by sampling
with quadrats of one size. are all measures of pattern
intensity, such as Lloyd’s (1967} index of patchiness,
Morisita’s (1959) index of dispersion [, or David and
Moore's (1954) index of clumping. The deficiencies in
the tests were clearly pointed out by Mead (1974): ‘First,
arising partly out of the difficulty of specifying reali-
stic nonrandom patterns, the behaviour of these various
test statistics under alternative hypotheses of nonran-
dom arrangements of plants is usually only intuitively
understood. Secondly, and more seriously from the cco-
logist’s point of view, the tests can only detect patterns
of one scale”. It is ironic that pattern analysis had to
be dominated by the triumvirate of concepts: random,
regular. contagious, All knows that random and regu-
lar dispersions are upcommon.

Upton and Fingleton (1985) explored alternative pat-
terns, but they encounter only a limited number.
Among them, the generalized and compound distribu-
tions have been propounded. With generalized distri-
butions, it is supposed that groups or clusters of
individuals constitute the entities having a specified
pattern and that the number of individuals per group
is a random variate with its own probability- distribu-
tion. Two distributions are well-known: Neyman type
A or Poisson-Poisson, and the negative binomial or
Poisson-logarithmic. With compound distributions, the
cxpected number of individuals varies from unit to unit.
An example is the Pearson type III distribution. Infor-
mation about compound distributions can be found in
Gérard (1970) and Piclou (1977). Once aggregation, or
contagion, is detected at one scale, then it is likely to
be present on numerous scales in any one site. Kershaw
(1964) pointed out that the mathematical parameters
cmployed to define the distribution and generate the
series have no ecological meaning, or at least it is im-
possible to relate known ecological factors to these pa-
rameters. The preceding approaches are therefore of
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little use for the ecologist.

Historically, the sampling technique is a key step in
the methodology of pattern analysis. A grid of conti-
guous quadrats is used by Greig-Smith (1952). In this,
each side of the grid is divided into 2 number of units,
which is a power of 2, and the number of individuals
per grid unit {(block) is counted. An analysis of varian-
ce of the data is performed, the variance partition being
nested between the different blocks. The pattern graph
relates the variance to block size. The different scales
of pattern appear as peaks. The block size at these cor-
responds to the mean area of the clumps. Many exam-
ples and references were given by Greig-Smith (1979)
who applied the method to plants (with densities, fre-
quencies, cover estimations, dry weight) and to envi-
ronmental variables (exchangeable soil cations, % clay
or silt, soil depth). The confidence lirits for the varian-
ce/mean ratio were derived by Thompson (1958) and
used by Greig-Smith (1961, 1964}, but the presence of
high aggregation or a large number of empty quadrats
in a grid are conditions which prohibit the use of these
limits. Finally, the division by the mean produces non-
independent statistics of the different block sizes (see
Mead 1974 and Chessel 1978). This however did not im-
pede the use of variance/mean analysis in many appli-
cations by Erschbamer et al. (1983), Greig-Smith (1979)
and Matlack and Good (1989). Greig-Smith (1979) ex-
plains the necessity of multiplying the grids to support
the analysis. The form of the graph is the main feature
of evaluation. In addition to the variance/mean ratio,
I mention Morisita’s (1959) index of dispersion, calcu-
lated for a series of different quadrat sizes. A transfor-
mation of the index to a standardized distance was
based on a 95% confidence envelope. Peaks in the graph
correspond to the scales of pattern in quadrat size units.
Recent applications are found in Bowman (1986), Gill
(1975), Lamont et al. (1981), Read and Hill (1985} and
Williamson (1975). Orloci {1971) developed another me-
thod in which he partitioned information. The data are
counts of individuals in successive quadrats in a belt
and the partitioning is nested with blocks of different
size. Suzuki (1960, 1966) and Yarranton (1869) have de-
scribed methods relating the quantity of a species in
quadrats along a linear sequence to the distance tra-
versed. Thiéhaut (1976) studied the horizontal structure
along lines, using the calculation of information in re-
lation with the dispersion of species.

Beside the drawbacks of a hierarchical analysis of
variance, several criticisms have been leveled against
the nested arrangement of blocks, which may lead to
ambiguous results in case of regular patterns. The li-
mitation of block sizes to successive powers of two and
the dependence of results on the starting point of the
grid or transect are other criticized points. To fre¢ pat-
tern analysis from some of these problems, Hill (1973)
proposed a two-term local-quadrat method, which per-

mits the calculation of variance at block sizes no lon-
ger limited to powers of two. An improvement was sug-
gested by Galiano (1982a) who used the ‘new local
variance'. This allows the accurate detection of the dia-
meter of clumps. A Monte-Carlo simulation allows the
testing of the null hypothesis and the estimation of con-
fidence intervals (Galiano et al., 1987). Usher (1969,
1975, 1983) proposed a stepped blocked-quadrat varian-
ce method, in order to avoid the dependence of results
on the starting point of blocking. Goodall (1961) intro-
duced a minimum interspace between quadrats to avoid
spurious correlations between adjacent quadrats
through overlapping individuals, and later (Goodall
1974), a random pairing of quadrats at specified distan-
ces. He considercd that the variance had to be refer-
red Lo mean spacings between quadrat centers rather
than to block sizes but the distribution of his statistics
is in general incorrect {Zahl 1978).

