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ABSTRACT: Investigations were carried out on an intertidal sandflat (Kandalaksha Gulf, the White 
Sea, Russia) during the summers of 1988 to 1992. Analysis of samples collected from areas of different 
sizes furnished information on the distribution of microphytobenthic organisms (diatoms and dinofla- 
gellates) over 3 spatial scales: microscale (10 to 1000 cm2), mesoscale (1000 cm2 to 100 m2) and 
macroscale (100 to 10000 m2). Analyses of the data disclosed the aggregated character of distribution 
on all spatial scales for the majority of dominating microalgal species and the existence of 2 orders of 
aggregation. The spatial structures formed by aggregates of the first and second orders are noticeably 
different from each other in the degree of aggregation (Cassie Index of 0.5 and >2 on average, respec­
tively). overlapping of species distributions (Pianka Index of 0.5 and 0.3 on average) and degree of sim­
ilarity of species structure (Pianka Index of 0.9 and 0.5 on average). This indicates the existence of sev­
era] structural associations on the studied intertidal sandflat which differed from each other in species 
composition and the character of spatial distribution of organisms. The studied community had a highly 
complicated spatial structure. The presence of several orders of aggregation probably results from sev­
eral main biotic (interspecies interaction) and abiotic (granulometric composition of sediments and 
emersion period during low tide) factors. The degree of influence of these factors on the character of 
spatial distribution of microalgae is related to the selected spatial scale.
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INTRODUCTION

Investigation of spatial distribution of organism s 
contributes to a better  unders tand ing  of m any  p ro b ­
lems associated with com munity structure and  func­
tion. Such information is often the best, if not only, 
path  for retracing different interspecific interactions, 
which to a considerable ex ten t d e term ine  com munity 
structure.

The spatial s tructure of m ic rophytobenthic  com m u­
nities on soft sed im en ts  has  b e e n  s tud ied  by various 
investigators for years, providing in terpretat ions of the 
com plicated spatial s tructure and  a g g re g a te d  ch a rac ­
ter of m icroalgal distribution. The existence of patches,
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caused  by mass deve lopm en t of diatoms, dinoflagel- 
lates, and  g reen  and  eug leno id  algae, has been  
repor ted  by m any  researchers  (Faure-Frem ie t 1951, 
Hirano 1967, Fenchel 1969, Jo seph  & Joseph  1977, 
B lanchard  1990, Paterson & U nderw ood 1990).

Plante et al. (1986) es tab l ished  3 scales of h e te ro ­
geneity  in the distribution of chlorophyll a in sedim ents  
of the sandy  sublittoral zone of the nor the rn  M edite r­
ranean: micro- (3 to 10 cm), meso- (ca 10 m) and  
m acroscale  (ca 10 km); chlorophyll a distribution in 
sed im ents  w as classified for 3 types of topographic  fea ­
tures  of the sed im en t surface: sandy  ripple and  2 types 
of sandy waves. Chlorophyll a agg rega t ions  are  com ­
parab le  in size with the relief features.

Delgado (1989), in contrast, no ted  the ab sence  of sig­
nificant differences in the ex ten t of h e te rogenous  dis­
tribution of chlorophyll a with 10 cm and  10 m  scales.
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Skjoldal (1982) also repor ted  minor variation (CV 
abou t 10 %) in distribution of chlorophyll a in an area 
of 4 m 2 Both authors em phas ized  the im portance of 
w ave  activity in the formation of an  a b u n d a n c e  of 
m ic rophytobenthos in various areas.

P inckney & Sandulli (1990) investiga ted  the  micro­
scale distribution of m icrophytobenthos and  meioben- 
thos, concentra ting  on the  lead ing  role p layed  by such 
biotic factors as p reda tion  or competition in the form a­
tion of non-occasional organism  distribution. They 
gave  no direct ev idence of the  existence of such in ­
fluence.

O ther  factors tha t influence spatial distribution of 
m icroalgae  are  light intensity on the  sed im ent surface, 
hydrodynamics, an d  the  granulom etric  composition of 
sed im ents  (Fenchel 1969, Colijn & D ijkema 1981, D el­
gado  1989).

