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A  m ethod  w as initially suggested for the identification o f  zones where there are strong 
correlations betw een tw o d istribu tion  fields. The m ethod  w as based on  outlin ing  areas 
where the gradients o f  the tw o fields are in the same or opposite directions. In the 
present study, corre la tion  zones were optim ized by varying the range o f  angles between 
gradients, sim ultaneously changing the corre la tion  value and  zone area. The m ajor 
role w as given to  the corre la tion  value: the zone area was m ain tained  so th a t the 
optim ized corre la tion  zone w as significant. The m ethod  w as applied in an attem pt to 
establish the interaction  o f  spatial d istribu tion  o f  a grazer (C ladocera) and  its food 
(nanophy top lank ton ) in Lake K inneret (Israel), using d a ta  from  m ultidisciplinary 
surveys carried  ou t on 26 D ecem ber 1991 and  13 M ay 1993.
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Introduction

Patchiness is a fundam ental attribu te  o f ecosystems 
(Steele, 1976). The state o f the ecosystem in different 
zones can be controlled by various dom inant factors 
causing full o r partia l overlap of patches o f different 
com ponents. U ntil recently, there was no quantitative 
m ethod for elucidating relationships between patchy 
d istribution  fields. As a result, the underlying causes 
for the d istribution  pattern  observed could no t be 
revealed.

To help fill this gap, K alikhm an et al. (1995) elabo­
rated  a m ethod of identifying zones where there are 
strong correlations between tw o d istribution  fields. The 
m ethod enabled the evaluation o f the fish-zooplankton 
interaction, and  assessment, for the first time, o f a 
threshold level o f food source concentration  from  data  
obtained in nature. A  threshold m eans the following: 
if the prey density is lower than  the threshold, the 
p red a to r’s behaviour is aim ed m ainly at searching for 
food; if the prey density is higher th an  the threshold, 
the feeding dom inates (N ikolsky, 1963). Similar 
m ethods were used by Ellison et al. (2000) in testing a

hypothesis th a t m angroves appear in Bangladesh in 
discrete zones depending on elevation. A n im prove­
m ent o f the m ethod (determ ining the zone signifi­
cance) allowed the estim ation o f the extent o f hetero­
geneity of phy top lankton  d istribution  (K alikhm an, 
1999).

By definition, the aim  o f identifying a correlation zone 
is to  ob tain  the strongest correlations betw een ecosystem 
com ponents (K alikhm an e t a l ,  1995). A t the same time, 
developm ent o f the m ethod considered in the present 
study, has show n th a t stronger correlations are observed 
in sm aller zones; in contrast, w eaker correlations are 
associated w ith larger zones. The significance o f a cor­
relation zone depends on bo th  these factors. The real 
value of the significance cannot be determ ined as, for 
significant correlations, the correlation should exceed  
the critical value o f a correlation  coefficient, no m atter 
for how  m any (Sokal and R ohlf, 1969). Therefore, 
during optim ization, the m ajor role is given to  the 
correlation value; the zone area is m aintained so th a t the 
indicated condition  o f significance is satisfied. The aim 
of the present study is to  dem onstrate a m ethod of 
optim ization of correlation  zones.
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R otifera -  7% (G ophen, 1978). D istribu tion  fields for 
C ladocera, the m ain food source for fish (G ophen, 
1978), and the m ain food source for C ladocera -  nano- 
phytop lank ton  (G ophen, 1973; Serruya et a l ,  1980), 
were analysed together. The term  nanophy top lank ton  
includes all phy toplanktonic com ponents w hich pass 
th rough  a 20 pm  mesh net (Sieburth et a l ,  1978). M ost 
algal species in Lake K inneret are nanophytoplank- 
tonic and  belong to  the following classes: C hlorophyta, 
B acillariophyta, Pyrrhophyta, C ryptophyta  and C yano­
phyta (Pollingher, 1986).