Ludwig and Goodall (1978) proposed yel another me-
thod called paircd-quadrat variance. [ believe that the
effect of the starting point on pattern description has
little practical consequence, except with very regular
patterns but such patterns are uncommon and often vi-
sually detectable. This problem will be considered in
the following sections. The methods of paired quadrats
also suffer of serious drawbacks: for the different spa-
cings, the variances are calculated with only one qua-
drat size and so an important part of the variability
remains unexplored! With the paired-quadrat or the
stepped blocked quadrat methods, the variances at dif-
ferent quadrat spacings or block sizes are nol indepen-
dent, which is considered of lesser concern for strictly
exploratory purposes by Ludwig and Goodall (1978). In
addition, the paired- or blocked-quadrat methods are
liable to give aberrant results with data including a high
proportion of empty quadrats.

Alternative forms of test were proposced by Mead
(1974) to overcome the lack of definition for different
kinds of pattern. The possible kinds are certainly very
numerous and associate with mechanisms all of which
are difficult to characterize mathematically. Mead con-
siders a grid of contiguous quadrats which can be grou-
ped and arranged in a hierarchy. At cach block size,
he asks: ‘Is the division of each block total into two half-
totals random?’ or ‘Given the scores at any particular
scale in the hierarchy arc totals compatible with ran-
dom pairing?’. The tests take a divisive or agglomerati-
ve hierarchy. The problem of the starting point with
Mead's ‘2 within 4’ randomization test was studied by
Upton (1984) who used a normal assumption to obtain
a chi-square approximation which combines the infor-
mation from all possible starting points. The same pro-
cedure adapts naturally to cases where information is
combined from separate transects.

An important step for the descritpion of spatial pat-
terns is the development of non-parametrical models



(sce Chessel 1978, 1979, 1981, Chessel et al. 1973a, b,
1974, 1975, 1977a, b, 1978, 1984, Debouzic et al. 1975
and Gautier 1979). In these models, the observed disper-
sions are contrasted (o sets of other possible dispersions
which all are equiprobable a priori. The random assump-
tion is the starting point in a process of data handling.
The objective is not the rejection of an unrealistic hy-
pothesis, but the determination of the alternative. A
non-parametric model is thus a collection of dispersions
with a uniform probability distribution and a group of
random variables. The models are based on the equi-
probability of

( :4) T oM (;\'“—M)!

possible dispersions of M presences in a transect or a
grid of N quadrats or points (presence-absence model);

-the N" assignments of P objects to N quadrats (den-
sity model);

- the N! permutations of numerical data (perimmuta-
tion model).

Three variabilities are measured:

- the overall variability, characterizing differences
between contents of blocks;

- the fixed-seale variability, linked to differences be-
tween Lwo contiguous blocks of the same size, and

- the local variability, measuring heterogeneity be-
tween units in the same block.

With these, one is almost at a complete definition of
spatial pattern. The overall variability identifies the pat-
tern type; the fixed-scale variability permits the esti-
mation of pattern intensity (the indices linked to both
kinds of variability generally give similar results), and
the fixed-scale variability depicts locally regular disper-
sions. Many statistics have becen described and appli-
cations presented. Phytosociological applications with
the presence-absence model are given in Bouxin and
Le Boulengé (1983) and Bouxin and Gautier (1979,
1982). Other non-parametric tests exist. The number of
runs (Gounot 1968) is an example, but applications are
possible for one pattern scale only (Bouxin 1974).

Attention must be drawn to spatial autocorrelation:
this is the property that a set of mapped data posscs-
ses whenever it exhibits an organized pattern (Upton
and Fingleton, 1985), or, as Cliff and Ord (1981} describe
it, whencever there is “systematic spatial variation in va-
lues across a2 map'. This definition stresses ‘values” and
not positions. One is concerned with patterns in the va-
lues recorded at locations, as opposed to pattern in lo-
cation per s¢. A number of separate statistics have been
developed but an unifying statistic can be presented in
terms of the general cross-product statistic (Upton and
Fingleton, 1985, p. 154):

=L X WY
1 ) N N
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Here Wijis a measure of the spatial proximity of loca-
tions i and j, while Yj; is a measure of the proximity of
i and j on some other dimension. The term Wy is the
element in the i'" row and j']' column of the matrix W.
Y;; occupies the same position matrix Y. Several defi-
nitions of Yij were propounded. Correlograms (or ta-
bles) are constructed to show how autocorrelations
change with distance. First, distance has meant time
distance, but correlograms were adapted to spatial di-
stance. Applications of spatial autocorrelation in eco-
logy can be found in Sokal and Thomson (1987).
Legendre and Fortin (1989) show with examples how
correlograms provide a description of the spatial struc-
ture. Spectral analysis (Ripley 1978) is a comparable
technique which uses the periodogram. It has been wi-
dely used by statisticians, economists and engineers
with data consisting of observations at constant time
intervals. The idea is to express the observations as a
lincar combination of a set of waves. The analysis de-
composes the pattern into sine and cosine waves. [L is
the only wave system Ffor which the starting point is
considered as being not crucial. It is casily related to
block-size analysis which can be considered as decom-
positions of the pattern into square waves, The ceniral
Lool is the periodogram Ip with p- 1, ..., m/2—1 (m is
the number of ohservations along a line), the correspon-
ding block sizes being m/2p. As usual, the null hyvpo-
thesis is that the pattern is random. Tests are possible,
which apply exactly only if the observations have a nor-
mal distribution. As expected, the results are rather in-
dependent from the starting point, but the interrelation
of the peaks and troughs in the periodogram is complex
and difficult to interpret. Two dimensional spectral ana-
lyses of spatial pattern were presented by Ford and Ren-
shaw (1984) and Renshaw and Ford (1984). They
consider that the technique is able to detect all the pos-
sible scales of pattern and sensitive to directional com-
ponents. Of course, the periodogram and its R and ©
spectra are very sensitive to repeatabilities in the da-
ta, but they do not detect other types of spatial pat-
terns which do not involve repeatabilities (Legendre
and Fortin 1989). Carpenter and Chaney (1983) com-
pared the hierarchical analysis of variance, random
pairing, two-term local variance methods and spectral
analysis with simulated data. They concluded that the
random pairing method estimated patch size more ac-
curately than the other methods; spectral analysis was
unable to partition components of grain. Applications
of spectral analysis are found in Carpenter and Titus
(1984), Franklin et al. (1985) and Kenkel (1988b). New-
bery et al. (1986) consider that their experiment with
spectral analysis must be regarded in an exploratory
sense only, and should not be taken as constituting tor-
mal statistical tests of hypotheses.