Data ob ta ined  by all these  investigators establish the 
p re se n ce  of an  intricate complex of abiotic and  biotic 
factors tha t affect the spatial distribution of m ic rophy­
tobenth ic  organism s on different spatial scales. H o w ­
ever, the literature on im portan t characteristics of d is­
tribution such as level of agg regation  or patch  size is 
often contradictory, Not always are  these  and  other 
pa ram ete rs  com pared  on different spatial scales. It is 
no tew orthy  tha t m any  references to the  spatial d istrib­
ution of m icroalgae are  based  on m e asu rem en ts  of 
photosynthetic  p igm en t  concentra tion  in sediments. 
However, the published  information is not always suf­
ficient to allow an  assessm ent of la rge  taxonomic 
groups of microalgae, to say nothing of d ifferent sp e ­
cies.

Therefore  we a t tem p ted  to study the spatial s truc­
ture  of a m icrophytobenth ic  com m unity  on different 
spatial scales and  the factors w hich  de te rm ine  this 
structure.

MATERIALS AND METHODS

Study sites. The study was carried out on the in te r ­
tidal sandflat of the small C h e rn ay a  Bay (Kandalaksha 
Gulf, the White Sea, Russia) during the sum m ers of 
1988 to 1992 (Fig. 1, Table 1). The bay is well pro tec ted  
aga inst  strong breakers,  but is exposed  from the SE to 
wind activities tha t affect the com plex of tidal currents 
which drive the formation of the relief and  sediments 
of the sandflat. The s tudied sed im ent is f ine-grained 
sand  (modal size of particles is 0.10 to 0.25 mm), 
slightly silty (2 to 10% aleuropeli te  fraction) and  
oligosaprobic (organic carbon content up  to 1 % of s e d ­
im ent dry weight). The up p er  b oundary  of the reduced  
zone (Eh < 0 mV) is at a dep th  of 1 to 6 cm; the  b o u n d ­
ary of the photic zone (>1 % from total solar radiation) 
ex tends  to be tw e en  2.5 and  3.0 mm. The sed im en t su r ­
face consists of different topographic fea tures  occur­
ring at the m esoscale (irregular m ounds 8 to 10 m  long, 
3 to 4 m w ide and  up to 0.3 to 0.5 m high, and  the 
depressions be tw e en  them) and  at the macroscale 
(regular increase  of absolute  al titude above low-water  
da tum  from the lower to the up p er  intertidal zone) 
(Fig. 1). The air exposure  of sed im ents  during  the 
exposure  period varied  from be tw een  0 and  4 h d"1 on 
the lower tidal zone to be tw e en  16 an d  20 h d"1 on the 
u pper  one (Burkovsky 1992).

Sam ple collection . Sam pling was conduc ted  during 
low tides with a plastic tube ( 1 cm 2 section, to a dep th  of 
1 cm) or by cutting out sed im en t blocks of the  requ ired  
size with a sharp  knife. Data on the distribution of m i­
crophytobenthos w ere  collected from areas  of 10 cm 2 
up  to 10000 m 2 in size (8 orders of m agnitude) p e rm it­
ting an  evaluation  of the distribution of species on dif­
ferent spatial scales (Table 1). All s tud ied  a reas  w ere  
arbitrarily d ivided into micro- (10 cm 2 to 2.3 m 2), meso-
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Table 1. Sample number, sample sizes and sampling methods used in this investigation

No. Scale Date Sample number, sample size and sampling method

1
2

16 cm2 16 Sep 1988 
24 Aug 1991

16 samples (1 cm2), total sampling (4 x 4)

3
4

64 cm2 26 Aug 1991 
30 J u l 1992

16 samples (4 cm2), total sampling (4 x 4)

5 100 cm2 25 Aug 1988 16 samples (6.25 cm2), total sampling (4 x 4)
6 15 Sep 1988 16 samples (6.25 cm2), total sampling (4 x 4)
7 10 Jun 1990 10 samples (1 cm2), random sampling
8 22 Aug 1991 16 samples (6.25 cm2), total sampling (4 x 4)
9 23 Aug 1991 16 samples (6.25 cm2), total sampling (4 x 4)

10 144 cm2 20 Jul 1991 16 samples (9 cm2), total sampling (4 x 4)

11 200 cm2 22-23 Aug 1991 32 samples (6.25 cm2), total sampling (4 x 8)

12 256 cm2 21 Aug 1991 16 samples (16 cm2), total sampling (4 x 4)