The density o f nanophy top lank ton  varies th roughout 
the annual cycle in Lake K inneret (Pollingher and 
Berm an, 1982), and the relative abundance m ainly 
depends on density o f the pyrrhophyte Peridinium gatun­
ense (N ygaard). Peridinium  is a large species w ith a cell 
d iam eter surpassing 40 pm. This species form s dense 
bloom s from  F ebruary  th rough  June, w ith alm ost a 
regular periodicity. D uring the b loom  period, Peridin­
ium  comprises 90 to  99% of the algal biom ass and, on 
an  annual basis, the biom ass ranges from  65 to  95% 
(Berm an et a l ,  1992).

A lthough th roughout the paper we use the term  
nanophy top lank ton , we actually m easured chlorophyll a 
in  nanophy top lank ton  as an  index of the am ount of 
nanophytoplankton . In  order to  determ ine the con tribu­
tion  o f nanophy top lank ton  to  the to ta l bulk o f chloro­
phyll a, the w ater samples were filtered th rough  a net of 
20 pm. The particles th a t passed the 20 pm  net were 
collected on to  glass fibre. The subsequent procedure 
was identical to  th a t used for estim ation o f chlorophyll a 
in  the to ta l phytoplankton.

Figure 1. M ap  o f  the m ultidisciplinary survey coded as 
follows: th ick  lines -  acoustical transects: perpendicular 
m arks -  sam pling distance unit: th in  lines -  connecting tracks: 
po in ts -  sam pling stations.

Method and material
O ur example is based on m easurem ents carried out in 
the subtropical Lake K inneret, Israel. The d istribution  
fields were reconstructed on the basis o f the data  from  
multidisciplinary surveys carried ou t on 26 Decem ber 
1991 and 13 M ay 1993. E ach survey consisted of 
an acoustic survey o f fish concentrations conducted 
together w ith the sam pling of p lank ton  (Figure 1). 
D ensities o f zoo- and phytop lank ton  were m easured at 
fixed stations in integrated mixed samples w ithin the 
0-10 m layer (K alikhm an e t a l ,  1995).

The biom ass o f Zooplankton is dom inated  by three 
m ajor groups: C ladocera -  58%, C opepoda -  35% and

Identification of correlation zones
A  m ethod o f identifying correlation  zones is given in 
K alikhm an et a l  (1995), and  th a t o f determ ining the 
zone significance in K alikhm an (1999). If, at a certain 
point, the gradients o f tw o fields are co-phased (the 
angle between them  is acute enough), a positive corre­
lation  m ay be expected between the fields in proxim ity to 
th a t point (Figure 2, top). In  contrast, if  at a certain 
point, the gradients o f two fields are anti-phased (the 
angle between them  is obtuse enough), a negative corre­
lation  m ay be expected between the fields in proxim ity to 
th a t point (Figure 2, bottom ). I f  the gradients are out of 
phase (the angle between them  is close to  right), no 
correlation  is expected.

Initially, the range o f angles between the gradients (a) 
indicative for the presence of correlations was chosen 
constant based upon  the results o f experim entation 
(K alikhm an et a l ,  1995); for example, 0°<a<90° (for 
positive correlations) or 90°<a<180° (for negative ones). 
The optim ized range will be considered later in section 
“O ptim ization o f C orrelation  Z ones” .
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Figure 2. A  p a ir o f  d istribu tion  fields in proxim ity  to  po in t P: to p  -  the co-phased gradients; bo ttom  -  the anti-phased gradients.

To grid the data  in constructing the d istribution  fields, 
the Kriging m ethod was used. This algorithm  assumes an 
underlying variogram , w hich is a m easure o f how 
quickly things change on the average (Cressie, 1991). To 
identify the correlation zones, the tw o pairs o f d istribu­
tion  fields (obtained in D ecem ber 1991 and M ay 1993) 
were sam pled at nodes o f a regular grid. The maximally 
admissible distance between nodes was estim ated on the 
basis o f the analysis o f the autocorrelation  for the fields 
(Sokal and  W artenberg, 1981; Legendre and  F ortin , 
1989; M cA rdle and Blackwell, 1989). Based on the 
analysis, the distance between the nodes was chosen 
equal to  1 km  (K alikhm an et ed., 1992, 1995).

