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Abstract. We compared two Monte-Carlo randomization testsieutral models, for measuring
interspecific spatial associations. Complete raridation randomly re-allocates the individuals of
each species into the spatial sample with the sshuadances as in the studied sample. Thus, this
separates two components of association: (1) telxture. related to the species abundance
distribution, and (2) structural, i.e. related e tspatial distribution of the species. Randomtshif
keep the spatial patterns of individual specieschange their relative positions. Thus, this mdtho
separates (1) the interspecific components of &ssmes from (2) the intraspecific ones,
randomizing the first. We also applied a new alhoni for determining the signs of pairwise
associations (i.e. positive or negative). This téghe is based on the comparison of the observed
and simulated joint distributions of a species pdife tested the neutral models and sign
determination algorithms on multispecies circuleansect (‘trainsect’) data. All statistics were
calculated across a range of scales, i.e. the lasitms were repeated at a series of sampling unit
lengths. One field transect and four simulatedepat were examined. The simulated patterns,
created by spatially explicit individual based miodeepresent known assembly rules. We
concluded that circular transects are appropriafeeid studies for detecting fine scale community
patterns because their topology allows us to apyse types of randomizations. The separation of
textural, intraspecific and interspecific effect®yided us more opportunity to detect and interpret
the spatial associations. The new sign determinatigorithm performed better than the traditional
method. The need of developing neutral models basduiological mechanisms instead of simple
statistical assumptions and the dynamical relevaridextural and structural constraints are also
discussed.
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spatially explicit Monte-Carlo simulation, sandy agslands, scale dependence, spatial
autocorrelations, textural versus structural coastits
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Introduction 1998). Therefore spatial associations are often
interpreted in terms of assembly rules, i.e. patter
Interspecific association, as a basic coenologicgenerating factors (Watkins and Wilson, 1992,
phenomenon (Juhasz-Nagy, 1980), is one of the maatilson, 1994, Wilson and Watkins, 1994, Gotelli
important aspect of community structure. It measureand Graves, 1996). Despite its importance, case
the tendency of species to co-occur or to avoidh eastudies on interspecific associations are scaarea(f
other (e.g. Kershaw 1964, Greig-Smith 1983). Théew exception see e.g. de Vries 1953, Agnew 1961,
spatial associations of species have importafekete and Szujké, 1973, LepS and Buridanek, 1990,
consequences on their interactions, dynamics, ahdatus and Téthmérész, 1990, Bartha, 1992, Hauser,
coexistence (Czaran and Bartha, 1992, Czarah993, Margdczi, 1995). Reviewing this literature, i
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is difficult to generalize the results and createaral whole community.
rules or laws about community structure and Our principal aim is to develop and test a simple
organization. We believe that the unsolvedechnique for detecting spatial associations in the
methodological problems associated to this fiekel arfield. There is a need for simple, fast, still ddeht
responsible mainly for this 'state of the art'. sampling designs and receipies of analyses that
There are many attempts for developing newupport huge field campaigns of data collectiorg an
methods for detecting pairwise spatial associatioralow us to compare dozens of data sets collectdd a
(cf. Greig-Smith, 1983). However, they are ofteranalysed with the same standard technique.
limited to a single scale (e.g. Yarranton, 1966) or
they are biased by within-species autocorrelatioridethods
and indirect effects of the other species (JuhaesgyN
1980, Daleet al, 1991). Recently, Palmer and vanSimulated patterns
der Maarel (1995) reviewed these methodological
problems and suggested to use certain types of To test the performance of different versions of
randomizations to separate these effects. They sugpatial pattern analyses, two-species patterns with
gested to use circular transect, called 'traindect' contrasting intra-, and interspecific spatial
provide opportunity for several types of randomizdependence between individuals were generated with
ations. a spatially explicit simulation model (DIVGEN1).
In the present study, we test their suggestioriBIVGEN1 is a simplified, one dimensional version
and compare the performance of different neutralf PATPRO (Czaran, 1984, 1993). The model
models for detecting the significance of assocmjo generates stochastic point processes along a
and techniques for determining their positive ocontinuously scaled circular line in discrete time
negative signs. For testing the performance ofethesinits. In the first generation, colonizing indivals
methods, we use simulated data generated wietppear in random positions along the transectién t
known assembly rules (i.e. rules for the spatisdecond generation, species reproduce and their
relationships of individuals), and field data fromoffsprings disperse around the parent individuals.
perennial sand grasslands. We use Juhasz-Nagyistance of offsprings from their parent individisl
information theory models (Juhdsz-Nagy 1967, 198@ stochastic variable with either a Gaussian or a
1984) for calculating pairwise associations. OuPoisson distribution. Survival of an offspring indi
present study does not deal with the effect of mtheidual of specie§ psun(i), depends on the number of
species on the pairwise association. However, wadividuals of species (n;) and of specieg(n) in a
chose the models of Juhasz-Nagy because they allogighbourhood. p,n(i)=g;;" * g;;", whereg;; and
us to generalize from the pairwise relationships tg; are indicators of the intensity of interaction.
multiple-, and partial associations, and to thetimul Competitive effects are multiplicative. Survivonshi
species spatial dependences in coalitions or in tliecreases exponentially with the increasing number
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Fig. 1. Simulated spatial patterns of species atbegtransects (presences are marked by black ®A31: species 1 is a dominant
with limited dispersal, species 2 is subordinatesl, competitively inferior, with unlimited dispexs PAT2: species 1 with limited
dispersal, species 2 with unlimited dispersal, ampetitive interaction between them. PAT3: bothcgge with limited dispersal, no
competitive interaction between them. PAT4: spediedominant with limited dispersal, species 2 andr8 subordinated, i.e.
competitively inferior, with unlimited dispersaln(this paper, the association was analysed orlydsn species 2 and 3.)
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of individuals in the neighbourhood. Using thistransformed into circular transects of 1024
model with different assembly rules we createdontiguous, discrete units. This extent and regwiut
simulated patterns with different intra-, andare very close to the scaling applied at the fazdta
interspecific spatial dependence of individualgollection. Choosing appropriate parameter values
(Fig.1). The size of the plot (circular transectdsw we could produce patterns with the same 12.5%