13 1000 cm2 11 Jun 1990 10 samples (1 cm2), random sampling

14 1 m2 30 Aug 1988 16 samples (6.25 cm2), random sampling
15 13 Jun 1990 10 samples (1 cm2), random sampling
16 9 Aug 1991 6 samples (1 cm2), grid sampling (4 x 4), 

distance between sampling points = 33 cm

17
18
19
20

2.3 m2a 1 Sep 1988 
3 Sep 1988 
5 Sep 1988 

13 Sep 1988

10 samples (10 cm2) along 4.5 m long transect

21 10 m2 14 Jun 1990 10 samples (1 cm2), random sampling

22 11.3 m2a 14 Sep 1988 10 samples (10 cm2) along 22.5 m long transect

23 16 n r 27 J u l 1992 16 samples (3 cm2), grid sampling (4 x 4),
distance between sampling points = 1.3 m

24 18 m2 1-5 Sep 1988 27 samples (10 cm2), gnd sampling (10 x 3), 
distance between sampling points = 0.5 and 2 m

25
26

50 m2a 19 J u l 1989 
29 May 1990

20 samples (10 cm2) along 100 m long transect

27 100 m2 15 Jun 1990 10 samples (1 cm2), random sampling
28 14 Aug 1991 16 samples (1 cm2), grid sampling (4 x 4),

distance between sampling points = 3.3 m

29 1000 m2 16 Jun 1990 10 samples (1 cm2), random sampling

30 10000 m2 17 Jun 1990 10 samples (1 cm2), random sampling
31 18-31 Jul 1991 46 samples (5 cm2), grid sampling, 

distance between sampling points = 20 m
32 19 Aug 1991 16 samples (1 cm2), grid sampling (4 x 4), 

distance between sampling points = 33.3 m

aThe scale of investigation was determined according to the formula 1 x 0.5 m, where 1 = the length of the transect

(10 cm 2 to 18 m 2) and  macroscales (50 to 10 000 m 2) for 
the convenience of data  p resen ta t ion  and  analysis.

For microscale distribution w e s tudied  subjectively 
selected, relatively hom ogeneous  areas, without 
stones, h igher  plants or m acroben th ic  deform ation of 
sed im ent surface. The surveyed  meso- and  macroscale  
areas  inc luded different topographic features.

Organisms were  extracted from sediments using Uhlig 
extraction cylinders (Uhlig 1964), substituting ice for

filtered sea water. To the bes t of our know ledge , this 
m e thod  has not been  used  for extraction of interstitial 
m icroalgae  from sediments.  However, deta i led  m icro­
scopical examination of sand  after full extraction showed 
tha t we w ere  able to extract up to 95 % of the la rge n o n ­
at tached  diatoms an d  dinoflagella tes (Saburova & Poli- 
karpov  1989). The 11 most a b u n d a n t  species of la rge  
non-attached  diatoms (60 to 100 pm) [the most ab u n d a n t  
species in this ecological g roup  w ere  G yrosigm a recta
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(Donk.) Grun.,  A m phiprora  pa ludosa  W. Sm., Tropi­
doneis lep idop tera  (Greg.) Cl., P leurosigm a nubecula  
W. Sm., N avicu la  hum erosa  Breb.] and  2 dom inan t s p e ­
cies of dinoflagella tes (A m ph id in ium  britannicum  C. E. 
H erdm an ,  G ym nod in ium  sp.) as well as the m ain  h e rb i­
vorous ciliates w ere  counted in vivo  in Petri dishes using 
a dissection microscope.

The small a t tac h ed  diatoms [31 species; the  most 
a b u n d a n t  w ere  A m phora  co ffeaeform is (Ag.) Cl., 
A m phora  p ro te u s  Greg., N avicu la  salinarum  Grun., 
N avicu la  p u p u la  Ktz., A ch n a n th es  sp., N itzsch ia  sp., 
D iploneis  sp.] w ere  fixed and  s ta ined  with eosine ye l­
lowish alcohol solution to d is tinguish living cells from 
the  em pty  valves. Diatoms w ere  w ash e d  from sed i­
m en ts  and  centrifuged. The small cells w ere  counted  
in a counting  slide with a microscope.

Data analysis. T he spatial distribution of organism s 
is descr ibed  with  d ifferent indexes  (e.g. Cassie 1958, 
Farris & L indgren  1984, P inckney  & Sandulli 1990). We 
se lec ted  the  Cassie Index of ag g reg a t io n  (Cassie 1958) 
for as sessm en t of spatial distribution characteristics, 
b ecau se  it perm its  com parison of species and  samples 
with d ifferent nu m b e rs  as it d ep e n d s  less on the  a v e r ­
age  density  of organism s in a sample. The Cassie Index 
of ag g re g a t io n  is defined  as:

C
cr  - n

( 1)

w h e re  o = s ta n d a rd  deviation  of a b u n d a n c e  and  n = 
ave rag e  a b u n d a n c e  of organism s p e r  sample. W hen  C 
= 0 the  d is tnbu tion  is random, at C  < 0 the distribution 
is even, and  at C  > 0 it is ag g reg a ted .