Pattern detection was also attempled with distance
measures. Distances are measured between randomly
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selected points and plants or between randomly selec-
Led plants and neighbouring plants. Methods are descri-
bed in Bary-Lenger (1967), Bray (1962), Catana (1963),
Clark and Evans (1954, 1979}, Cottam and Curtis (1956),
Dice (1952), Eberhardt (1967), Holgate (1964, 19654 and
b), Hopkins (1954), Moore (1954), Mountford (1961),
Phillips and MacMahon (1981), Pielou (1859, 1962,
1977), Simberloff (1979), Skellam (1952), Thompson
(1456) and Yeaton and Cody (1976). Clark and Evan's
(1954) use an index to measure the intensity of pattern.,
Summaries are given by Diggle et al. (1976), Galiano
(1982b), Goodall and West (1979) and Greig-Smith
(1964). Extensive mathematical developments can be
found in Upton and Fingleton (1985).

The purpose of making distance measurements be-
tween plants is the detection of competition between
individuals of the same species or of different species.
The main drawbacks and other characteristics of the
methods are:

- the tests are used to detect non-randomness as in
the quadrat methods, which is the most common case,

- several of the tests need density measurements in
addition to distance,

- generally, the first nearest neighbours from random
points or from random plants are taken into account,

- multidimensional applications are rare (Clark and
Evans 1979), and

- field siting of random points or the choice of ran-
dom plants is a long and arduous task.

Semisystematic sampling scheme was introduced by
Byth and Ripley (1980) to overcome that objection. Star-
ting with the mapping of trees, Kenkel (1988a) uses a
modified Clark-Evans statistic, refined nearest neigh-
bour analysis, combined count-distance analysis, and
the bivariate combined count-distance analysis. Parti-
cular tests are given by Chessel et al. (1973a and 1975)
who use a systematic sampling and define the statisti-
cal parameters necded to detect and quantify regular
implantations. An interesting technique arose by the
combination of two methods: the least-squarces mapping
based on interpoint distances, propounded by Rohlf and
Archie (1978), and the method of plant-to-all-plants di-
stances proposed by Galiano (1982b).

To map a forest, for instance with conventional me-
thods of triangulation, a considerable effort is required.
Rohlf and Archie (1978) presented a technique which
makes it possible to map the exact location of sessile
organisms with distance measures. Galiano’s method
comprises measurement of the distances between each
point and all the rest. Once all distances are calculated
they are arranged in classes and the number of distan-
ces per class is corrected with the area encompassed
by cach class. The final output is a histogram in which
the number of distances per interval is plotted against
growing separation {rom the point. These points will
be developed in the next chapter.

For the detection of multispecific patierns, there is
a general lack of specifie statistics. Kershaw (1960,
1961, 1964) suggested that pattern could similarly be
expressed as the level of association between species;
onece two species are positively or negatively related in
a community, the population will be non-random and
pattern analysis may proceed cither based on analysis
of variance or the correlation coefficient. Covariances
hetween species are also caleulated and analyzed in a
similar way to the variance. Covariances and correla-
tion coefficients may be derived from the two-term lo-
cal quadrat variance method of anatysis (Hill 1973 and
Usher 198:3). An approach based on information func-
tions applied to co-occurrence matrices between spe-
cies sampled by grids was developed by Feoli and Feoli
Chiapella (1979) and Feoli et al. (1980). By this approach
measures of heterogeneity are more important than
measures from random expectation. Pielou (1977) has
considered the problem of segregation between two
species and attempted to define the pattern of cach spe-
cies in relation to the other without regard to the pat-
tern of cither in relation to the soil. The question asked,
are two species randomly mingled or are they relative-
ly ¢clumped? If they are randomly mingled, they may
be described as unsegregated; if not, they are to some
extent segregated from each other. For studying rela-
tive patterns, Pielou (1977} recommended the use of
nearest-neighbour methods. Peterson (1976) proposed
a segregation index. For each species separately, segre-
gation is measured by the ratio of the chance of finding
it in the neighbourhood of another individual of its own
kind to the unconditional chance of finding it in the
whole community. Inter-type relations were also deve-
loped by Upton and Fingleton (1985} generally concer-
ned with bivariate patterns. They consider the analysis
using quadrats with a presence/absence cross-
classification, or inter-quadrat correlation; transccts
with run tests; sophisticated distance methods with the
nearest-neighbour table; and the point-plant and plant-
plant distributions or the paired point-plant distances,
inter alia. The drawbacks of these methods are obvious:

- pairs of species are taken into account when, in
fact, patterns may be plurispecific,

- patterns are examined at one scale only, and

- some conditions of application are unrealistic.