1024 units, same as of the field sample. frequency for each species. The species differ ionly
their individualistic (intraspecific) and collecév
Pattern 1 (interspecific) spatial dependence.

The first (dominant) species has limited
dispersal. The second (subordinate) species deper§ield data
randomly. The dominant species has a strong
competitive effect on the subordinate species. As a We tested the performance of the analyses on
result, negative interspecific association is efgc field data from a perennial sand grassland
between the two species. The dominant speciesmmunity. The study site is a protected sand dune
should have an autocorrelated (aggregated) pattearea near Csévharaszt, in the northern part of the
due to its limited dispersal while the individuals Danube-Tisza Interfluve. The vegetation consists of
the subordinate species could appear either randanosaic of woods (oak, poplar, juniper, and black
or slightly aggregated because they are restritied locust) and grasslands (consisting of stands ddmina

the gaps between the patches of the dominant. ed by annualsPoa angustifolia cryptogamsfestu-
ca vaginata and Stipa borysthenica Mean annual
Pattern 2 temperature is 10.2 °C, annual precipitation is 545

The first species has limited dispersal, thenm. The soil is calcareous sandy soil with shallow
second disperses randomly. There is no competitiveimic layer (<10cm) of low humus content (< 1%).
effect between the species. The first species dhourhe sampled grassland was a ca. 20x30 m
be patchy, the second randomly distributed, ang theindisturbed opening in a Juniper-Poplar wood mixed

should be spatially independent. with scattered Robinia trees. The grassland is
dominated byFestucavaginatg and has a well
Pattern 3 developed cryptogam layer (mainlyCladonia

Both species has limited dispersal, but there is noagyarica and furcata). Stipa borysthenicais
competition between them. Consequently, bothubdominant (its abundance was ca. the half of
species should have an autocorrelated (aggregatéactucg. Annuals (e.g.Viola arvensis, Polygonum
pattern with no interspecific association betweearenarium, Arenaria serpyllifolin and an ephemeral

them. grass, Poa bulbosa are also abundant. Other
perennial grasses (e.gKoeleria glauca and
Pattern 4 perennial forbs (e.gPotentilla arenaria, Cynoglos-

Three species were simulated here. The firsum hungaricum, Alkanna tinctojiaappear only
(dominant) species has limited dispersal and it haporadically. Presences of plant species were
the same strong competitive effect on bothmecorded along a circular belt transect of 1040 5x5
subordinate species. The two subordinate speciesi contiguous sampling units (52m) in June, 1995.
could spread randomly and have no competition
between them but their distributions are similarhSampling from transects and data analysis
restricted by the dominant species. We are intedest
in the pattern of the two subordinate species. s a The field and simulated transects served as
indirect effect of the dominant competitor, postiv primary samples (cf. Horvath, 1998) or primary
interspecific association is expected between theferences (sensu Juhasz-Nagy, 1980) for the
subordinate species. Their individual patterns @¢oulsubsequent computerized sampling (Podani, 1984).
be either random or slightly aggregated as theyweComplete sampling (Barthet al, 1995, Horvath,
restricted into the gaps of the dominant. 1997) was performed across a range of scales from

The parameters for invasion rates, fecundity d®.05 m to 25 m, and the resultisgm (species by
individuals, competitive strengths, and the displers sampling units) binary matrices were analysed using
parameter for limited dispersal are the same fer thinformation theory models (Juhdsz-Nagy, 1980,
species in all simulations. The only difference wa4984, Juhasz-Nagy and Podani, 1983). We computed
that competitive effects and/or dispersal limitatio associations between two species from 2x2 contin-
were switched on or off in different combinations. gency tables applying the mutual information