To es tim ate  the  d e g re e  of ag g reg a t io n  of our com ­
m unity  as a whole, w e  used  the norm alized  Cassie 
Index (C for all species on the 7th scale of space) 
accord ing  to the formula:

C  = -jI t
C ,

( 2 )
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w h ere  C,¡ = the  Cassie  Index (see Eq. 1) of the 7th s p e ­
cies out of n  such species in the  7th spatial scale out of 
m  such spatia l scales.

Spatial overlapping of species was estimated using the 
P ianka Index (Pianka 1974) accord ing  to the formula:

jk
( 3 )

v5>TV
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w h ere  = the portion of resource  ca tegory  k  (space) 
out of n  such categories  utilized by the i[j)lh species.

The b e tw e en -sa m p le s  similarity (P,j) was es tim ated 
in the sam e way. In this case, Pw)k = the portion of s p e ­
cies k  from n  of such species in the i(j)th  sam ple  (Eq. 3).

Statistical and  graphic analyses w ere  carried out 
using SYSTAT v. 5.0 for DOS (SYSTAT, Inc.). To create  
the contour plots (Figs. 4 & 5) we used  shaded  contour 
plotting, and  to interpolate  the data  on organisms' 
spatial distribution in 16 contiguous samples we used 
d istance w eigh ted  least squares  (DWLS) smoothing 
(Wilkinson 1989).

RESULTS AND DISCUSSION

Analysis of spatial distribution of microphytobenthic 
organism s using  the Cassie Index disclosed that, on the 
s tud ied  space scales, the distribution of most of the 
m icroalgae was agg regated .

Fig. 2 shows the dep e n d en c y  of the Cassie Index (C) 
on the  area  of survey for several a b u n d a n t  species from 
the main systematic groups: A m p h id in iu m  britan­
n icum , G ym nodin ium  sp. (Pyrrophyta), A m phiprora  
paludosa, and  P leurosigm a nubecu la  (Bacillariophyta). 
It is obvious from the  figure tha t all species, regard less  
of their  taxonomic status, have a similar d eg re e  of 
agg regation  in the interval of 10 cm 2 to 10 m 2 as well as 
a sharp  increase in the agg rega t ion  index at la rger  size 
scales. These graphs  show tha t the ex ten t of a g g r e g a ­
tion of A. britannicum  is g rea te r  than  tha t of the other 
species on the  macroscale.

Fig. 3 shows the d ep e n d en c e  of the norm alized 
index of agg rega t ion  (C) on the spatial scale. The sp a ­
tial structure of the surveyed  com munity had  at least 2 
orders of aggregation .  A ggregations of the first order 
rea ch ed  60 to 70 cm2 in size. Increasing the scale 
reveals  agg regations  of the  second order  with sizes of 
m ore  than  1 m 2.

T here  are  different ways to es tim ate the size of the 
patches,  e.g. assessm ent of the d eg re e  of conformity 
b e tw e en  actual distribution and  one of the theoretical 
models, each  of which has its own quantita tive  cha rac ­
teristics of patchiness. However, in our opinion this 
approach  is very artificial because  actual distributions 
of species in natural, complexly organized  com m uni­
ties do not conform well with 'ideal' models thus m a k ­
ing conclusions based  on this m ethod  debatab le .

In addition to statistical a ssessm ent of patch  sizes we 
used  a direct technique, based  on the analysis of 
schem es of horizontal distribution from total sampling 
da ta  [16 contiguous (adjacent) subsam ples from areas 
of 16, 64, 100, 144 and  256 cm2]. Exam ples  of such d is­
tributions are  p re se n ted  in Figs. 4 & 5. Fig. 4 shows that 
the  ave rage  size of A. britannicum  agg regations  on the 
microscale was about 70 cm2 A ggregations of other 
m icroalgae w ere  of similar size (Fig. 5A, B, C, E). Our 
es tim ate  of agg regation  size is in good a g re em e n t  with 
da ta  on sizes of patches of the first o rder  of aggregation  
(Fig. 3), given in the results of P inckney & Sandulli
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Fig. 4. Comparison of patch sizes of A m phidinium  britannicum  with different investigation areas on the microscale (n: average 
number of organisms per sample). Panels represent Nos. 2, 4 and 12 in Table 1