The reader interested in the problem of two-way or
multiway contingency tables from maps will find de-
tailed mathematical developments and examples in Up-
ton and Fingleton (1989).

But an important progress in the understanding of
multispecific patterns was made with the use of corres-
pondence analysis {or CA) as shown by Estéve {1978)
and used by Bachacou and Chessel (1979), Bouxin
(1983), Bouxin and Gautier (1979, 1982), Galiano (1983),
Gautier (1979} and Whittaker et al. (1979 and b). Esté-
ve (1978) explained that correspondence analysis was



a preferential tool for the study of a transect or a grid.
The scores of the relevés belonging to a transect must.
be interpreted according to their spatial position; the
graph of that function is the most informative in dis-
playing homogencous areas, transition zones and others
with high {loristical variation. Examples were given
with north African steppe (Estéve 1978), European al-
luvial forest (Bachacou and Chessel 1979), European li-
mestone grassland (Bouxin and Gautier 1979, 1982),
central African savanna (Bouxin 1983), Mediterranean
grassland {Gautier 1979), and west European riparian
vegetation (Bouxin and Le Boulengé 1983). Whittaker
et al. (1979a and b) used reciprocal averaging (or RA,
equivalent 1o correspondence analysis) to show pattern
in a 100 s¢. m strip sample in an Australian Mallee and
ina 107 sq. m strip transect in a Texan mesquite gras-
stand. In the same way, Olsvig-Whittaker et al. (1983)
used detrended correspondence analysis {or DCA) 1o
three strip transects from the Negev Desert. Gloagen
and Gautier (1981) further processed the CA scores of
a grid by a non-parametrical index; Galiano (1983) pro-
cessed the coordinates on the RA first axis, which could
be analyzed by the traditional variance methods. Gib-
son and Greig-Smith (1986) also used ordination scores
{(from DCA}in a two or three-term local variance ana-
lysis; so they can quantify the scales ol commaunity
pattern.

Two drawbacks in the use of RA are evident. In most
cases, RA scores are caleulated with only one quadrat
size and the multispecific pattern analysis is carried out
independently of the set of monospecific patterns. Re-
garding the general performance of RA| reference is ma-
de to Kenkel and Orlaci (1986).

Another approach is due to Glenn-Lewin and Ver
Hoef (1988) who recorded species presence in a set. of
300 contiguous small gquadrats: the quadrats are grou-
ped into increasingly larger block sizes and a local two-
term covariance matrix of all species pairs is calcula-
ted for cach block size. The covariance matrices are
summed to form a total covariance matrix and the Lo-
tal covariance matrix is subjected to PCA. The eigen-
values of the total covariance matrix are partitioned
into the amount that each block size contributed to cach
particular PCA axis the partitioned eigenvalues are plot-
ted against block size. The peaks of such a curve lies
at the scale that contributed most to the PCA axis. The
species that load most strongly on the PCA axis are tho-
se that contribute most 1o pattern. Thus, the technigue
indicates the intensity and scale of pattern and the spe-
cies that are the most important contributors to pattern.
Ver Hoef and Lewin {1989) also analyzed pattern diver-
sity with multivariate analysis.

Choice of models

The discussion of moedels concerns transects, grids
and distance measures, but not spatial autocorrelation.
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I prefer the non-parametrical tests which are not ba-
sed on unrealistic hypotheses, such as a random disper-
sion. One of the best arguments in favour of the
non-parametrical tests was given by Gautier (1979). Ac-
cording to this author, the non-parametrical models al-
low the choice ol statistics with selective powers, i.¢.,
statistics taking exceptional values for a precise alter-
native. A prevalent idea is to use several statistics each
of which has its own field of sensivity.

Models for Lransects or grids, monospecific patterns

I considered the problem of selecting the starting
point of the grid or transect and used the following sche-
me in a specific case: amongst a set of 182 contiguous
relevés in a stream, a set of 160 contiguous relevés is
moved along the stream with different starting points.
Two statistics (non-parametrical dispersion index and
the true contagion index, discussed later) are compu-
ted for each set position. For the same block size, the
variation in the statistics is high while the block size
is small and low for the large blocks (=10 relevés per
block). Similar conclusions are in many other examples.
Thus, the influence of the starting point is important
with small pattern units only. With clumps, gradients,
density variations, the main features of the pattern ap-
pear whatever starting point is used. [ compute speci-
fic indices with several starting points. The values,

jointly with Galiano’s variances (Galiano et al. 1987),

are sensttive in detecting clump size. The exact size of
the clump, or patch, is not a prevalent objective, Gau-
tier (1979) points out that a species may form clumps
of varying sizes in the same transect.

Starting with a set of N quadrats, from a geometric
sampling design, organized in Bg blocks of size K, each
block size represents a spatial scale. Based on this, three
cases are considered, differing in data: presence-
absence, counts, and other qualities.