The simulated continuous point patterns werbetween the species:
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ml(A,B)=mogm+aloga+blogb+clogc+dlogd- given by a comparison of the expected and observed
(a+c)log(a+c)-(b+d)log(b+d)-(a+b)log(a+b)- values of the joint occurrence of species A and B.
-(c+d)log(c+d) (Kershaw, 1964). We compared two methods for
where symbols, b, candd correspond to the no- determining the sign of association. We compared
tation of the 2x2 contingency table. a is the numbéhe sums of the frequencies of the diagonal calls i
of sampling units where both speci@sandB, are the 2x2 contingency table (compariagd to b+c).
presentd is the number of empty quadratsandc ~ For example, ifo+c is greater tham+d, speciesA
note the number of quadrats, where only one speci@8dB occur together less than expected, so they are
is presentA or B respectivelym=a+b+c+d is the nega‘uvely associated. The other method .foIIows_ the
sample size. If we use the unweighted form of thi§ame logic but the expected frequency is obtained
equation (i.e. not multiplied bgn), thanl(A,B) ran- from thg a Monte-Carlo randomlzatlon instead of
ges between 0 <KA,B) <= 1. Thus, the equation is calculating it from the marginal of the observed2x
contingency table. For example, species A and B are
I(A,B) = H(A)+H(B) - H(A,B) negatively associated f+c observed is higher than
the averageb+c calculated from the random
ie. the contingency information of the two-reference. _ o
dimensional contingency table is the difference TO avoid artefacts due to rarity and limited
between the pooled entropy of marginal§am9|e size, we analy_sed only the 10 most frequent
(H(A)*+H(B)) and the entropy of speciesspeciesin t_hg case of field data.
combinations within the tabigi(A,B)) (Juhasz-Nagy All statistics were calculateq across a range of
and Podani, 1983). This logic is easy to generatize scales, i.e. the complete sampling and the calculat
many species. Associatum refers to the overaliapations were repeated at a series of sampling unit
association in a community. If the communitylengths.
consists of s species, associatum is calculatedeas ) )
contingency information of an s-dimensionalResults and discussion

contingency table, containings 2ells (Juhasz-Nagy,
1980, 1984). Compared to other grasslands, e.g. the loess

grasslands in Hungary, xeric perennial sand grass-
I(A,B,...,S) = H(A)+H(B)+...+H(S) - H(A,B,...,5) lands are considered as relatively simple systems
with high stochasticity and relatively low degreke o
The significance of associations were detecte@rganization (Fekete, 1992). Their high diversity i
by Monte-Carlo randomization tests. Two types offe forms and ecophysiological strategies (Kalapos
randomization were used as neutral models. (1994, Tubaet al, 1998), their relatively low total
Complete randomization (Diggle, 1983) randomizeBiomass (Kovacs-Lang, 1974), and the phenological
the positions of individuals (the presences in ouflifferentiation of their species (Karpati and Kérpa
case) along the transects, but the number of specit954) suggest strong abiotic control on plant adap-
and the frequency of species remains the same agi@ion and community organization. Thus, it is supp
the field. (2) Random shifts (Palmer and van deged that there is considerable niche differentratio
Maarel, 1995, Horvath, 1998) keep the spatidhis community, but the differentiation takes place
pattern of each individual species, but randoniee t rather in time (in the form of seasonal or interaai
relative (interspecific) positions of the specieg bdynamics), than in space. We can expect low degree
shifting (rotating) it randomly along the circular©of spatial organization, i.e. low and non-significa
transect. Thus, while complete randomizatiofsPatial dependence between the species. In contrast
randomizes the pattern both within and betweeWith this expectation, we found significant and

species, the random shifts randomize only thgonsiderable departure from randomness within a
interspecific patterns. wide range of scales (between 0.05m to 25m) in the

Significance of any observed valA,B) or Ccase when complete randomization was used as a

I(A,B,...S))was calculated by comparing it with theneutral model (Fig. 2a). This result correspondd wi
values obtained by the Monte-Carlo randomizationéhe large niche overlaps found by Fekete al.
i.e. representations of the null hypothesis. Thel995). Margéczi (1995) also obtained high spatial
significance was expressed as the relative frequen@ssociations by investigating various types and
of the randomizations resulted in higher values thasuccessional stages of xeric sand grasslands. How
the observed one. 5000 randomizations were appli€4€r, in our analyses, the other neutral model
in each tests. The trend of the association, i.@roduced different results. Using random shifts, we

whether the association is positive or negative, #®und much less significant departure from random-
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Table 1. Patterns of the signs of the pairwiseiapassociations of the the seven most frequertiepén a xeric perennial sand

grassland in Csévharaszt. The signs of the asentsatt,-) were determined by the comparison ofstines of diagonalsad vs.

b+c) of the 2x2 contingency table.

Species codes:

CLAMAG Cladonia magyaric&GLAFUR Cladonia furcatafESVAG Festuca vaginat&T|I BOR Stipa borysthenica;

POLARE Polygonum aviculard?OABUL Poa bulbosayl OARV Viola arvensis

critical value for significance p < 0.01
. hon-significant association
+1 positive association
-1 negative association

neutral model: complete randomization with fixeekfuencies at the finest resolution

I engh of units (cm 5 10 15 20 25 40 55 75 100 150 200

speci es pairs

CLAMAG x CLAFUR .o+l 41 +1 0 41 41 41 41 +1 +1
CLAVAG x FESVAG .o+l 41 +1 41 41 +1 41 +1 +1
CLAMAG x STI BOR . . . . . .o+l 41 +1 0 +1
CLAVAG x POLARE . .-1 -1 -1 -1 -1 +1 +1 +1
CLAMAG x POABUL 41 -1 -1 -1 -1 -1 -1 -1 -1 -1
CLAVAG x VI ARV 41 -1 -1 -1 -1 -1 -1 -1 -1 +1
CLAFUR x FESVAG . . . . . . . .+l +1
CLAFUR x STI BOR . . . . . . . .+l +1
CLAFUR x POLARE . . . . . . . . .o+l
CLAFUR x POABUL 41 +1 -1 -1 -1 -1 -1 -1 -1 -1
CLAFUR x VI CARV . . . . . . . . . .
FESVAG x STI BOR .o+l -1 -1 .+ . . .+
FESVAG x POLARE . . . . . . . . .o+l
FESVAG x PQOABUL +1 +1 -1 -1 . .o-1 -1 -1 +#1
FESVAG x VI CARV . . . . . . . . .o+l
STI BOR x POLARE . . . . . . . . .o+l
STI BOR x POABUL . . . . . . . . .