A B D

i
Fig. 5. Microscale spatial co-distribution of microbenthic 
organisms. (A) Am phidinium  britannicum, (B) Amphiprora 
paludosa, Table 1, No. 6. (C) Amphiprora paludosa, (D) abun­
dance of herbivorous ciliates (genus Tracheloraphis)-, Table 1, 
No. 8. (E) Pleurosigma nubecula, (F) abundance of herbivo­
rous ciliates (genus Tracheloraphis); Table 1, No. 12. Different 
degrees of shading represent different organism densities 

(see symbol legend in Fig. 4)

(1990), w ho reported  patchy  distribution of m icroalgae 
with m e an  patch  d iam eters  of abou t 6 to 8 cm (56 to 
100 cm 2), and  with data  of Blanchard  (1990) on patches 
of m icrophytobenth ic  organism s 4 to 113 cm 2 in size. 
VVe observed  similar pa tch  sizes of interstitial ciliates, 
the  dom inan t species of which w ere  coun ted  toge ther  
with m icroalgae (Fig. 5D, F).

A bsence of significant d ifferences in the charac ter  of 
honzon ta l  distribution, size of patches  and  spatial 
scales of ag g reg a t io n  of organism s belonging  to differ­

en t systematic groups (but to similar size groups) may 
indicate that they have  a similar sensitivity to the fac­
tors dete rm in ing  their  distribution.

The similarity of patch  sizes in different micro- and 
m eiobenth ic  organism s has b ee n  described  by Findlay 
(1981), B lanchard  (1990), and  P inckney & Sandulli 
(1990). In this context it is re levant to refer to Farris & 
Lm dgren  (1984), who, b ased  on a study of spatial co­
distribution of m eiobenthic  organisms, concluded that 
the re  was some optimal patch  size inhe ren t  in all
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m eiobenthic  organism s from interstitial habitats. We 
conclude from our data  that a similar p hen o m en o n  also 
characterizes the microbenthos.

The above results indicate the existence of an a g g r e ­
ga ted  distribution pa t te rn  w h ere  physical and  chem i­
cal features of a reas  are hom ogeneous.  But w hat gives 
rise to the a g g re g a te d  distribution of microalgae in an 
environm ent w ithout distinct heterogeneity?

M any authors have noted that specific characteris­
tics of microalgal distribution may d ep e n d  on con ­
sum er organisms (Fenchel & Kofoed 1976, Taasen  & 
Hoisater 1981, Davis & Lee 1983, M ontagna  et al. 1983, 
Burkovsky 1984). For example , a positive correlation 
has b ee n  found be tw e en  the distribution of herbivores 
and  their potential p rey  (M ontagna et al. 1983, B lan­
chard  1990, P inckney & Sandulli 1990). P inckney & 
Sandulli (1990) explained  a high positive correlation 
be tw e en  horizontal distribution of p roducers  and  con­
sum ers as being due to the absence  of delay  in the 
classic 'predator-prey ' model. Such an absence  may 
result from a high reproduction rate in m icrobenthic 
organisms. That is, the peaks  in num bers  of p rey  and  
predators  would coincide in space and  time. Thus, 
absence  of a negative  correlation be tw e en  predators 
and  their potential p rey  does not necessarily  indicate 
the absence  of grazing as a factor that could signifi­
cantly influence structure, num bers  and  distribution of 
the m icrophytobenthos community.

However, based  on data  from experim ental field and 
laboratory research, a num ber  of investigators do not 
consider this factor to be significant. Bouvy (1988) r e ­
por ted  that the nutritional requ irem en t  of m eiofauna in 
a s tudied community was only 27%  of the annua l p r i­
mary production of microphytobenthos, and  a similar 
assessm ent of 10 % was m ade  by A dmiraal et al. (1983).

The herbivorous ciliates, which w ere  a b u n d a n t  in 
our community, always had  different a lgae in their 
vacuoles (Burkovsky 1984). Taking into account the 
selective character  of algal grazing by protozoa, con ­
sumption is potentially able to significantly influence 
the total numbers, species and  size s tructure of the 
m icrophytobenthos. At the sam e time, in some cases a 
gene ra l  tendency  tow ards co-distribution of p roducers  
and  consumers, obse rved  by us as the occurrence of 
their ag g rega te s  in the sam e locus of a hab ita t (aver­
ag e  P ianka Index of 0.77), could be  traced. The m axi­
m um  n u m b e r  of ciliates of the g enus  Tracheloraphis 
co incided in space with the patches  of m axim um  a b u n ­
d ance  of microalgae (Fig. 5C, D). The most likely 
explana tion  for this is a h igh  rate of microalgal rep ro ­
duction. We observed  tha t the production of m icro­
algae at times far ex ceeded  the total consumption, 
m ak ing  the grazing effect negligible.

