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Diatom activity within soft sediments: 
behavioural and physiological processes

Maria A. Saburova*, Igor G. Polikarpov

A .O . K ovalevsky Institute of B io logy  of the Southern Seas, Prospekt N akhim ova 2, Sevastopol 99011, Ukraine

ABSTRACT: An investigation of vertical distribution, rhythm s of vertical migration and division of 
epipelic free-living diatom algae was carried out at different sedim ent depths on intertidal sandflat in 
the C hernaya River Estuary (Kandalaksha Gulf, White Sea, Russia) during the summers of
1994-2001. The depth  of penetration of viable m icroalgae cells in the sedim ent did not exceed 4.2 cm 
in the areas w ith clay sublayers, w here zones w ith high negative Eh values w ere located closer to the 
surface. Diatom habitats in the areas with coarse sand sublayers extended to more than  8 cm depth. 
Approximately 40% of diatoms w ere present in the topmost 2 mm layer. The subsurface portion of 
diatom cells on average was concentrated w ithin the layer w ith Eh values ranging from 0 to -80  mV. 
Eh values below -100 mV limited diatom penetration in deep anoxic sedim ent layers. The deep 
portion of diatom populations consisted basically of dividing cells. A cytological analysis of diatom 
cell distribution showed that the proportion of cells in the different phases of mitosis increased with 
increasing depth, and reached 80 to 90% at a depth  of 2 to 3 cm. The regular presence of dividing 
diatom cells almost exclusively in aphotic anoxic sedim ents was noted first. The study of the 
dynamics of m icrophytobenthic vertical distribution revealed active diurnal vertical migration 
depending on tem perature, light and tide regimes. The frequency of doublet cells (FDC) in epipelic 
diatom populations was in inverse proportion to cell concentrations in the photic zone. Diatom divi
sion was registered only during incubation in the porewater, which w as rich in inorganic nutrients 
and dissolved organic matter. We suppose that a more stable habitat w ith higher concentrations of 
nutrients (especially nitrogen) in their more reduced forms (NH4+ instead of N 0 3~) provides more 
favourable conditions for cell grow th and division at the dep th  of several cm w ithin the sediment 
com pared, to the surface layer. M igration activity of diatom algae is an adaptation which perm its cells 
to consum e energy and to undergo fission under optimum conditions in spatially disconnected zones.
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INTRODUCTION

Diatoms are one of the major algal components of sand 
and mudflats (e.g. M acIntyre et al. 1996). The location of 
these m icroalgae within the thin photic zone of bottom 
sedim ent is determ ined by their photosynthetic activity. 
However, there are also num erous reports of viable 
m icroalgae cells or their photosynthetic pigm ents at 
significant depths, down to several 10s of cm in the 
aphotic anaerobic zone in the different habitats, includ
ing in littoral and sublittoral bottom sediments of marine 
and freshw ater basins (e.g. Grontved 1962, Pamatmat

1968, Steele & Baird 1968, Fenchel 1969, W asmund
1969, Steele et al. 1970, Fenchel & Straarup 1971, Branch 
& Pringle 1987, M acIntyre et al. 1996).

To explain the presence of photosynthetic algae in 
aphotic anaerobic sedim ent zones, various hypotheses 
have been  proposed: passive and active movem ent of 
organism s w ithin the bottom sediments. It has been 
suggested that m icroalgae penetrate into the deeper 
sedim ent layers either during sedim ent resuspension 
(Steele et al. 1970, G argas 1970, 1971, Round 1979, 
Baillie & Welsh 1980, Branch & Pringle 1987, M acIntyre 
et al. 1996) or by vertical movement in undisturbed sed
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iments. There are num erous reports of the synchronic 
movem ent of microphytobenthos in sedim ent with sim
ilar conclusions. Benthic m icroalgae reach the surface 
of the sedim ent during a daytime emersion period and 
bury them selves deeper into sedim ent layers with the 
receding tide and/or the onset of night (e.g. Fauré- 
Frem iet 1951, G anaparti et al. 1959, Perkins 1960, 
Palmer & Round 1967, Paterson & Underwood 1990, 
Robak & Kühl 1997, Kingston 1999). Fluctuations in 
photosynthetic rate, production and concentration of 
chlorophyll a in the surface layer of the soft sedim ent 
coincide with the phases of tidal and daym ight cycles 
(Marshall et al. 1971, Brown et al. 1972, Raiux-Gobin 
1985, Guarini et al. 2000, Serôdio & Catarino 2000). 
Such fluctuations are considered by these authors to be 
connected with microalgae vertical migration.

