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ABSTRACT: Live and dead cell counts of epipehc diatoms were analysed at 16 sites along a transect 
crossing a saltmarsh, sandflat, and mudflat at Berrow Flats, Somerset, U.K. Replicate monthly 
samples were taken from January 1982 to June 1984. The ratio of dead to live cells varied according 
to position along the transect. Temporal changes of the ratios did not display a cychc seasonal 
pattern. The clustered mosaic of live cells and empty frustules on surface sediments was quantita- 
tively assessed. Graphing variance against seasonal mean cell counts showed that the variance was 
proportional to the square of the mean. The Neyman Type A equation is suggested as a possible 
model to explain this relationship. 

INTRODUCTION 

There are many  difficulties encountered  in the extraction and analysis of diatoms 
associated with sediments. The separation of the diatoms from the sediment  for slide 
preparation, the differentiation of contaminant  species from those growing in  situ, and  
dist inguishing dead from living material, are some of the problems recognized (McIntire 
& Moore, 1977). 

Three different types of preparat ion are generally used: (1) oxidation of the diatom 
cell contents ,  and mount ing  the siliceous components  in a resin of high refractive index 
(Hohn & Hellerman, 1963; Hendey,  1964; Patrick & Reimer, 1966); (2) examinat ion  of live 
cells us ing a coverglass (Lund, 1942) or various lens tissue techniques (Eaton & Moss, 
1966; Riaux, 1983); (3) achieving separation of live cells by centrifugation us ing  LUDOX 
(de Jonge, 1979) or Percol gradients (Whitelam et al., 1983). 

Relying on traditional acid c leaning preparations as a sampling strategy for analysis 
does not permit  the distinction be tween  hying and  dead material. The percentage  of dead 
cells on the sediment  surface can be high, and  can increase species diversity when  
included in the calculations of diversity indices (Wilson & Holmes, 1981). Further 
difficulties in obta ining a representat ive sample arise due to the patchiness in distr ibution 
of the five cells growing on the surface sediments  (Aleem, 1950; Eaton & Moss, 1966) and 
to variability within different types of sediment  (Wilson & Holmes, 1981). 

Many  sampling strategies used in ecological studies rely on acid c leaning  methods 
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for quant i ta t ive  s tudy without  fully consider ing the implicat ions of the p resence  of empty  
frustules or contaminant  forms. 

This s tudy examines  the ratios of l ive to d e a d  cells. Live and  dead  cells were  coun ted  
on the basis  of cells with or wi thout  cell  contents.  The degree  of pa tch iness  is also 
examined .  As prob lems  with var iabih ty  in the  envi ronment  cannot  be  overcome with  
current  methods ,  an  unde r s t and ing  of the  l imitat ions imposed  by  the effects of patchi -  
ness, and  proport ions  of l ive and  d e a d  cells will  ensure  a more effective analysis  of 
ecologica l  data.  If h igh  numbers  of empty  frustules are  p resen t  with the  g rowing  
popula t ion  in situ on the sed iment  surface, then  count ing live cells for ecological  s tudy is 
impera t ive .  This invest igat ion unde r t akes  an in -dep th  s tudy of the pa tchy  mosaics  of l ive 
and  d e a d  cells, not  only to test  this hypothes is  bu t  also to assess how such  factors change  
seasonal ly  and spat ia l ly  along the shore. 

DESCRIPTION OF SITE 

Berrow Plats is loca ted  in the  south wes te rn  a rea  of the Severn  Estuary a long the 
Somerse t  coast  where  it is bo rde red  by  recent  deposi ts  of a l luvium lying on carboniferous  
l imestone  (Fig. 1). Sand  dunes  on this par t  of the  Severn  coast  are  l imited to a five and  a 
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Fig. 1. Map of U.K. and the Severn Estuary (Based on map from Bassindale, 1943) showing the 
location of the transect site marked by an: X 

half mile stretch facing wes t  b e t w e e n  Burnham-on-Sea  and Brean  down. The  Berrow 
dunes  are loca ted  at the southern  end  of this dune  coast  line, and  here  they  are  most  
extens ively  developed,  forming para l le l  r idges  of up to half a mile in width  (Hope- 
Simpson & Willis, 1955). 

The wes te r ly  aspect  results  in exposure  to s t rong off-shore winds,  and  due to the  t idal  
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flow into the Bristol channel,  more saline currents flow along the Berrow shore (Teverson, 
1982). Hence a more marine  inf luence prevails in this area of the estuary. Tidal scour is 
caused by wind induced  wave action dissipating energy over the extensive mudflats. At 
low tide these mudflats extend out four and  a half miles at their widest  point. The extent 
of these mudflats offers some protection to the saltmarsh vegetat ion along the upper  
fringe of the shore. Another  important  water  source to the study area is the freshwater 
drainage pipes leading  from the sand dunes. The freshwater output  is de pe nde n t  on the 
mean  monthly rainfall. 