F o r  each pair o f the fields, the angles between the 
gradients at the same grid node were calculated (Figure 
3a and b, top). I f  the corresponding gradients are 
co-phased at a num ber o f adjacent nodes, a positive 
correlation o f the fields m ay be expected in the area 
containing these nodes (Figure 3b, top). In  contrast, if 
the corresponding gradients are anti-phased at a num ber 
o f adjacent nodes, a negative correlation  of the fields 
m ay be expected in  the area containing these nodes 
(Figure 3a, top). The points where a positive or negative 
correlation was expected were grouped; the areas con­
taining each group o f points were outlined (Figure 3a 
and b, bottom ).

A fter outlining the potential correlation zones, the 
correlation values were calculated for each zone. As 
different variables were m easured at the same points, 
there are two possibilities for calculating the corre­
lations: the first one -  at the m easurem ent points; the 
second one -  at the regular grid nodes (K alikhm an, 
1999). The d istribution  fields were sam pled at the 
m easurem ent points and  regular grid nodes, located in 
each zone outlined (it should be em phasized th a t the 
original o r in terpolated  field values were taken, no t the 
gradients). C orrelations were calculated for the corre­
sponding m easured or in terpolated  field values belong­
ing to  each zone (Figure 3a and  b, bottom ). C alculation 
of the correlation w ith or w ithout in terpolation  use 
different values o f variables (Figure 3a and  b, bo ttom  
left and  right); this fact explains the small difference of 
correlation values obtained (w ithin the limit o f 2.1% for 
the considered cases). F u rth e r on (Figure 4), the lowest 
correlation values are taken  into consideration.

The significance o f a correlation  zone was estim ated 
on the basis o f the F isher z-criterion according to  the 
correlation value found, the num ber o f m easurem ent 
points at w hich the correlation  was determ ined, and the 
admissible erro r probability  (Sokal and R ohlf, 1969). To 
estim ate the significance o f correlation  zones, only the 
num ber o f m easurem ent points can be used (Figure 3a
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Cladocera Nanoplankton

Correlation zone

Figure 3(a).

and b, bo ttom  right), even though  the correlation was such nodes; however, the significance should be indepen-
calculated at nodes o f a regular grid (Figure 3a and b, dent o f this num ber (K alikhm an, 1999). The Fisher
bo ttom  left). This is explained by the fact tha t a regular z-criterion can only be applied if the points o f measure-
grid m ay contain  any, as great as one desires, num ber of m ents are located random ly in space, i.e., they are not
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Figure 3(b).

situated on any know n configuration (or any p art o f it). 
Therefore, the increase (or decrease) in the area o f a 
correlation zone m eans the corresponding increase (or 
decrease) o f the num ber o f such points w ithin the zone.

Optimization of correlation zones
As m entioned earlier, the aim  o f the optim ization is to 
obtain  the strongest correlation  between ecosystem
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Figure 3(c).

com ponents. C alculations have show n th a t the following m easurem ent points is decreased; w ith sm aller num ber
regularities are typical for correlation  zones: as a result o f points, the curve of critical values o f the correlation
of narrow ing the range o f angles betw een the gradients, coefficient rises m ore abruptly  than  the correlation  value
the correlation values are increased and the num ber of o f a zone (Figure 4). Therefore, to  obtain  the strongest
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(d) Cladocera Nanoplankton

Correlation zone

Figure 3(d).