Fundam ental questions concerning vertical distribu
tion of microalgae in the sedim ent are: Why are photo
autotrophs found outside the photic zone? W hat is their 
physiological state? How do photoautotrophs adapt to 
a long absence of light in oxygen-free conditions?

In this study, we investigated the vertical distribution 
of epipelic diatoms and their physiological activity within 
the sediment to better understand their behaviour m ech
anisms and their cell cycle regulation under environ
m ental conditions which are atypical for photoauto
trophs in the aphotic zone of intertidal sediments.

- 67 '
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Chernaya River Estuary

500 m

Fig. 1. Area of investigation White Sea, Russia

MATERIALS AND METHODS

Site description. The study was carried out in the 
gently sloping, low-energy, intertidal sandflat of the 
C hernaya River Estuary (Kandalaksha Gulf, White 
Sea, Russia) (Fig. 1) during the summers of 1994-2001. 
The sedim ent was fine-grained sand (modal particle 
size of 0.1 to 0.25 mm), slightly silty (up to 15% of the 
aleuropelite fraction) and oligosaprobic (organic car
bon content up to 4 % of the sedim ent dry w eight). The 
upper boundary of the reduced zone (redox potential, 
Eh < 0 mV) was found at a depth  of 1 to 6 -8  cm accord
ing to the type of sublayer (clay or coarse sand); the 
boundary of the photic zone (> 1 % of total solar 
radiation) extended from 2.5 to 3.0 mm. The emersion 
time at the sampling site was ca. 4 h during the single 
sem i-diurnal tidal cycle and the tidal range was ca. 
1.6 m. A detailed survey exam ining the environm ental 
characteristics of this sandflat was carried out by 
Burkovsky (1992).

Sampling procedures. Samples w ere collected from 
undisturbed sedim ents without infauna, stones or 
other physical irregularities on the middle intertidal 
area. A previous study revealed that such habitats 
are preferable for microphytobenthic developm ent 
(Saburova et al. 1995). Samples w ere collected from 
m icroalgal patches (more than IO3 to IO4 cells cm-2) 
after prelim inary sampling to estim ate microalgal spa
tial distribution. Sediment cores w ere collected during 
the daytime emersion using plexiglass corers with an 
internal diam eter of 2.6 cm.

Vertical distribution profiles of epipelic diatoms w ere 
determ ined by collecting 21 cores (15 cm deep) during 
June to September, 1994 to 1998. The sedim ent cores 
w ere sectioned every 2 mm and then at 5 mm intervals. 
The tops of the cores (upper 5 cm, in several cases the 
upper 10 cm depending on sedim ent type) w ere used 
for the analysis.

To study the microalgae response to sedim ent burial, 
a field experim ent was conducted July 17 to 22, 1992. 
A 4 cm layer of sterilized sand was placed over the 
natural sedim ent surface during the daytime emersion. 
A plastic frame prevented  the added sedim ent layer 
from being w ashed out (the experim ental phases are 
shown in Fig. 4). One core from both the sublayer 
natural sedim ent and the added upper layer of sand 
w ere collected on Days 1 and 5. Sedim ent cores 
w ere sectioned at 5 mm intervals to a depth of 4 cm. 
The dynamics of diatom vertical distribution w ere 
analyzed.