The presence-absence mocdel (Chessel and Gautier, 1984%)

The variable p(i,j) has value 1 when the species is pre-
sent in the _j"h unit of the i block of size K: when the
spoecies is absent, p(i,j) is 0. pg(i,.) is the total number
of presences in the it block,

K

pk ()= ]E] pi (i)

THE NON-PARAMETRICAL DISPERSION INDEX Dy.
Lot

By

P i-El Py (0,)

There are
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(N) ) NI
M/ M!(N—M)!

possibilities of choosing P presences on a line or a grid
which contains N quadrats. The null hypothesis is the
equiprobability of all the possible dispersions of the P
presences. The dispersion index at block size K is

Bg
L (pg (01°—m,
K)= -
Dp( ) \"qfl
where
m, - P [H(K_I)U)_” }1
(N=1)
and

2 P (P—1) (K—1) (N—K) (N—P) (N—P—1)
(N—1)? (N—=2) (N—3)

V1=

D, is a measure of the overall variability in contents
between the blocks. Dy, follows a unit normal distribu-
tion. The utility of D, is by providing a global test for
dispersion at different block sizes. The maximum va-
lue of Dy, for block sizes varying as a geometrical pro-
gression (ratio=2) is less than 3 with «=0.05 and less
than 4.5 with «=0.01. Applications under less drastic
conditions of block size also yielded satisfactory results.

THE TRUE CONTAGION INDEX E,, (Chessel and De
Belair 1973, Chessel and Gautier 1984). Ep measures
the differences between pairs of contiguous blocks of
p choices of the P
points amongst the N are equiprobable. The null hypo-
thesis states that the repartition of the presencesin the
two blocks of 4 pair is random. The heterogeneity bet-
ween two blocks is measured by the variable

same size. In this model, of the (N

H=pg(;, )—pgle, .)
The mecan and variance of H at different P is:

E(H;1,N)=1

<

2k+1
E(H;2 k+1,N)= T.E{H;Z k,N)

¢

E(H:2 k,N)= —— E(H:2 k—1,N)
N—-2 k+1
P (N—P) 5
WHWN%=—§——=4MHfNH

The true contagion index is

L gl
VI o1 WWH) |

The summation is through J block pairs, each of which
contains more than 1 presence and less than 2K-1 pre-
sences. If J=10, E;, can be compared 1o a unit normal
distribution. I)p(K) and Ep(K) are complementary sta-
tistics; the curves of Dp(K) or Ep(K) with K are gene-
rally parallel and are adequate for the definition of
pattern type:

ED(K) =

- random if the tests are not significant at the diffe-
rent block sizes;

- one or several aggregates if D, and E, present their
maximum at small block sizes

- one or several clumps if the maxima of D,, or E,
correspond to larger block sizes; clumps aiternate with
very sparscly populated zones;

- one or several gaps; under sitilar conditions as with
aggregates or clumps; the gaps alternate with densely
populated zones;

- a density variation under more or less continuous
{regular or not) frequency variations; maxima with
small- middle- or large-sized blocks;

- a gradient if Dp increases regularly with block size
and if the maximum E,, score appears with the Jargest
blocks; density variations are continuous and mo-
notonic;

- complex, many kinds, revealed by two or more
peaks of D, or E,. For instance, aggregates, gaps or
clumps may have their own pattern.

The intensity of pattern is given by the maximal sco-
res of the statistics, especially by E,,. Further informa-
tion and ¢xamples are presented in Bouxin (1983),
Bouxin and Gautier (1979, 1982), Bouxin and Le Bou-
lengé (1983), Chessel and Donadieu (1977}, Chessel and
Croze (1978), Gautier (1979) and Hossaert-Palauqui and
Gautier (1980).

The assigrment model

Let ng(i,j) denote the number of individuals belon-
ging to the i unit of the i block of size K. If ng(i,.)
is the total number of indivudals in the i block of si-
z¢ K, the grand total is

K
nli.) = 121 ng(i, j)

THE CLASSICAL DISPERSION INDEX D, (Chessel
and Gautier 1984). The null hypothesis is the equipro-
bability of the N¥ attributions of M(=n(i,.)) indivi-
duals to N blocks. D, is a measure of the overall
variability:



Bk
L (g (i)
D. (K)= —
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where
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P ng(i,.)
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K By

If M/N is large enough (=5}, (N—1). D, is a chi-square
with (N—1) degrees of freedom. If (N—1)> 30, then the
guantity

VZ(N—1)D,—~V2N—3

may be compared to a unit normal distribution. The sta-
tistics for different block sizes are not independent. It
is often useful to use D, after substitution of ng{i.j) by
0 or 1 when the value is respectively lower or higher
than a fixed value (for instance, the median or the ave-
rage). A global test is then possible.

THE TRUE CONTAGION INDEX E, (Chessel and
Gautier 1984). In the general model of the equiproba-
bility of the N™ assignments of M individuals to N
blocks, the null hypothesis states that the repartition
of individuals in the two blocks of a pair is random. The
index is

B ) - 3 0w G e G, ) my ()
n VL V'__V;; )
where
l)
my (i) = L (2 j— 12 j=2),

P=INT [(ng {i}, )+ng (s, J+1)/2]
and
vy () =ng (i), .)+ng (i, )—[mg @)]°

The summation is over L block pairs, each containing
more than two individuals. E (K} is useful when there
are numerous block pairs (= 10). E,(K) does not requi-
re many individuals. To make a test, the normal pro-
bability law c¢an be applied.