The study area (Fig. 2) consisted of a transect  crossing a saltmarsh, sandflat, and  
mudflat, with 6 stations and  3 samphng sites at each station, except station VI where  only 
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Fig. 2. Profile of the transect showing the locations of 16 sites at 6 stations across the different 
vegetation zones of the saltmarsh, sandflat and mudflat; --- base of stream channel in the sandflat 

one site was sampled. At stations I-IV a pool, slope, and  mound  site were sampled. 
Station I was located in the upper  marsh surrounded by Scirpus maritimus, Carex 
extensa, Typha latifolia and  Phragmites communis. Station II was in the middle  marsh 
with Salicornia spp. and  Glaux maritima as the dominant  higher plants. Station III, the 
lower marsh, was nearly completely overgrown by Spartina angfica forming a closed 
sward at the seaward edge of the marsh. Stations IV, V and VI were located on the upper  
sandflat, lower sandflat and mudflat, respectively. These areas were devoid of any 
vascular plant  vegetation. A shallow channel  cut through the sandflat, and  a site at the 
base of the channel ,  the bank,  and  the top of the channel  were sampled at stations IV and  
V. Monthly samples were collected at each site from January  1982 to June  1984. 
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MATERIALS AND METHODS 

S a m p h n g  s t r a t e g y  

All sites along the transect were sampled at low tide. A 250 cm 2 surface area of 
sediment  was scraped off the surface at an approximate depth of 5 ram, and  was 
t ransported back to the laboratory. The sediment  was left to settle in  petri dishes 
overnight,  and  a coverglass technique was then used to sample the diatoms. Each cover 
glass was placed on the sediment  for a min imum of two hours, mounted  in dilute glycerol 
jelly and  then  sealed with DEPEX (a plastic sealant). A standard surface area of 2.87 mm 2 
was counted on each coverglass at 400 • magnification on an Olympus C0 i  compound 
microscope. Large numbers  of empty frustules were present  on the sed iment  surface 
together with the live cells. The empty frustules also adhered to the undersurface  of the 
coverglass due to surface tension. Therefore, both the live cells and dead cells that 
adhered  to the undersurface of the coverglass were recorded. As dead cells could adhere 
as whole frustules or as individual  valves, counts of valves were recorded. The results are 
presented  in terms of numbers  of valves counted from dead cells - valves or frustules 
without cell contents, or valves of live cells - valves of frustules containing cell structure. 
Duplicate counts were made at each site. The harvesting efficiency of the coverglass 
technique has b e e n  shown to remove only 75 % of the microalgae from the sediment  
surface (Eaton & Moss, 1966). However, results from the coverglass method were almost 
identical  to direct sediment  counts in terms of species composition (Eaton & Moss, 1966). 
For the purpose of an initial ecological study, the method described was adequate .  The 
work presented  here demonstrates  the variabihty in distribution of diatoms on the 
sediment  surface which can then be applied to the analysis of ecological data. 

A n a l y s i s  of ce l l  c o u n t s  a l o n g  the  sho r e  

Cell counts from all sites along the transect were taken during the first two years of 
sampling. Ratios of empty frustules to hve cells were calculated for each site. Each 
seasona l  mean  was t aken  from six separate counts taken over a three-month  period. The 
percentage  of empty frustules was also calculated in the same fashion. 

A n a l y s i s  of s e a s o n a l  c h a n g e s  in  cel l  c o u n t s  

Two approaches were under taken.  Initially, 10 coverglasses were removed from the 
sediment  by the method described above from one mud sample. The m e a n  and  variance 
of the dominant  taxa were then calculated from 10 replicates. 

To estabhsh a relationship be tween  the variance and the m e a n  from the monthly 
diatom counts, seasonal  means  of total diatom counts and their corresponding var iance 
were calculated from two years data. Therefore, each mean  represents  duplicate counts 
for three months samples at a given site from a total of 768 samples from all sites. 
Graphing each m e a n  to its corresponding variance produced a curve. In order to compare 
the slope of these curves to the straight l ine of a Poisson distribution, a log-log plot of the 
results was produced. 
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RESULTS 