The vertical migration of epipelic diatoms in the 
sedim ent was investigated from June to Septem ber
1995-2001 in 14 time series (Table 1). These studies 
represented 2 different situations occurring in this 
polar region: the so-called 'w hite-nights' (a night
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without full darkness) w hen there is no true day:night 
cycle (up to July) and normal day:night cycles (from 
August). The bottoms of the plexiglass corers with 
intact sedim ent cores w ere sealed, placed in the boxes 
w ith seaw ater and exposed to natural solar radiation 
intensity and tem perature. Approximately 3 cm of 
w ater overlaid the sedim ent at the time of the experi
ments. Previous studies have revealed that microalgae 
migration rhythm s do not change after the rem oval of 
sedim ent cores from natural conditions. Algal cells 
continued to m igrate towards and away from the sedi
m ent surface in the absence of external stimuli under 
laboratory conditions for several days (e.g. Perkins 
I960, Palmer & Round 1967, Serôdio et al. 1997). 
Changes in the vertical profiles of the diatoms w ere 
determ ined by an analysis of randomly chosen 
cores every 2 to 6.5 h during the observation period. 
The cores w ere sectioned into 2 layers (0 to 3 and 
3 to 50 mm, corresponding to the photic and aphotic 
zones of this sedim ent type— Series 2 and 6) or into 
0 to 3 mm and then  at 10 mm intervals to a depth  of 
53 mm (Series 3 to 5 and 7 to 14). In Series 1 sedim ent 
cores w ere sectioned at 2 mm intervals to a depth  of 
50 mm.

Enumeration of diatom cells. The modified method 
of Uhlig (1968) w ith filtered seaw ater instead of ice 
was used to extract the m icroalgae from the sediment. 
M icroalgae cells w ere counted in vivo in culture dishes 
at a magnification of 56x w ith a Lomo MBS-9 stereo- 
microscope in randomly selected fields of view  im m e
diately after the extraction. The most abundant and 
large (60 to 100 pm) species of epipelic diatoms 
(Pleurosigma aestuarii, Donkinia recta, Entom oneis 
paludosa, Plagiotropis lepidoptera, Navicula hum er
osa, Hantzschia virgata w ere analyzed.

Cell cycle study. In diatoms generally, there is a 1 to 
2 h post-cytokinesis stage betw een mitosis and G l, 
devoted to the formation of the silicon frustule, during 
which the daughter cells rem ain attached and grow  in 
size (Vaulot et al. 1986). The num ber of such doublet 
cells w ithin a population was determ ined microscopi
cally in vivo while counting total diatom  abundance. 
At least 300 cells w ere exam ined per sample.

A total of 19 intact sedim ent cores w ere collected for 
cytological analysis during June to August, 1995-1999. 
Cores w ere sectioned into 5 mm thick layers up to 
35 mm and fixed w ith Navashin's fixative (Jensen 
1962). The sequential décantation m ethod was used to 
separate diatom cells from the sedim ent particles. 
Cells from each layer w ere m ounted on glass micro
scope slides and stained w ith carm ine acid according 
to Schneider (Jensen 1962). The cell cycle phase for 
each cell was determ ined by the degree of chrom atin 
condensation in the cell nucleus at a magnification of 
1500x w ith a JenaLum ar microscope (Jena). Nuclei of 
large (60 to 100 pm) epipelic diatoms w ere close-cut 
separated  according to cell cycle stage. From the 
caryological analysis we distinguished 3 well-defined 
cell cycle stages: interphase (I), mitosis (M) and cyto
kinesis + post-cytokinesis (C). Weakly stained nuclei 
w ith clearly visible chrom atin grains w ere attributed to 
I; during M strongly stained and packed nuclei w ere 
observed; doublet nuclei w ithin 1 cell or doublet cells 
w ere determ ined as C. Four abundant epipelic diatom 
species (Pleurosigma aestuarii, Donkinia recta, Ento
m oneis paludosa  and Plagiotropis lepidoptera) w ere 
selected for examination.