STI BOR x VI OARV . . . . . . . .oo-1 .
POLARE x POABUL . .o+l .o+l 41 +1 41 +1 0 +1
POLARE x VI CARV . .o+l +1 . . . . .o+l
POABUL x VI CARV

+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1

275 495 1000

+1
+1
+1

¥l 41 41
+1 +1
+1

neutral model: random shift of species along theutar transect

I engh of units (cm 5 10 15 20 25 40 55 75 100 150 200

speci es pairs
CLAMAG x CLAFUR . . . . . . . .+
CLAMAG x FESVAG . .41 41 +1
CLAMAG x STI BOR
CLAVAG x POLARE
CLAMAG x POABUL . . .
CLAMAG x VI OARV +1 -1 -1

CLAFUR x FESVAG

CLAFUR x STI BOR

CLAFUR x POLARE . . .

CLAFUR x POABUL +1 +1 -1

CLAFUR x VI CARV . . .

FESVAG x STI BOR . .oo-1

FESVAG x POLARE . .

FESVAG x POABUL .o+l

FESVAG x VI CARV .

STI BOR x POLARE

STI BOR x POABUL

STI BOR x VI OARV . . . . . . . .
POLARE x POABUL . . . . . . .o+l
POLARE x VI CARV

POABUL x VI CARV

275 495 1000
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ness. The significant associations appeared ondy in  In studies restricted to single (often the finest)
narrow range of spatial scales, between 0.1m amsdale, or restricted to a few arbitrary chosenescal
0.4m (Fig. 2b). Table 1 shows the same contrastiranly, the majority of information about community
differences between the patterns of significargtructure may remain hidden. Scanning through a
pairwise associations of the most frequent sevemide ranges of scales we found significant associ-
species determined by the two types oftions which do not occur at the finest scale @te.
randomizations. Detecting by complete randomizathe scale of the elementary 0.05 by 0.05 m sampling
ion, all pairs of the seven species show significamunits). Beyond that, we had opportunity to study th
associations. Significant associations are scale deattern of associations as a function of scale.
pendent, with considerable variation. In other msid Applying random shift as a neutral model
on community structure, significant departure fronfrandom reference), we found much less significant
randomness were rarely found (e.g., Wilsstnal, associations between species pairs. However, there
1987). We think that negative results do notvas no contradiction between the two types of
necessarily prove the lack of spatial organization randomization. Results given by the random shifts
plant communities. They rather indicate the limitatappear simply as a subset of results detected éby th

ions of the applied methodology. complete randomization.
o Complete randomization separates textural and
A Completerandomization structural effects on associatum, while randomtshif

separate intraspecific spatial dependence (augcorr
lation) from the interspecific spatial dependence

¥ 15 | s=10 R (interspecific association). We would expect zero
S AA‘ A associatum in case of complete randomization.
= 1 ] ‘A However, associatum would be zero only in an ideal
g A R community where individuals would be dimen-
2 05 Ao sionless points and the transect would be contisiuou
2N . S and infinite. However, vegetation forms complex

0 A mosaics, and individuals (ramets and genets) cover

‘ ‘ S discrete areas of various sizes. Due to the fiite
0.01 0.1 1 10 100

discrete nature of individuals, some (rare) combi-
L ength of sampling units (m) nations never appear, while other (frequent) combi-
nations are well represented (‘textural constradfis'
Bartha, 1992). Associatum is sensitive to diffeesnc
B Random shifts between the frequency distributions of species
combinations in ideal versus real plant communities
Applying spatially explicit individual based modgls
RN recent theoretical studies suggest that textural
15 4 10 - I constraints have very important dynamical consequ-
ences on species coexistence, and consequently, on
the estimations of diversity (for a review see @par
1998). Intra-, and interspecific spatial dependese
'structural constraints' modify further the numbad
frequency of realized species combinations, thus,
0 they modify the interactions and dynamics of
0.01 01 1 10 100 populations.

It is important to note that with applying several
neutral models together, we could separate these
effects step by step. With these neutral modelslave

_ _ L _ not simply remove the artifacts from our resultst b
Fig. 2. Overall 'span'al associations (asspuatufrthe ten most o an distinguish and measure the relative
frequent species in a xeric perennial sand gradslam . .