THE LOCAL VARIANCE E, . (Chessel and Gautier
1984). E, - is defined by local variance,
) [ng(iy,.)—ng(iy, )]*

En(K): i nK(il,.)+nK(12")
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The summation concerns the L* block pairs that con-
tain at least 10 individuals. E, - is advantageous in ca-
ses of few block pairs. Its distribution law is a chi-squarc
with L* d.f (Mead 1974). Negative values of E, (K} or
E,+(K), at small K, reveal regular dispersions.

The measure of the local heterogeneity L, (Chessel
and Gautier 1984). One considers here the repartition
of individuals belonging {0 the same block hetween the
units of the blocks. Two statistics can be used:

1 N
Lo (k) — ¥ YO @
vR ves (1)
with

m; ()=K (1—1/K)"K0-)

vy (i) =K (K—1).(1=2/K)"€") 4 o ()— [m(0)]°

and
Ly L )> Tk (i)—“"(; )

VRO Vg (1)
with

ny (i,.
m,, (i)~ LINUDR (ng G, )+K—1]
. 2 |ng (i, )=1] ng (i, J{K—1)

U('J (l)= -

KZ

where Vi (i) is the number of empty units in the jth
block of size K and

Tx (i)=2i3 [ng G )°

Lo and Ly« tested based on the unit normal distribu-
tion {0, 1), permit the observation of locally regular dis-
persions without any interaction from other heteroge-
neity structures. L, 15 powerful in the presence of
empty units. Further information and examples of ap-
plication for the assignment model are given by Ches-
sel (1978 and 1979), Chessel and de Belair (1973) and
Debouzie et al. (1975).

The abundance model

In the model of the equiprobability of the N! permu-
tations of the N numerical values, only the autocorre-
lation index exists (Cliff and Ord 1973 ). In its original
form, in the test on this index, for any given variable
and a random distribution of sampling points in space,
the nuli hypothesis states the absence of correlation for
values recorded at two neighbouring points. The mo-
del was adapted to the problem of pattern analysis un-
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der geometrical sampling (Chessel 1981) with a parti-
cular neighbourhood structure, i.¢., two sample units
are linked if they are in the same block of size K. The
model measures overall variability. For a complete grid,

;I xg (1, J)

N

X:
xij - xg (i, )—x
A=N(K—1), D=N (K—1) (K-2)

N

He-2 2 (g, JPAN=1)

- 1

Bk
Hy — [ 2 X (x, M#Xi‘jz)g} iA

i1 jp#J2

% -HyH,

E(Z)- 1

AT N (N—=2) (N—3) Var(Z)=X, + Xo+ X,
X, = [(N=3)=(N—1)* B,] A*

Xo=2 A (N=1)[N"—3 N+ 3—(N—1) B,]

Xy =(N—=1) (D+A) [(N*~N +2) 132—(N21—3 N—6)]
N N 2

B,-N E {x;, j)4 {E (%, j)z}
1) o

L]

Based on these, the autocorrelation index is

17

Vvar (Z)

When a spatial autocorrelation exists, i.c., a significant
resemblance between two neighbouring point values,
on average, the observed value of Z decreases and Dy
becomes significant, positive. The distribution of Dy
approximates the normal. If the xg(i,j) are replaced by
ng(i,g), (Bx—1) D, (K) is a chi-square with By—1 d.f.
With presence-absence data, Dx(K} is equivalent to
D;(K) and a global test is then possible. The statistics
for different block sizes are not. independent, The 0—1
conversion is useful as in D,(K). An application is de-
scribed in Gloagen and Gautier (1981). The combination
of Dy(K) and, after transformation, Dp(K) and Ep(K)
and the use of original data maps or histograms, gene-
rally allow a good description of pattern type and an
estimation of pattern intensity.

Because it provides accuratle information concerning
the size and density of species clumps, Galiano’s (1982a)

new local variance with its Monte-Carlo test based on
the random permutation of data (Galiano ot al. 1987)
has great utility as a complement to the autocorrela-
tion index. If the numerical values are represented by
Xy, X5, Xy, .., X in aset of n sampling units, the new
two-terms local variance, is the average of:

12 (X,—Xp) =0, 112 /Xp—Xy) (X, —X)1,
172 (X3~ Xg—(Xe—XaY ), o,

172 (X, =X Xy =X 1))

for block size one and

1/4 (X, +Xy—Xy—X)°—0,

14 [(Xy + X=Xy — X5 (X + X=Xy =X, o

1

1/4 [(Xn—:j X=X I_Xll)g—(xnffl + Xngi?mxn—i‘i
—anl)zl

for block size two. The above expression expands Lo lar-
ger block sizes. New local variances detect clump size
independently of interclump distances. The method al-
lows very accurate detection of clump size and is par-
ticularly useful in the detection of small sized clumps.
It can also be used with frequency data.