Figure 3. M aps dem onstrating  the d istribu tion  fields and  corre la tion  zones. The to p  panel represents the pairs o f  d istribu tion  fields 
for C ladocera density  (mg/1) and  n anophy top lank ton ic  chlorophyll density (pg/1) on 26 D ecem ber 1991 (a and  c) and  13 M ay 1993 
(b and  d). The g radients are directed from  m inim al to  m axim al values. The g radients at the same node are considered to  indicate 
the positive corre la tion  (show n by crim son arrow s) o r the negative one (show n by blue arrow s). The range o f  angles betw een the 
g radients (a) is chosen as follows: 90°<a<180° (a): 0°<a<90° (b): 118°<a<180° (c): 0°<a< 35° (d). The gradients not m eeting the 
indicated conditions are no t shown: instead, the yellow po in ts are given. The bo ttom  panel corresponds to  the same distribution  
fields and  represents regular grid nodes (left) o r m easurem ent p o in ts (right) for sam pling the p a ir o f d istribu tion  fields to  calculate 
the positive corre la tion  (show n by crim son points) o r  the negative one (show n by blue poin ts). The corre la tion  zone is displayed 
on the same panel by the corresponding colour.
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Figure 4. D ependencies o f  the corre la tion  value and  num ber o f  
m easurem ent po in ts while varying the range o f  angles between 
the gradients. The num ber indicates the limit (for a positive 
corre la tion  zone -  upper; for a negative one -  lower) o f  the 
range o f  angles betw een the gradients. The dashed curve shows 
the critical values r„ o f the corre la tion  coefficient (r is insignifi­
cant w ith r< r„  and  significant w ith r> r„ ) corresponding to 
various num bers o f m easurem ent po in ts and  the erro r p ro b ­
ability  p  = 0.05 (Sokal and  R ohlf, 1969).

correlation, it is necessary to  find the m inim al num ber of 
m easurem ent points ensuring the zone significance.

Let us consider the negative correlation zone observed 
on 26 Decem ber 1991. W ith the range o f angles between 
the gradients 90°<a<180°, 21 m easurem ent points fall 
into the zone and the correlation  value is — 0.47 (Figure 
3a). W hen the range o f angles is 118°<a<180°, 15 points 
fall in to  the zone and the correlation  value is — 0.52 
(Figure 3c). W ith a fu rther decrease o f the range of 
angles between the gradients (119°<a<180°), the num ber 
o f points is 14 and the correlation  value is —0.53, i.e., 
already below the curve of the critical values o f the 
correlation coefficient.* Therefore, the correlation zone 
containing 15 m easurem ent points is taken  to  be the 
optim al one (in Figure 4 shown by a large point). As this 
point is located above the curve of critical values o f the 
correlation coefficient, the correlation zone is significant.

Let us consider the positive correlation  zone observed 
on 13 M ay 1993. W ith the range o f angles betw een the 
gradients 0°<a<90°, 18 m easurem ent points fall into the 
zone and the correlation  value is +0.78 (Figure 3b). 
W hen the range o f angles is 0°<a<30°, 5 points fall into 
the zone and the correlation value is +0.92 (Figure 3d).

*R egarding 15 or 14 poin ts, the critical values o f  the correlation  
coefficient are equal respectively to  0.514 or 0.532 (Sokal and 
R ohlf, 1969).

W ith a further decrease o f the range o f angles between 
the gradients (0°<a<25°), the num ber o f points is 4 and 
the correlation  value is +0.94, i.e., already below the 
curve o f the critical values o f the correlation coefficient. 
Therefore, the correlation  zone containing 5 m easure­
m ent points is taken  to  be the optim al one (in Figure 4 
show n by a large point). As this poin t is located above 
the curve of critical values o f the correlation coefficient, 
the correlation  zone is significant.

Ecological application

C ladocera and  nanophy top lank ton  densities in  the nega­
tive correlation  zone, in D ecem ber 1991 (Figure 3a and 
c), and those in the positive correlation zone, in M ay 
1993 (Figure 3b and  d), were approxim ately equal to  
each other. To elucidate the conditions inside the cor­
relation  zones in m ore detail, transects were selected 
across the negative correlation zone (Figure 3a, transect 
1; Figure 3c, transect 3) and the positive one (Figure 3b, 
transect 2; Figure 3d, transect 4). The correlations of 
C ladocera and  nanophy top lank ton  densities on transect 
1 and 2 were lower than  on transect 3 and 4 (Figure 5). 
As follows from  Figure 5, in the case o f non-optim ized 
correlation  zones, the association between C ladocera 
and  nanophy top lank ton  densities is less obvious. The 
result obtained confirms the necessity o f optimizing 
correlation  zones.