Csévharaszt, detected by different neutral modals:(filled |mporta.nce of different tgxtural and S_trUCtural
triangle) significant departure of an observed gaftiom the CONSstraints on the dynamics of populations and
neutral model ( p < 0.01 Y (empty square) non-significant communities. We emphasize that the constraints have
observed values, + (plus) average of the randoareetes based effects on the dynamics, and not on the patterais th
on 5000 Monte-Carlo randomizations, ------ maximah the  gppear in single-time samples, which represent only
random references;,—minimum of the random references. "snap-shots" from dynamic processes. As we can see

90 TISCIA 31

Associatum (bits

L ength of sampling units (m)



on Fig.2a and Fig.2b, the average random associatum There are several attempts to remove the textural
is not zero in the neutral models. However, it doesffects and the effects of autocorrelation asfacts'
not simply mean that associatum is a wrong measuirem the estimated values of species associations
because it shows 'artefact association' in case (@ale et al, 1991, Hauser, 1993). They over-empha-
‘randomness’. What associatum shows is theze one type of structural constraint and tend to
deviation of the frequency distribution of realizedneglect the others. Although the actual abundafce o
species combinations from an expected frequenspecies, and their intraspecific spatial patterns
distribution in an ideal plant community, where(autocorrelations) are individualistic propertiéisey
species can coexist in a completely unconstraindthve evolved in a community, so they are not inde-
way. Because the number, frequency, and identity pendent characters. Textural and structural con-
realized species combinations inform us about th&raints are dynamically related, therefore thé& tas
coexistence relations of species in a community, arseparating them is not simply a statistical issue.
deviation from the ideal (unconstrained) coexistenc  Scale dependence and changes of the signs of
should contain some important information about thassociations in spatial series provide further oppo
organization of a community. tunities in interpreting results on species coexise.
The term "species association" in its traditionaKershaw (1964) and Greig-Smith (1983) expected a
form was introduced for expressing the tendency dbgical pattern of the change of the signs with
species to co-occur or to avoid each other (e.qncreasing plot sizes. Associations start with tigga
Kershaw, 1964, Greig-Smith, 1983). The significantalues as plant individuals exclude each otheinat f
tendencies of co-occurences are thought to form tlseales, i.e. at scales comparable to their sizéth W
discontinuities of the vegetation at a longer, eaan increasing sampling unit sizes, associations might
evolutionary time scale. For example, these discorecome positive, that will disappear at even caarse
tinuities are which can be classified as syntaxanomscale, where both species are present in every
units. This involves that significant associatiare sampling unit. From this basic logic the following
the most important measures of community orgasariants can be expected with increasing sampling
nization. However, few studies analysed directlwho unit sizes: negative to positive to neutral, pusitio
effective is a certain interspecific association imeutral, negative to neutral, all neutral. There ar
determining species coexistence or communitgase studies that supported these trends (e.gteFeke
dynamics. Fig.3 shows the frequency distribution oind Szujk6, 1973, Bartha, 1983), while others
the values of maximum associations found in theeported more complex patterns (e.g. Hauser 1993,
studied stand of xeric sand grassland. These valueéedani and Czaran 1997). We found complex
are very small comparing to the theoretical maximumatterns too: e.g., neutral to positive to neutral,
of I1(A,B) which is 1 bit. Consequently, even if thereneutral to negative to positive to neutral, or pesi
are significant associations among species, thdin negative to positive to neutral. Comparing gédar
effects may be weak on species coexistence, ie. tbet of results (Bartha, unpublished), the most ggne
frequencies of realized species combinations diffgrattern of the signs of significant associationgesy
only slightly from the random expectations (neutrato be positive to negative to positive with the

models). increasing plot size.
Because field data are usually too complex and
90 _ details about pattern generating factors (assembly

80 1
70 7
60 7
50 1
40
30 1
20 1
10

rules) are unknown, we used the simulated data to
test further the performance of the different typés
neutral models. Similarly, we used the same samplin
parameters (length and resolution of the circular
transects) and the same type of data analysesdsecau
the scaling conventions of the sampling desigrifitse
could potentially introduce additional constrains o

Frequency%

0 010203040506070809 1 the detected frequency of species combinations.
Spatial associations between the simulated
maximum Pairwise Associations (bits) species are shown in Fig. 4. Recall that negative

_ o _ N interspecific association is expected in case of
Fig. 3-t_ Freq“elnc{ td('ftf”b““o’l’l tﬁf the F‘gf‘x'm?ﬂ;ﬁf ése  pattern 1 but positive interspecific associationdse
assoclafions calculated from af the possible palrine SeVen ¢ pattern 4 while species should be independent in
most frequent species in a xeric perennial sands@mad in d Its b d h | del
Csévharaszt. (Note the small absolute values ofmzrelatively Fattérn 2 and 3. Results based on the neutral mode
to the potential upper limit(A,B)=1.) of random shifts fit better to these expectations.
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Fig. 4. Pairwise spatial associations between fhrulated species. The signs of the associationg (#ere determined by the
comparison of the sums of diagonasq vs.b+c) of the 2x2 contingency tabla. (filled triangle) significant departure of an obsedt

value from the neutral model ( p < 0.099,(empty square) non-significant observed valueayerage of the random references based

on 5000 Monte-Carlo randomizations, ------- maximafthe random references, (minimum of the randeferences is alwais 0).
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Table 2. Type of the patterns of individual spedjegraspecific spatial dependence). Significanaes vibased on 5000 complete
randomizations.