Competition of interstitial organism s for different 
resources may also potentially  have a p ronounced

effect on spatial distribution of organism s (De Jo n g  & 
Admiraal 1984, Burkovsky 1987).

For example , competition for biogenic e lem en ts  is a 
com mon phen o m en o n  in phytop lank ton  blooms. H o w ­
ever, the interstitial zone is character ized  by a very 
h igh content of b iogenic elem ents. The grow th  of ben- 
thic m icroalgae in w ater  taken  from the reduction zone 
of intertidal sed im ents  is s tronger than  in traditional 
algal culture m edia  and  their com ponents  (Polikarpov 
& Saburova 1990). As long as the flux of biogenic e le ­
m en ts  from interstitial w ate r  is high en o u g h  during  a 
tidal cycle, it is obvious tha t competition for b iogenic 
elem en ts  on intertidal m ud- and  sandflats cannot be  a 
factor influencing spatial distribution of microalgae.

C o m pared  with phytoplankton , ben th ic  m icroalgae  
have m uch  h igher  popula tion  densities (up to 
105- 1 0 b cells cm-2) (Taasen & Hoisater  1981, Admiraal 
et  al. 1982, M cClatchie et al. 1982). The photic zone is 
2.5 to 3.0 mm  d ee p  m the sand  of our s tud ied  area  
(Burkovsky 1992), an d  most of the photosynthetic  
organism s are  concen tra ted  in this thin layer. M icro­
pho tog raphs  of the surface and  vertical sections of s e d ­
iments from the intertidal mudflat, m ade  using a low- 
te m pera tu re  scann ing  electron m icroscope techn ique  
(Paterson 1986, Paterson et al. 1986, U nderw ood  & 
Paterson 1993), have  revea led  a h igh  density  of in d i­
vidual algal cells in sediments.  Diatoms are  so a b u n ­
dan t  in the photic zone that they form a compact, often 
multilayered 'mat' on the surface of sed im ents  and  
occur at all sed im en t dep ths  over the entire  photic 
zone. The high density  may result in competition for 
light (the effect of self-shading) and  in allopathic in te r ­
actions b e tw e en  different species of a lgae  due  to high 
concentra tions of excretions while they are  alive.

W hen  exam ining  m icroalgae on spatial scales at 
which competitive or allopathic factors a re  expec ted  to 
influence distribution, it ap p e a rs  tha t the spatial 
a r r a n g e m e n t  of d ifferent species is com plem enta ry  
(Fig. 5A, B). De Jo n g  & Admiraal (1984) ob ta ined  
exper im en ta l  ev idence of species-specific allopathic 
interactions am ong  ben th ic  m icroalgae w hich  confirms 
tha t the observed  spatial d ive rgence  of species is influ­
enced  by metabolic  factors. We observed  a negatively  
d e p e n d e n t  distribution only w hen  definite threshold  
num bers  of in te racting  organism s had  b e e n  rea ch ed  
(in other words, the a reas  of m ax im um  density  of dif­
fe ren t  species did not coincide in space). This also su b ­
stantia tes the occurrence of m etabolic  interactions or 
competition for space.

A similarity in spatial d ive rgence  of m ax im um  d e n ­
sity am ong  different pairs of taxonomically close sp e ­
cies of interstitial ciliates has  b ee n  descr ibed  earlier by 
Burkovsky (1992). T hese  pairs of species are  ch a rac te r ­
ized by a high d eg re e  of over lapping  of trophic niches 
and  are  in f luenced by 'diffusive' competition. This sim ­
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Fig. 6. Dependence between overlapping of spatial distribution (P0; see Eq. 3) 
and scale of investigation in a microphytobenthic community

ilarity also confirms our conclusion rega rd ing  the high 
probabil ity  of competi tive or metabolic  interactions in 
m icroa lgae  as the cause  of their  u neven  microscale dis­
tribution.