Models for grids, multispecific patterns

Many models are possible for multispecific pattern
analysis. These include principal component analysis
(PCA), correspondence analysis (CA), detrended corre-
spondence analysis (DCA), nonmetric multidimensional
scaling (NMDS) and one or several of the numerous
other scaling and classificatory algorithms. The problem
of scale remains. Ideally, when a releve table is sub-
mitied to CA or DCA, several block sizes must be con-
sidered, within the consistent constraint of a
geometrical sampling. Ver Hoef and Glenn-Lewin (1989)
use multiscale ordination for detecting pattern at se-
veral scales. But in a relevé, species which are strue-
tured at very different scales, are collected together and
the CA scores may be largely influenced by this super-
position; but with no phytosociological significance. The
co-occurence of several rare species in a particular re-
levé gives a large score to the relevé, on the first or se-
cond axis, the variability of the other spocics being
smoothed (see Bouxin 1983). The idea that a multispe-
cific pattern analysis had to be preceded by a mono-
specific pattern analysis is appealing. In the processing
of a relevé table, the following steps are appropriate:

- monospecific patterns arc studied, using appropria-
te indices;

- for each block size, a structured species list is esta-



blished;

- for cach block size, new simpler matrices are defi-
ned on the basis of the structured species; rare and un-
structured species are deleted;

- these new matrices only are submitted to PCA, CA,
DCA or NMDS and the problems of association or se-
gregation between species is clarified;

-the PCA, CA, DCA or NMDS are used in the classi-
ficatory analyses.

This procedure has examples in Bouxin (1986, 1987a,
b) and in Bouxin and Deflandre (1988). The presenta-
tion of the ordination scores is also important. Estéve
(1978) advises to take the relative position of the sam-
pling units into account, i.e., on the map of the grid or
the transect, bars whose heights correspond to the or-
dination scores are placed at the center of the block abo-
ve or below the plane depending on whether the scores
arc positive or negative. A map is constructed for each
significant axis and if the maps are lined up in the sa-
me figure, all the factors are presented simultancous-
ly. Bachacou and Chessel (1979), Bouxin (1983), Bou-
xin and Gautier (1979, 1982), Bouxin and Le Boulengé
(1983) and Gautier (1979), give examples. Nonmetric
multidimensional scaling is now considered as one of
the best strategies for recovering shnulated coenopla-
ne and real data (Bradfield and Kenkel 1987, Kenkel
and Orloci 1986). '

As for monospecific patterns, many multispecific pat-
tern types convolute to form higher complexity: mul-
tispecific aggregates, clumps, density variations,
gradients, complex patterns. Many papers describe gra-
dient research of general gradients (indirect gradient
analysis}. The results, however, may be of dubious va-
lue, since the existence of a gencral coenocline in a set
of relevés is only an hypothesis amongst many possi-
ble others.

Model for distance measure

It was explained in the review that the combination
of least-squares mapping propounded by Rohlf and Ar-
chie (1978) and the method of distance measures (Ga-
liano 1982b) can bring a new dynamism in the
processing of distance measures. The technique of map-
ping is described:

- select 3 points as a reference triangle (3 located
plants or permanent rcference markers);

- for each point (considered sequentially) within the
study area, measure the distance between it and 3 pre-
viously recorded points;

- an initial estimate of the coordinates is established
by using the law of cosines;

- an iterative procedure, applied to obtain the coor-
dinates which yield the best least-squares fit of the m
original measured distances based on the coordinates,
consists of two basic steps;

- the definition of a criterion which measures the de-
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gree of fit between the observed and the computed di-
stances (based upon a set of estimated coordinates);

- the construction of an optimization procedure
which adjusts an initial set of coordinates in a way so
as to increase the goodness of fit between the obser-
ved and computed distances.

Kenkel (1988a) introduced a variant of the method.
He used the distance of an individual to the four cor-
ners of squares and coordinates were calculated with
respect to each of the four pairs of adjacent corner
points. A mean was calculated to obtain the final coor-
dinate position. After the final coordinates have been
obtained, computer programs can be used to compute
various summary statistics to describe the spatial pat-
terns. The distances to the 2", 3", ... ' neighbour
are easily computed. With such a technigue, the field
work is rapid and no longer limited to very small areas.
The maps can be drawn by a computer. Starting with
the coordinates, Galiano's (1982b) pattern detection is
as follows:

In order to avoid edge effects, two circles of diffe-
rent radii R1 and R2 are sct. Plant-to-all-plants distan-
ces are measured for individuals inside the inner cirele.
From every point in the inner circle distances are mea-
sured to all other points in the inner cirele and in the
outer circle. The greatest size of aggregation that can
possibly be detected is equal to R2—R1. Outside points
are not considered in measuring plant-to-all-plants di-
stances because the absence of data in their surroun-
dings (as the sampling circle is limited)} would distort
the analysis by creating unwanted edge effects. The di-
stances are calculated from the coordinates and they
are arranged in classes. The number of distances per
class is corrected according to the area encompassed
by each class (a circle or a crown). The final output is
an histogram in which the number of distances per in-
terval is plotted against the growing separation distan-
ces from the plant. The histogram can be interpreted
as a conditioned probability spectrum. In a random mo-
del, the probability spectrum does not show any obvious
peak. With an aggregation phenomenon, the distribu-
tion of distances shows a fall in the humber of distan-
ces per unit area with the steepness of the fall related
Lo the size of the aggregate or the clump. While some
peaks correspond to regularity, complex patterns can
also be revealed. Onc of the method’s advantages is the
reliability in determining patterns, due to the high num-
ber of distances. In a population of 1000 individuals,
traditional plant-to-pant distance tests would use a ma-
ximum number of 500 distances to evaluate pattern
while here one would use 500.1000/2 =250000 distan-
ces on average (Galiano 1982b). The method can be
adapted to plurispecific conditions.