Effect of environmental factors on diatom division. 
To define the optimum conditions for vegetative divi
sion of epipelic diatoms a laboratory experim ent was

Table 1. Time series, date, time, interval and num ber (n) of observations, m ean values and amplitudes of tem perature and solar
radiation intensity at the sedim ent surface

Series Date Time
(h)

Interval
(h)

n Temp. (°C) 
M ean (m in-m ax)

Radiation intensity (lux x IO3) 
(lux IO3) M ean (m in-m ax)

1 Jul 21-23, 1989 36:00 6:00 8 5.9 (4.0-12.0) 4.6 (0.25-20.0)
2 Jul 9-10, 1995 36:00 6:00 7, 3 replicates 16.6 (7.5-23.0) 16.5 (0.03-36.0)
3 Jul 12-14, 1995 52:00 6:30 9 12.5 (6.0-18.0) 7.8 (0.8-22.0)
4 Jul 16-17, 1995 44:00 5:30 9 14.3 (8.0-22.0) 12.2 (0.3-40.0)
5 Sep 18-20, 1995 50:00 5:00 11 5.5 (-3.0-13.5) 4.2 (0.0-20.0)
6 A ug 27-28, 1996 32:00 2:30 14, 3 replicates 16.7 (9.0-25.5) 12.7 (0.0-55.0)
7 A ug 31-S ep  1, 1996 30:00 5:00 7 15.4 (6.0-28.0) 9.6 (0.0-41.0)
8 A ug 31-S ep  1, 1998 23:00 3:20 8 6.8 (0.0-14.2) 16.5 (0.0-59.0)
9 Sep 6 -7 , 1998 24:00 4:00 7 9.9 (3.0-16.8) 6.3 (0.25-20.0)

10 Ju n  17-18, 1999 33:00 3:00 12, 2 replicates 18.6 (11.8-26.2) 25.7 (0.08-60)
11 A ug 8, 2001 12:00 2:00 7 17.6 (13.0-22.6) 8.7 (0.0-21.0)
12 A ug 15, 2001 24:00 4:00 7 8.0 (2.8-16.0) 3.0 (0.0-15.0)
13 A ug 22-23, 2001 24:00 4:00 7 11.3 (1.5-20.0) 11.6 (0.0-35.0)
14 Sep 13-14, 2001 20:00 5:00 5 8.4 (0.0-14.0) 14.2 (0.0-41.2)
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conducted in July 1998. The topmost 3 mm photic layer 
of the natural undisturbed sedim ent was collected d u r
ing the daytim e emersion, w hen the maximum concen
tration of diatoms on the surface w as observed. Plexi
glass corers w ith the collected sedim ent w ere exposed 
to different conditions (phases of the experim ent are 
shown in Table 5). The diatom cells w ere extracted 
from the sedim ent after exposure to these various 
conditions and the intensity of division (frequency of 
dividing cells) was estim ated.

Physical sampling. Redox potential (Eh, mV) was 
m easured using a pH -m eter equipped with a 0.5 mm 
com bined platinum  electrode at 2 mm depth  intervals. 
Grain-size analysis w as perform ed on the upper 10 cm 
of the sedim ent at 0.5 cm depth  intervals. The dried 
sedim ent was sieved onto a separator w ith m esh sizes 
0.1, 0.25, 0.5, and 1 mm. The environm ental conditions 
(tem perature [°C], solar radiation intensity [lux] of the 
sedim ent surface, and tidal cycle) during the periods of 
diatom vertical m igration observations w ere recorded. 
The tidal cycle values (h) w ere expressed as time from 
beginning of em ersion (0 to 4 h: emersion; 4 to 12 h: 
submersion; 2 h: low water; 8 h: high water).

Data analysis. As most diatoms studied show high 
microspatial variability (Saburova et al. 1995), diatom 
abundance in each layer was expressed as a percen t
age of total density per core, to account for variability 
am ong the replicate cores. The dom inating diatom 
species in each core w ere used for the analysis.

Diatom vertical distributions w ere presen ted  as the 
percentage of the total population counted in each 
layer of the core. Vertical movements of microalgae 
w ithin the sedim ent w ere estim ated from the dynamics 
of the surface abundance. To estim ate the vertical p a t
tern of a cell cycle the results for each diatom popula
tion w ere expressed as the percentage of cells in each 
stage of the cell cycle from the total num ber of cells in 
each layer. The frequency of doublet cells (FDC) for 
each diatom population was calculated as a percen t
age of the doublet dividing cells from the total num ber 
of cells in the core and used as an indicator of 
vegetative cell division intensity.