Additional information abou t the natu re  of factors giv­
ing rise to microalgal agg rega t ions  is sugges ted  by the 
d e p e n d e n c e  of the d e g re e  of similarity in species distri­
butions (the P ianka  Index, P,,, Eq. 3) on the  scale of the 
s tud ied  a reas  (Fig. 6). It is show n tha t the d ivergence  of 
species in space increases with size of the sampling area. 
Species d isplayed coincident distributions (average P¡j of 
0.5) in a reas  of 10 cm 2 to 10 m 2, while  beyond  these lim ­
its d ifferences in their  distribution inc reased  cons ider­
ably (average P0-of 0.3). It is im portan t  to m ention that 
the d ive rgence  in species ' m ax im um  density  observed  
on the micro- a nd  mesoscale occurred despite significant 
coincidence of species distributions within each  sa m ­
pling plot as a whole. However, overlapping  be tw een  
these aggregations decreased  with increasing size of the 
surveyed  a reas  The increasing he terogeneity  of the e n ­
v ironm ent with inc reas ing  area  allows species to d is­
perse  in space  according to a complex of environm enta l 
physical an d  chem ical requ irem ents .

E nlarg ing  the  investigation  areas  from 100 m 2 to 
10 000 m 2 perm its  the d e g re e  of influence of abiotic 
env ironm enta l  factors upon  spatial d is tnbution  to be 
assessed, because  of the com m ensurability  of the sa m ­
pling a reas  with the scales of action of these  factors. But 
which of the  n u m erous  physical and  chemical factors 
tha t are  responsible for formation of a specific hab ita t in 
the interstitial env ironm ent influence spatial d is tr ibu­
tion of m icroalgae most profoundly?

Paterson & U nderw ood (1990) state 
tha t many physical and  chemical factors 
influence populations of epipelic d ia ­
toms, but no universal factor is known 
tha t m ight control them.

The content of the fraction of sediment 
particles smaller than  0.1 mm  and  the 
density  of ad jacen t particles are  primary 
param eters  on which other factors (water 
content, Eh, ion composition of pore w a ­
ter, light penetration, etc.) of the intersti­
tial env ironm ent d ep e n d  (Hargave 
1972, Gurevich  & K hasankaev  1976, 
Burkovsky 1992). A nother  important 
characteristic of the intertidal zone — a b ­
solute altitude below low-water datum  — 
determ ines  the range  of variation of 
m any  abiotic factors such as te m p e ra ­
ture, salinity, water content and  emersion 
period.

P roceeding  from this, w e  a t tem pted  
to assess the influence of these  abiotic 
factors on algal spatial distnbution.

Fig. 7 dem onstra tes  the d e p e n d e n c e  of a b u n d a n ce  of 
the m ain  groups of m icrophytobenthos (A m phid in ium  
britannicum , G ym nodin ium  sp. and  11 species of n o n ­
a t tac h ed  diatoms) on topography  of the sed im ent su r­
face at the mesoscale. The samples w ere  taken  along 
the 22.5 m long transect, which crossed 5 sandy 
m ounds  such that od d -n u m b ered  sam pling stations 
w ere  on crests and  ev e n -n u m b ered  stations on the d e ­
pressions be tw e en  them. The figure shows that m ax i­
m um  num bers  of all the m icroalgae  co incided  with the 
crests of the mounds. The m ain  difference be tw een  
sandy  m ounds  and  the depressions be tw e en  them  is 
the sed im ent texture. Sand in depressions is much 
sil tier than  on crests of m ounds  (aleuropelite content of 
10% and  2.5%, respectively). The em ersion period of 
these  a reas  does not differ significantly (by 20 to 40 
min) and  the influence of this factor is not strong. The 
differences be tw een  distribution of A. britannicum  and 
dia tom s (see Fig. 7) p robably  result from the specific 
m orphology and  behavior of these  organisms. Large 
elliptical A. britannicum  (60 to 80 pm) are  highly  m o­
bile but are not able to pene tra te  into thin pores of silty 
sand. In contrast,  the very f lat tened and  e longate  cells 
of diatoms, w hich slide on the substra tum, are able to 
slide particles of sed im ent apar t  and  p ene tra te  into the 
sediment.  G ym nodin ium  sp. are  similarly mobile to A. 
britannicum  but are  smaller (about 30 to 40 pm). This 
p robably  perm its  this alga to exist at lower sedim ent 
dep ths  together  with diatoms. However, ne i ther  group 
reaches  high num bers  in this biotope.