Complementary tests may also be useful for the un-
derstanding of the spacing betwecen individuals. A com-

mon question arises: Does competition between
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individuals generate regular patterns? Some solutions
to the recognition of regularity is described in Chessel
et al. (1973a, 1975) in conjunction with systematic sam-
pling along strip transects. Several portions of a map,
in which the regularity has to be tested, is sampled along
such a transect. In the transect of width h, for every
plant whose center lies inside the strip, the abscissa
of that centre on the transect axis is noted. The tran-
sect is characterized by its length L and the number N
of recorded plants. L is set to include N= 100 plants.
h is arbitrarily fixed from the density h=1/D.

THE DISTANCES TO THE J™ NEXT NEIGHBOUR,
The values (to—t), ..., {tj. 1), ooy (tx—ty—g) are the
N—1 values of X; which corresponds to the distance
from a point to the first neighbour. The distance to the
second neighbour is given by the INT [(n—1)/2] values
(tg‘—tl), {l,'r,—tg), (th + lil‘ijl)v of Xg. X] is the distan-
ce to the jth next neighbour. With the null hypothesis
of a Poisson process, the variable
2j X

X

has a chi-square distribution with 2j d.f. Standard hi-
stograms give the relation between several length clas-
ses and their frequency. The null hypothesis which
stipulates randomness is not a drawback, since the al-
ternative is non trivial.

THE TEST OF REGULARITY. Let

Xoj=taj- 1—tyj—1

be the j"h value of the distance to the second next
neighbour. The variable U whose jth observed is defi-
ned by

Loi—tim1
UJ -

Laje 1251

has a (0,1) uniform distribution in a Poisson process.
Thus the variable V=Min (U,1—U) has a [0,1/2] uni-
form distribution. If the pattern is regular, the low va-
lues of V are under-represented. In that case, the
empirical distribution function of V is significantly lo-
wer than its theoretical distribution function which ta-
kes the value 2x for O0=x=<1/2. For each of the n
intervals defined by the distance to the second
neighbour,

tyi—tai 1

v;=MIN 1ty }
J

L-_gj - ]*t‘zjf 1 t"2‘]' + l_th—]

The n values are ranked in 10 elasses [0,.05], 1.05,.101,
...1.45,.50]. The observed frequencies being ny, ...,
N0,

ny+No+...+Ng K
MIN | —m——————— — —
1=K=10 n 10

D,=
The Kolmogorov-Smirnov test is applied with the limits
for

vn D,

given by —1.22 (5%) and —1.52 {1%).
THE REGULARITY INDEX. Given by

Ip=

it has a unit normal distribution under the null hypo-
thesis; a significant positive value indicates a local re-
gularity. A unilateral test is used with limits 1.64 (5%),
2.33 (1%), 3.09 (0.1%).

Computations

BASIC and IBM compatible programs are available
from the authoron 5 1/4" or 3 1/2"" disks for the com-
putation of the different I}, E and L indices with diffe-
rent starting points. Galiano’s new local variance
measure is also programmed. The programs are linked
to a direct access file of the relevé tables; this allows
numerous transformations (addition and suppression of
lines, addition of a table to another, block formation,
et¢.). Programs for PCA, CA, NMDS and cluster analy-
ses are also included.

Conclusions and perspectives

The field botanist finds in this paper a set of well
adapted indices reviewed and tests on these indices.
With these tools he or she is no longer limited to reco-
gnize whether pattern is random, clumped, or regular,
but can detect many types of non-random patterns in
the vegetation. Although it is possible now to define
many pattern types, the concept of pattern intensity
remains rather intractable. Also, it is important to rea-
lize that similar numerical values of an index for diffe-
rent species do not have the same significance. Indeed,
numerical values are only comparable between similar
sampling conditions and between species of the kind
for size, of the same life {orm, cte, As for the future,
several aspects have to be mentioned:

1. Pattern analysis should be usable in computation
with large surveys, whatever the constraints of the field
work.

2. The development of Monte-Carlo test procedures
(Galiano et al, 1987, Vaillant and Badenhausser 1989),
based on simulation of the hypotheses of interest, will
allow exact tests for indices whose sampling distribu-



tion is unknown,

3. The sampling design for the definition of pattern
type and pattern intensity is not sufficiently studied.
The sampling technique should be as flexible as possi-
ble and pattern analysis should not be limited to regu-
lar transects or grids (Bouxin 1987b). The standard
approach to the study of vegetation in which sampling
represents a first and data analysis a second step is cri-
ticized in Wildi and Orloci (1987). They suggest an al-
ternative where sampling and analysis run
concurrently. The development of computerized sam-
pling methods (sce Podani 1987) will probably allow the
optimization of sampling designs.

Some powerful technigues, such as spectral analy-
sis has received insufficient attention in vegetation stu-
dies, yet they seem very promising. Frontier {1987)
presented applications of fractal theory to ecology [a
fractal is a descriptor of complexity of forms, such as
the shape of vegetation patch (Orldci 1988)]. Frontier
believes that it is likely to become a fundamental tool
for global analysis and modelling of ecosystems in the
future. Some statistics, such as the circular statistics in
Upton and Fingleton (1989) are also left unexplored.
Clearly, new techniques and approaches are needed
which can render monospecific and multispecific pat-
tern analysis a rigorous basis for vegetation studies and
a conceptual basis for phytosociology.

Acknowledgements. [ am thankful to Professor L. Orléci for
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