Sinul ati on Speci es St atus of Type of pattern Intraspecific spatial
the species p<0. 01 dependence
PAT1 Species 1 Doni nant aggr egat ed yes
PAT1 Speci es 2 Subordinat ed random no
PAT2 Species 1 Domi nant aggr egat ed yes
PAT2 Species 2 Co-doni nant random no
PAT3 Species 1 Domi nant aggr egat ed yes
PAT3 Species 2 Co-doni nant aggr egat ed yes
PAT4 Species 2 Subordinated 1. random no
PAT4 Species 3 Subordinated 2. random no

There are no significant spatial dependence Wwhen competition occurs, segregation of the
Pattern 2 and 3 (Fig. 4c and Fig. 4e) while sigaift subordinate species from the dominant do not
positive associations are found in Pattern 4 (. produce patchy distribution, because the frequencie
There are positive associations in Pattern 1 allema of the subordinate species are low (12.5 %). How-
plot sizes and negative associations at medium pletver, limited dispersal always produces significant
sizes (Fig. 4a). The majority of results corresmottd aggregations. Comparing the significant association
the assembly rules of the simulations, however thdetected by the two neutral models, there are
positive associations found at fine scales in Ratte additional significant associations in the results
contradict to our expectation. The results based abtained by complete randomizations. If only one of
the complete randomization are more complex artie species is aggregated (Fig.4b and Fig.4d), then
more difficult to interpret. For Pattern 4, theuks the additional significant associations appear aly
are the same as the results by the random shiftg, e coarse scales. But, if both species are aggregdied,
the random envelopes (minimum and maximumassociations are significant at almost all scalég. (
values of randomizations) produced by the two type#). It is clear that intra-specific spatial depende
of neutral models are different (Fig. 4h). Howevergchanges the probability of the species to appear in
significant associations are found in all the othesampling unit (cf. Fig. 5). However, the conseq@enc
simulated patterns and the signs are both positide of this change appears in the probability of co-
negative, depending on the scale (Fig. 4b, Fig. 4dccurence of species, too. If at least one of the
and Fig. 4f). Difference of the results calculatgth species becomes aggregated, the probability of co-
the two types of neutral models can be attributed bccurences will decrease, as it was shown by
the fact that complete randomization also refers tapplying the neutral model of complete
the intra-specific spatial dependence (autocorrelatandomization.
ion) of species. As it was shown in Fig. 1, the dom Are the significant associations artefacts in Fig.
nant species was patchy (aggregated) in all patterdd and Fig . 4f? We think they are not. We extend
the subordinate species was patchy only in Paernthe concept of association to the intraspecifielev
In the other cases, the subordinate species wdmis, the individuals are associated if their
distributed by unlimited dispersal, which couldprobability to appear in a sampling unit are
produce either random or slightly segregatedignificantly different from a random expectation.
patterns, depending on the competitive effect dNe emphasize that association between individuals
dominant. changes their interactions. A second questionds th
To test the above expectations about thkow individuals can be classified into groups (e.g.
individualistic patterns (i.e. intraspecific spétiataxons or functional types etc.). To solve thiktas
dependence) of species, we calculated the protyabilcan separate the within-, and between-group
of finding a species in a quadrat as a function aissociations with appropriate neutral models.
quadrat sizes. If a species is aggregated, it appea In Fig. 4 we depict the signs ofA,B) at all
the sample with lower probability than in case obcales, disregarding if they show significant
randomness (Fig. 5). Table 2 summarizes the resul&ssociations or not. Signs were determined by
These correspond to our expectations according tmmparing thea+d vs b+c sums calculated from the
the assembly rules of the simulation. In the caselagonals of the 2x2 contingency table of observed
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data. The signs follow the same positive to negativ
to positive pattern with the increasing plot sizes
each simulated transects. This pattern is sindldhé
one found in the field data (see Table 1), and migl
be simply a direct consequence of increasing toe pl
sizes in the spatial series. We expect the
a+d > b+c at very small plot sizes, because d is ver
frequent, i.e. there are many empty plots. At larg
plot sizes, close to the minimum area of the twc
species assemblage, a is very frequent, thi
a+d > b+c again. In the contrary, at intermediate 0 T T T
plot sizes,b+c might be greater thama+d. The 0.01 0.1 1 10
intervals of scales where signs change vary frol ) _
pattern to pattern, but the logic is the same. Th L ength of sampling units
pattern of positive to negative to positive sigss i
often invisible, because significant associatiors/ m
appear only in a limited interval of scales. The
effects of changing the frequencies of specie
combinations with increasing plot sizes might mas
the "real" trends of positive and negative assecia
ions. Textural effects might override the real ten
dencies of species to co-occur. It may result i
seemingly illogical patterns of the signs of associ
ations (e.g. Fig. 4a) that are difficult to intesfyror
at least, there is a danger of misinterpretation.

To avoid these effects, we suggest a second ty 0 IRRRRLL RRERL AL
of algorithm for determining the signs of the 0.01 0.1 1 10
associations. Here the observed sums of diagon ) ,
were compared to the average sums of diagon: L ength of sampling units
calculated from the Monte-Carlo random ref-erenceﬁg.a Detection of the spatial pattern of indivatki species. An
(r.‘e“.t.ra' mOdels.)' .Table 3 shows .the Slgr.ls 0xample with the two simulated species in Pattern Al
significant associations detected by this methdds T aggregated pattern of dominant species, b, randatterp of
result is easier to interpret than the result olet@iby  subordinated speciea (filled triangle) significant departure of
the first method. The positive signs disappearethfr an observed value from the neutral model ( p < §,@ (empty
the simulated Pattern 1. Using random shift as sguare) non-significant observed values, + aveohgee random
neutral model, Pattern 4 shows only positive assocfferences based on 5000 Monte-Carlo randomizations--
ations, which corresponds to our expectation. Thef&Ximum and minimum of the random references.
is a change of the signs from positive to negaitive . . i .
case of complete randomization, when within-species Recalculating the signs of associations with the

spatial dependence is also detected. It is reamnabsecond algorithm, we found more reasonable and less

o - : troversial patterns in case of the field daw@ to
because aggregation in the original species patte n .
reduces the probability of finding a species in ‘ﬁable 4). When we apply random shift as neutral

sampling unit. For example, if both species ar odel, there are either only positive or only nagat

aggregated but they are independent from each Oﬂ%srsomanons along the spatial series. Applying