Spatial changes in the ratios of hve and dead cells along the shore 

The results from 1982 and 1983 (Figs 3 and  4) show that higher ratios of dead cells 
occurred at the sandflat sites on the intertidal shore. The sandflat ratios were higher in 
spring and  summer  in 1982, with the highest  ratio of 55 at site 15 in the summer  of 1982. A 
less marked  difference was observed along the transect in au tumn  and winter. The 
winter  ratios in 1982 were slightly higher in the saltmarsh than in the sandflat. However, 
this seasonal  pat tern was not repeated in 1983 (Fig. 4). All ratios at sandflat sites were 
higher than at the saltmarsh at all times in the year. Most of the ratios were smaller than 
in the previous year. As the transect progressed out towards the sea, higher ratios were 
gradually recorded. Percentages of dead cells recorded are summarized in Table 1. All 
counts from all months from 1982-1983 had significantly high percentage  s of dead cells 
(>5 %). In May 1983, 71% of all valves counted were derived from dead cells. Mean  
monthly percentages  were never  lower than 13 % {March 1983}. Percentages of indi- 
vidual  counts {used to calculate the means  in Table 1} were as high as 86 %. 
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Fig. 3. Seasonal ratios of empty frustules to live cells along the transect in 1982 
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Table 1. Mean percentages of valves from empty frustules calculated from all counts at all sites for 
each month showing significantly high proportions of the dead population (> 5 %) 

Month Percentage 
1982 1983 

January 31 44 
February 58 35 
March 37 13 
April 35 58 
May 23 71 
June 56 52 
July 44 41 
August 42 46 
September 25 62 
October 23 47 
November 40 53 
December 27 38 

S e a s o n a l  c h a n g e s  i n  v a r i a b i l i t y  of the  cel l  c o u n t s  

The m e a n  and  var iance calculated for the counts of the dominant  taxa t a ke n  from 10 
replicates quant i ta t ively defines the patchy distribution on the sediment .  The  results 
(Table 2) clearly show that the size of the~variance exceeds the size of the m e a n  by as 
much as 2 orders of magni tude.  If the distribution had b e e n  random, viz. a Poisson 
distribution, the var iance would equal  the size of the mean.  Results from field data 
(Fig. 5) shows that in  all cases both live cell counts and dead cell counts in  1982 and  1983 
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Fig. 4. Seasoned ratios of empty frustules to live cells along the transect in 1983 
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Table 2. The mean and variance of 10 replicate counts of 2 diatom taxa and 1 cyanobacterium with 
the highest  counts at two sites. The results show the variance exceeds the size of the mean 

Species Mean Variance 

Site 13 
Nitzschia vacillata 47.1 2018 
Nitzschia doster ium 19.1 770 

Site 4 
Nitzschia d o s t e n u m  14.2 124 
Anabaena cylindnca 239.6 67436 
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Fig. 6. Scatter plot of the seasonal distribuUon of live cells recorded in t982 

were  straight  l ine graphs  of s lope approx imate ly  2. Therefore  the  var iance  is propor t ional  
to the square  of the  mean.  Fur ther  examinat ion  of the scatter  plots (Fig. 6) r evea l s  that  the 
points  are  pos i t ioned along the regress ion  hne according to season, wi th  win te r  means  at  
the  bottom, spr ing and autumn means  in the middle ,  and  summer  m e a n s  at the  top. 

DISCUSSION 

This s tudy of the  ratios of hve and  d e a d  cells from Berrow Flats, confirms that  
s ignif icantly h igh  numbers  of empty  frustules occur on the surface sed imen t s  toge ther  
wi th  the live cells at all sites a long the t ransect  at all months  of the  year.  H ighe r  numbers  
of empty  frustules occurred at sandflat  and  mudflat  sites than at the sal tmarsh.  This m a y  
be  due  to inc reased  t idal  scour because  these  sites are  lower down the shore and  subject  
to dai ly  t idal  s u b m e r g e n c e  by spr ing  and  neap  tides. When  the ratio of d e a d  to l iving cells 
recovered  from sediments  can be  as high as 1 : 2, then the impor tance  of count ing live 
cells cannot  be  ignored.  Therefore  count ing hve cells for ecological  s tudy  is essential .  
These  conclusions ag ree  with those of Wilson & Holmes (1981). 

The degree  of pa tchiness  of the l iving popula t ion  (as well  as the d e a d  cells) has  not  
only been  conf i rmed to be  non-random,  but  the var iabihty  of a m e a n  count  c ha nge s  wi th  
popula t ion  dens i ty  at  a constant  rate. Al though the accuracy of a g iven  count  changes  
with popula t ion  density,  var iabi l i ty  can be  predic ted ,  and  its l imitat ion on the  final 
analysis  clarified. If a short- term pilot  s tudy had  been  under taken ,  e.g. in win te r  w h e n  the 
m e a n  and var iance  were  low and  a p p e a r e d  proport ional ,  the  informat ion would  be  
misleading.  Therefore  a long- term examinat ion  of any field sampl ing  s t ra tegy  is recom- 
mended .  