Thus, the spatial distribution of m icroalgae on the 
m esoscale dep e n d s  mostly on the granulom etric  com-
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position of sed im ents  (and on factors 
influenced by particle size and  density).

Fig. 8 shows the distribution of mass- 
occurring species of m icroalgae along the 
100 m transect m ade  from the lower to 
u pper  intertidal zone. The figure shows 
that a b u n d a n ce  m axim a of different sp e ­
cies of microalgae m ay be associated with 
d ifferent levels of the intertidal zone: 
G ym nodin ium  sp., Am phiprora  paludosa  
and  N itzsch ia  sp. with the lower and /o r  
m iddle levels, and  A m phora  proteus, 
A ch n a n th es  sp. and  D iploneis  sp. with the 
upper  level. N avicula p u pu la  var. rostrata  
and  A m phora  co ffeaeform is  show ed  no 
p re ference  for any particular level.

Thus, different macroalgal species in ­
habiting  the intertidal zone form several 
com plexes of species according to their 
levels in the intertidal sandflat. A similar 
distribution of d iatom species on intertidal 
m udflats  was noted by Paterson & U n d er­
wood (1990). An im portan t factor con­
tributing to the formation of these groups 
is p robably  emersion period, which varies 
in the range  of 0 to 4 h d_1 on the lower, 4 
to 12 h d "1 on the middle and  12 to 20 h d~' 
on the u pper  intertidal zone (see Fig 1).

This ag rees  with data  on the d eg re e  of 
structural similarity be tw een  samples 
taken  from areas  of different size (Fig. 9). 
The high d eg re e  of similarity (average P' 
of 0.75) observed  in the 10 cm 2 to 1 m 2 in ­
terval indicates tha t on this scale of space, 
w e took samples within the limits of one 
structural association. A sharp  decline in 
the value of P ,, in the 1 to 100 m 2 interval 
m eans  that,  by increasing the size of the 
investigation area, w e left the boundaries  
of one association an d  e x p a n d ed  the 
station grid  to a space contain ing many 
structural associations. In spite of the s ig ­
nificant variation am ong  the few data 
points in the third interval (1000 to 10000 
m 2), the tendency  in it rem ains the same 
as in the first interval (10 cm 2 to 1 m 2), but 
to a lesser degree .  This p robably  indicates 
tha t the n u m b e r  of d ifferent associations 
would  not have increased  if we had  e n ­
la rged  the scale of investigation.

Thus the spatial distribution of the m i­
crophytobenth ic  com m unity  investigated  
has an ag g re g a te d  character. Spatial 
s tructures formed by agg rega tions  of the 
first and  second  orders differ noticeably in
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their d eg re e  of aggregation  [average norm alized Cassie 
Index (C) of 0.5 an d  >2, respectively (Fig. 3)], value of 
overlapping of species distributions [average P ianka In­
dex  (Pjj) of 0.5 an d  0.3 (Fig. 6)] and d eg re e  of s tructural 
similarity [average betw een-species  similarity (P,-,-) of 0.9 
and  0.5 (Fig. 9)]. This indicates the existence of several 
s tructura l associations in the s tud ied  in tertidal sandflat 
which differ in their species composition and  character of 
spatial distribution of organisms.

D e p e n d in g  on the  investigation scale the  spatial d is­
tr ibution of m icroalgae is caused  by various factors:

(1) On the  microscale, biotic in terspecies interactions 
a re  most important; the ex ten t of these  interactions is 
c om m ensu ra te  with this spatial scale.

(2) O n  the  mesoscale, d is tnbution  is mainly  d e te r ­
m ined  by the granulom etric  composition of sediments, 
and  is s trongly in fluenced  by a com plex of abiotic con ­
ditions in the sediments.

(3) O n the  macroscale , distribution d ep e n d s  on the 
em ersion  per iod  during  low tide.

O ur conclusions ag re e  with those of Paterson & 
U nderw ood  (1990) concern ing  the com plex character  
of interactions b e tw e e n  m icroalgae and  environm enta l 
factors an d  shed  n ew  light on the m echanism s of s p a ­
tial o rganization  in m icrophytobenth ic  communities. 
At the  sam e time, w e believe it is im portan t  to draw  
a tten tion  to the  high probability  of com petitive (or 
metabolic) in te rre lat ions be tw e en  m icroalgae (De 
Jong  & Adm íraal 1984). T hese  may also de term ine  
microspatial s t ruc tu re  of the com m unities of un ice llu ­
lar o rganism s in soft bottoms.
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