(Pattern 3), the relative frequency in a (both &mec compl_ete rﬁndom|zfat|r:)n, ;here IS ';he S(?me ﬁoslgve
are present) will be smaller, the frequency in ottib n_ega|t|vedc ange OEt € signs I?S ound in the case o
are absent) will be higher than the randorg Y ated pattern. Exceptionally, _r;egﬁtlve to m'th
expectation created by complete randomization (Fié0 hegative pattern appears It there are other

6a and Fig. 6d). Relative frequenciesiandc (only omponents of associations beyond the intraspecific
one species is present) are lower than the rand

dﬂr,ﬁ)plying random shifts as neutral models significan
expectation at finer scale and then become higher

%ssociations show a coalition structure. There are
coarser scale (Fig. 6b and Fig. 6¢). All theseaesfe negative associations between the dominant grasses
together result in the positive to negative chaofje

Festuca vaginatand Stipaborysthenicaas well as
the signs of the significant associations. between the matrix-formingestuca and the gap-
specied?oa bulbosaAnnuals are positively associ-

Aqggregated species

0.8 1
0.6 -

Probability of presenc >

Randomly distributed species
1 B

0.8 1
0.6 1

Probability of present m
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Fig. 6. The effect of within-species spatial depmrae (autocorrelation) on the spatial patternspeties combinations. An example
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with Pattern 3., where both species are aggregaiedto their limited dispersal, however, there @oeinteraction between thenk

(filled triangle) significant departure of an obssdt value from the neutral model ( p < 0.090,(empty square) non-significant
observed values, + average of the neutral modeédQ5tbmplete randomizations),

references.

Table 3. Patterns of the signs of the pairwiseiapassociations of the species in the simulatatepes. The signs of the associations

maximum anthimum of the random

(+,-) were determined by the comparison of the nlegkvs. the average random sums of diagonalsea2*2 contingency table.
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Table 4. Patterns of the signs of the pairwiseiapassociations of the the seven most frequentispen a xeric perennial sand
grassland in Csévharaszt. The signs of the asgn@att,-) were determined by the comparison ofdbserved vs. the average random
sums of diagonals of the 2x2 contingency table.

critical value for significance p < 0.01
non-si gni fi cant associ ation
+1 positive association
-1 negative association

neutral nodel: conplete random zation with fixed frequencies at the finest resolution

I engh of units (cm 5 10 15 20 25 40 55 75 100 150 200 275 495 1000
species pairs

CLAMAG x CLAFUR . +1 +1 -1 -1 -1 -1 -1 -1 -1 -1
CLAVAG x FESVAG .+ +1 -2 -1 -1 -1 -1 -1 -1 -1
CLAMAG x STI BOR . . . . . .. -1 -1 -1 -1 -1 .
CLAVAG x POLARE . . +#1 -1 -2 -1 -1 -1 -1 -1 -1 -1
CLAMAG x PQOABUL -7 41 +¢1 -1 -1 -1 -1 -1 -1 -1 -1 -1
CLAVAG x VI OARV -1 41 +1 +41 +1 -1 -1 -1 -1 -1 -1 -1
CLAFUR x FESVAG -1 -1 -1
CLAFUR x STI BOR -1 -1 -1

CLAFUR x POLARE . . . . . . . . .oo-1 -1

CLAFUR x POABUL -1 +1 +1 +1 +1 -1 -1 -1 -1 -1 -1
CLAFUR x VI CARV . . . . . . .oo-1
FESVAG x STI BOR .o-1 -1 -1 .oo-1 -1 -1

FESVAG x POLARE . . . . . . . . -1 -1

FESVAG x POABUL -1 41 +1 41 . .. -1 -1 -1 -1 -1

FESVAG x VI QARV -1 -1

STI BOR x POLARE -1 -1

STI BOR x POABUL . . . . . . . . . -1

STI BOR x VI OARV . . . . . . . .oo-1 .oo-1 . . .
POLARE x POABUL . .+l .+l +1 +1 +1 +1 -1 -1 -1 -1 -1
POLARE x VI ARV . .o+l +1 . . . . . -1 -1 -1 -1
POABUL x VI QARV . . . . . . . . . . . .oo-1

neutral nodel: random shift of species along the circular transect

I engh of units (cm 5 10 15 20 25 40 55 75 100 150 200 275 495 1000

species pairs

CLAVAG x CLAFUR . . . . . . . .o+

CLAMAG x FESVAG . .o+l +1 +1

CLAVAG x STI BOR

CLAMAG x POLARE

CLAVAG x PQOABUL . . .