Diatoms along an intert idal  shore 147 

The empty  frustules also d isp lay  a c lustered distr ibution indica t ing  tha t  t idal  scour 
does not  d isperse  d e a d  cells evenly  over  the sediment  surface. One poss ible  explana t ion  
is that  muci lage  sec re ted  from hving ceils may  main ta in  clusters of e m p t y  frustules in 
coherent  units. Fur ther  s tudy of this phenome non  is required,  examin ing  the fate of 
species  following per iods  of p e a k  growth. 

Plott ing the log var iance  agains t  the log mean  is s imply a means  of demons t ra t ing  a 
clear  re la t ionship b e t w e e n  these  two variables.  The results do not  account  for all the 
sources of var iabi l i ty  (of which  there  are many),  but  defines the  var ia t ion in a w a y  that  
allows the worker  to predic t  var iabi l i ty  with respect  to mean  cell  number .  Future  
sampl ing  s t ra tegies  must  a t tempt  to randomize  this smal l -scale  var ia t ion b y  deve lop ing  a 
harves t ing  technique  which  can disperse  the surface clusters. 

Individuals  b e h a v i n g  as d e p e n d e n t  units (i.e. forming aggrega tes )  is not  an  unusua l  
phenomenon.  Many  examples  of clustering, whe reby  the var iance  is p ropor t iona l  to the 
square  of the m e a n  or greater ,  has been  observed  (Taylor, 1961). Var ious  theoret ica l  
express ions  used  to descr ibe  field distr ibutions have  been  sugges t ed  ( rev iewed in 
Venrick,  1978). The mode l  that  bes t  descr ibes  the clustering obse rved  in these  results  is 
the N e y m a n  Type A equa t ion  (Pielou, 1969}, def ining a continuous spat ia l  pat tern:  

Pr = e -~' ~ jSo J-~ �9 jr 

This model  considers  pa tchiness  to be  descr ibed  by  two main  var iables :  the m e a n  
number  of individuals  wi th in  a cluster (k2} and the mean  number  of clusters pe r  uni t  a rea  
(kt). Knowing the n u m b e r  of individuals  (r), the probabi l i ty  of a uni t  conta in ing  r 
individuals  (Pr) can be  calculated.  Pielou (1969) considers  these  two var iab les  (kl, k2) to 
have a specif ied pa t t e rn  that  is super imposed  so that  both  enti t ies will  g ive  rise to a 
Poisson distribution. Tak ing  this assumpt ion  into account  an express ion  of the  m e a n  can 
be ca lcula ted  (Pielou, 1969): 

X = k l  k2 

and an express ion for the  var iance  (Pielou, 1969): 

Var iance  = kt k2 {1 + k2) 

The var iance  will  give values  which obviously exceed  the mean,  and  could  express  a 
re la t ionship where  the  var iance  increases  at a rate square  to the mean.  

Summariz ing  the mode l  above,  in terms of the diatom distr ibution,  the  fol lowing 
events  could t ake  place:  a diatom moves  onto the sed iment  surface and  divides.  Once  
division has t aken  p lace  and  the diatoms stick together  and  do not  move as i n d e p e n d e n t  
units, they  display a n o n -  r a n d o m distribution. As dia tom division continues,  and  
dus t e r s  form, two sources of var iabi l i ty  arise: the m e a n  number  of d ia tom clusters pe r  
coverglass,  and  the m e a n  number  of diatoms within each  cluster. The la rger  the  cluster  
size, the grea ter  the var iabi l i ty  encountered .  

All counts from the f ie ldwork of this project  were  of the total  n u m b e r  of indiv iduals  
pe r  unit  area;  therefore  the da ta  cannot  be  appl ied  to the equat ions  just  descr ibed .  It is 
also recognized  that  the  da ta  ga the red  for this analysis  represents  the pa t chy  dis t r ibut ion 
of diatoms set t led within a petr i  dish. However ,  clustering has b e e n  obse rved  in the  
natura l  environment .  Initial counts t aken  from coverglasses  left in the  f ield have  y i e lde d  
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the same results, but  further work  is required.  Many  other factors may  inf luence  the 

spatial pat terns observed  such as varying birth and death  rates, or varying env i ronmenta l  

factors. 
Never theless ,  it is l ikely that  more than one source of variabili ty is responsible  for the 

clustered array of l ive and dead  cells over the sediment  surface. The N e y m a n  Type A 

equat ion  provides a good starting point from which  an unders tanding  of c luster ing by the 

diatoms can be  achieved.  Such a non- random distribution must  be  unders tood  if correct 

statistical analysis is employed,  and the data of a long- term ecological  s tudy analysed.  
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