Correlation analysis (Pearson's correlation coeffi
cient) was perform ed to determ ine w hether there 
w ere any significant changes in diatom cell cycle p a t
terns w ith depth. We used stepwise multiple reg res
sion analysis, including m om entary and daily (serial) 
m ean values of tem perature and solar radiation in ten 
sity of the sedim ent surface and tide cycle and all 
their combinations, to evaluate relationships betw een 
the m easured factors and relative abundance of 
diatom cells in sedim ent surface. The 2-sample %2-test 
was employed to com pare the frequency distribution 
of cell cycle stages betw een the surface and deep 
sedim ent layers. In other cases Student's f-test was

used to check significance of the differences betw een 
the means. A critical p-value of <0.05 was always 
applied.

All statistical tests and procedures w ere undertaken  
using SYSTAT for Windows, Version 7.0 (SYSTAT) and 
SigmaPlot for Windows, Version 4.01 (SPSS).

RESULTS 

Vertical distribution of diatom cells

Two different types of habitats w ere present in the 
studied intertidal sandflat: sedim ent w ith clay, and 
sedim ent w ith coarse sand as a sublayer (Types A and 
B, respectively). These sublayers occurred deeper than 
10 cm (Burkovsky 1992). The vertical distribution of 
epipelic diatom  total abundance in comparison with 
the vertical Eh profiles and granulom etric composition 
of the different types of the sedim ent are shown in 
Fig. 2. The vertical distribution of diatoms was not un i
form: approxim ately 40% of the diatoms w ere present 
in the topmost 2 mm layer, w hereas a significant p er
centage (more than 60%) was found in deep layers of 
the sediment. M aximum recorded depths of p enetra
tion of viable diatom cells into the sedim ent w ere 
42 mm in Type A sedim ent and 83 mm in Type B. The 
subsurface portion of diatom cells was concentrated on 
average w ithin the layer with Eh values from 0 to 
-8 0  mV, at a depth  of around 15 to 35 mm for Type A 
and 35 to 70 mm for Type B. Eh values below -100 mV 
limited diatom penetration into the deep anoxic sedi
ment layers.

The granulom entric composition was similar in the 
topmost 6.5 cm layers for both sedim ent types. Signifi
cant differences w ere observed deeper than 6.5 cm. 
The fine fraction (<0.25 mm) increased 1.3 x w ithin the 
65 to 100 mm layer in comparison with the topmost 
0 to 65 mm layer in Type A sediment. In contrast, the 
coarse fraction (>0.5 mm) content in Type B sediment 
increased more than 2 x.

Division of diatom cells in the deep aphotic zone

Vegetative cell division has been  observed in large 
living diatom cells w ithout cytological stains (Cox 
1981, Pickett-Heaps 1998). Whilst counting living 
diatom cells from different sedim ent layers, we often 
found clearly visible doublet cells in the cytokinesis 
and post-cytokinesis stages (>200 observations w ere 
m ade betw een 1994 and 2001) often in significant 
num bers (up to 60-80%  of the total num ber of cells in 
a layer). These cells w ere almost exclusively associated 
w ith the aphotic anoxic zone of the sediment.
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Fig. 2. Vertical profiles of epipelic diatom total abundance 
(grey horizontal bars) and Eh (— O— ) (left plots) and granulo
metric composition of sedim ents from topmost 65 mm and 65 
to 100 mm layers (vertical bars, right plots) from different in 
tertidal sandflat sites. Sediments w ith (A) clay sublayer and (B) 
coarse sand sublayer. A total of 33 cores w ere collected during 
daytime emersion periods in July 1992, July 1994 and June 
1995. Error bars represen t SE of the m ean within replicate 
cores: (A) 8 and (B) 5 for diatom abundance estimation; 5 and 7 
for Eh and 4 and 5 for granulometric composition estimations

FDCs varied strongly am ong diatom species and 
cores collected at different times of day (Table 2). 
Three exam ples of the daily pattern  of the nondivid
ing and dividing cells in the vertical distribution of 
Donkinia recta are shown in Fig. 5.