CLAMAG x VI CARV -1 -1 -1
CLAFUR x FESVAG
CLAFUR x STI BOR
CLAFUR x POLARE . . .
CLAFUR x POABUL -1 -1 -1
CLAFUR x VI OARV . . .
FESVAG x STI BOR . .oo-1
FESVAG x POLARE . .
FESVAG x POABUL .oo-1
FESVAG x VI QARV
STI BOR x POLARE
STI BOR x POABUL
STI BOR x VI CARV . . . . . . . .
POLARE x PQABUL . . . . . . .o+
POLARE x VI QARV
POABUL x VI QARV

-ated toPoa bulbosawhile negatively associated to experiences about the ecophysiology, population
lichens. Lichens are positively associatedréstuca biology, and larger scale coenological preferemdes
The whole structure corresponds to our previouspecies in xeric perennial sand grasslands.

96 TISCIA 31



Conclusions of direct interaction of species (e.g. competition,
parasitism, mutualisms) or due to indirect efféet,
Pairwise spatial association of species is the common reaction to other species or limiting
measure to express the difference between frequersyironmental factors. In each case, spatial
distributions of species combinations in an obsgrvedependence changes the frequency of species
and in an ideal community. The traditionally usedombinations either directly, by changing the
ideal distribution represents a community where afjrobability of the occurence of a given species
species can completely coexist, i.e. the probaslit combination, or indirectly, by changing the indivi-
of species combinations are determined only by thdualistic patterns, i.e. the individualistic probip

abundance of species. of the occurence of a species in a sampling unit.
There are several factors that might cause a 3, We use the terniconstraints' instead of
deviation from this ideal case. ‘effects’ or ‘contributions' to emphasize thgamic

1, Textural constraintappear due to the fact thataspectsand dynamic consequences. From a dynamic
stands of plant communities and individual plawots ( point of view, zero association corresponds to the
ramets) ardinite and discrete entitieShe sampling conditions that are assumed in a mass-based
operations emphasize this finite and discrete chagquilibrium model (e.g. Lotka-Volterra models) (cf.
acter of natural communities when the limited ekterCzaran, 1998). In any more realistic model of plant
and resolution of the sample reduce further the-frecommunity dynamics, association means that the
dom of species combinations. Consequently, sonfeehaviour of the species differ from what we expect
rare species combinations may never appear indiectly from their overall abundances. The
limited, finite sample, while the combinations bBt associated species co-occur or interact more ar les
abundant species might be over-represented. Simildrequently due to several textural and structural
ly, if the number of species is relatively highgth effects that constrain their behaviour. We empleasiz
number of potential species combinations might exhe need of developing a well articulated set of
ceed the size of the sample. In this case, theedni neutral models that help to separate the differg@
size of the sample puts constraints on the nunmér aof biologically relevant constraints. As a first
frequency of realized species combinations, thatttempt, we used here two different types of néutra
result in deviation from the ideal case. Importemt models in parallel.
emphasize that textural constraints are not simply 4, We propose to use (1) the complete rando-
sampling artefacts due to our limited samplingnization model to separate textural and structural
efforts. In nature, frequency of realized specie®c constraints, and (2) the random shifts to distisigui
binations will also differ from an ideal (continuou intra-, vs. interspecific spatial dependence within
and infinite) case due to natural scaling paramsetestructural constraints. We also suggest that datect
(limited extent of vegetation stands and given ratu signs of significant associations, we should compar
scales defined by plant morphology) in a community. the relative frequencies of relevant species combi-
Students of community structure usually pay littlenations between the observed data and the actual
attention to textural constraints or they regareinth neutral model. In all cases, the application oftigpa
as some unwelcome noise or bias from the reakries is important and inherent in the analyses.
biological patterns and mechanisms. Considerable Our simulation study proves that with these
attempts have been made to remove these effectsnoéthods one can detect much details than with the
the textural constraints from the analyses to gaelly traditionally used statistical method. These meshod
spure, biologically reasonable” results. Howeverhave the advantage of simplicity and easy use.
because textural constraints effect species intdrowever, neither complete randomization nor
actions and community dynamics as well, neglectingandom shifts are perfect from a biological poifit o
or disregarding them might cause serious biases wiew. By artificial setting of the resolution of
our understanding of community organization. complete randomization we might cut a plant

2, Structural constraintsappear because of theindividual into pieces and randomize along the
spatial dependence between individuaWithin- transects. On the other hand, random shift keeps th
species spatial dependendes. non-random spatial individual pattern constant during the randomizatio
distribution of individuals of the same species Imig involving the irrealistic assumption that patterh o
appear due to population level mechanisms (e.gne species was developing independently from the
limited dispersal of propagules, patterns of velijeda other species. The major problem lies in the tiaalit
growth and reproduction or preference of individualof developing static neutral models with statidtica
to certain patches of a heterogeneous hablt#gr- approaches disregarding that the majority of bielog
specific spatial dependen@an be the consequencecal processes and mechanisms that are relevant only
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in dynamical context (Geoffrey M. Henebry, persoJuhasz-Nagy, P. (1967): On association among plaplations.

nal communication). Future neutral

models for
understanding plant community structure should bf
based on thorough knowledge about the dynamics

Part 1. Multiple and partial association: a newrapph. -
Acta Biol. Debr.5,43-56.

thész-Nagy, P. (1980): A conolégia koegziszteiscerderkeze-
Ol teinek modellezése. Akad. Dokt. Ert. (Kézirat), Bpdst.

the morphogenesis of plants and the synmorph@anhasz-Nagy, P. (1984): Spatial dependence of plamilations.

genesis of vegetation.
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