The concentration  range o f bo th  variables along these 
transects was fairly similar and it was w ithin the vari­
ability found all over the lake in bo th  surveys (Figure 5). 
Transects were chosen to  maximize the negative and 
positive correlations between spatial distributions of 
C ladocera and  nanophytop lankton . Consequently, the 
correlation  values along the transects were higher than  
in  the full correlation zones. N o positive and negative 
correlation  zones were sim ultaneously observed.

We assume th a t the association found  between 
C ladocera and nanophy top lank ton  densities, in bo th  
surveys, reflects the status o f phytoplanktonic com po­
nents in  Lake K inneret in different seasons. In  D ecem ­
ber, algal food supply is m uch below the Zooplankton 
dem and (G ophen e t a l ,  1999). In  fact, in  Decem ber 
1991, 79.6% o f all chlorophyll originated from  nano 
phytoplankton.*  A t this time, C ladocera’s requirem ent 
fo r food could no t be satisfied by the nanophy top lank­
to n  alone and should be supplem ented by o ther sources 
such as pro tozoa, detritus and bacteria (Serruya et a l ,  
1980). The negative correlation  between the d istribu­
tions o f C ladocera and nanophy top lank ton  is a result of 
the intensive grazing o f a p redato r on the m ost abundant 
food resource available (Figure 5, bo ttom  left). In

*Unpublished data obtained in the present study.
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Figure 5. In terpo la ted  values o f  various d istribu tion  fields on num bered  transects (1 and  3 - 2 6  D ecem ber 1991; 2 and  4 - 1 3  M ay 
1993): C ladocera density (solid line) and  n anophy top lank ton ic  chlorophyll density (dashed line). The num ber indicates the 
corre la tion  on  the transect. The location  o f  different transects num bered (1-4) is show n in F igures 3.

contrast, in M ay, algal food supply is abundant 
(G ophen et ed., 1999). In  fact, in M ay 1993, only 8.5% of 
all chlorophyll originated from  nanophytoplankton . * A t 
tha t time, m ost o f the phytop lank ton  was com posed of 
Peridinium gatunense w hich is considerably larger than  
nanophytop lanktonic  algae and cannot be consum ed by 
C ladocera during the Peridinium  life, bu t decomposes 
rapidly w ithin the w ater colum n after the cell death  
(Z ohary e t ed., 1998). The decom position o f Peridinium  
cells m ay be a stim ulant fo r the developm ent o f algae, 
because o f the enrichm ent o f an otherwise nutrient- 
deficient aquatic environm ent. Z oop lank ton  feeding on 
detrital particles is a fu rther factor tha t enhances n u tr i­
ent (phosphorus, nitrogen) recycling, and  consequently 
contributes to  the augm entation  o f algal reproduction. 
Therefore, the positive correlation between C ladocera

*Unpublished data obtained in the present study.

and nanophy top lank ton  densities is indicated (Figure 5, 
bo ttom  right). I t is clear th a t no threshold level was 
found in the C ladocera-nanophytoplankton  interaction, 
as the ranges o f nanophy top lank ton  densities in  bo th  
surveys were sim ilar to  each o ther and bo th  com ponents 
were influenced by o ther interactions, independent o f the 
variables m easured in the present study.

Conclusions
A  m ethod o f identifying and optim izing correlation 
zones represents a new m athem atical too l for the analy­
sis o f interrelationships between patchily distributed 
variables. Its application to  ecological studies allows us 
to  form ulate hypotheses on dom inant factors controlling 
the patchiness under various conditions. The example 
outlined above dem onstrates the capability o f corre­
lation  zone determ ination to  p inpoint interactions
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w ithin an ecosystem. This m ay be a prelim inary tech­
nique in an attem pt to understand  processes occurring 
in an ecosystem. The m ethod is a pow erful tool for 
analyzing correlations between d istribution  fields in any 
systems (e.g., terrestrial, aquatic, atm ospheric, etc.), 
including investigations o f relationships betw een distri­
butions of atm ospheric factors, characteristic o f soils, 
abundance o f pests, harvest o f specific crops, vegetation 
of plants, com position o f rocks or m inerals, as well as 
studies based on satellite inform ation.
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