Percentages of the diatom abundance in 2 mm thick 
layers from the sedim ent surface to the depth  of 35 mm 
w ere com pared to the patterns of cell cycle stages 
w ithin each 5 mm thick sedim ent layer (Fig. 3). All the 
diatom species exam ined dem onstrated similar vertical 
distribution: about 40 to 60% of the cells w ere present 
in the photic zone, while the other parts of the popula
tions w ere dispersed over the aphotic zone down to 
35 mm (Fig. 3, left-hand panels). Patterns of cell cycle 
stages in the surface and deep parts of the population

w ere not similar. The percentage of nondividing cells 
(I) decreased and the percentage of dividing cells 
(M + C) increased w ith depth. Similar vertical distribu
tions w ere observed in each diatom species (Fig. 3, 
right-hand panels).

Table 3 shows the m ean percentage of cell cycle 
stages in the topmost 5 mm (corresponding to the 
photic zone) and the deeper 5 to 35 mm layers (the 
aphotic zone). The patterns of the cell cycle stages 
betw een the upper (photic) and deep (aphotic) 
sedim ent layers w ere significantly different (2-sample 
%2-test; p < 0.001) for all diatom species exam ined 
(Table 3). The percentage of cytokinetic cells in 
Pleurosigma aestuarii and Donkinia recta correlated 
significantly w ith depth. A noticeable tendency was 
obtained in the case of Entom oneis paludosa. The 
percentage of cells in the interphase correlated 
significantly and negatively w ith depth  in these 3 
diatom species. There w as no linear correlation 
betw een frequency of mitosis and depth, except for 
E. paludosa. Insignificant correlation coefficients for 
Plagiotropis lepidoptera may have resulted from in 
sufficient data.

Vertical movement of diatom cells within the sediment

Response to burial in the sediment

The migratory behaviour of the epipelic diatoms 
buried in the sedim ent is shown in Fig. 4. M icroalgae 
dem onstrated the ability to avoid unfavourable condi
tions by long-term  burying. The experim ent estim ated 
the maximum rate of m icroalgae movem ent at 1.7 mm 
h r1. We detected  buried cells on the surface of the 
sterilized sand (4 cm layer) w ithin the first 24 h of the 
experim ent. Of the initial m icroalgae abundance, 
61 % moved into the upper sedim ent layer after 24 h. 
Upward migration of diatoms leads to practically full 
renew al of their disturbed vertical distribution over 
5 d. However, 22.4% of the cells w ere still in the 
buried layer of the sedim ent (40 to 75 mm) 5 d later. 
Vegetative division of the epipelic diatoms occurred 
only w ithin natural sediment, and stopped after the 
m igration of cells into the upper sterilized sand.

Table 2. Percentage of frequency of doublet cells (FDC) for 
different epipelic diatoms, n: num ber of replicates

Diatom species M ean ± SD Min Max n

Entom oneis paludosa 8.26 ± 7.80 1.21 36.4 198
Pleurosigma aestuarii 15.72 ± 19.10 0.87 72.2 37
Donkinia recta 19.30 ± 17.22 0.63 71.4 56
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Fig. 3. Vertical profiles of relative abundance (left-hand panels; m ean  ± SE) and cell cycle patterns of epipelic diatoms. Cores w ere 
collected in  June to Septem ber, 1994-1998. The leng th  of each bar in  left-hand panels is the percen tage of the total population found 
in each depth interval. The length  of each bar in right-hand panels is the percen tage of the total cell num ber found in  each layer. 
Error bars represen t SE for replicate cores (left-hand panels) and replicate layers (right-hand panels). N um ber of replicates (n) was

indicated within plots

Vertical migration of epipelic diatoms in the sedim ent

Analysis of daily patterns of m icroalgae vertical d is
tribution and of environm ental factors (solar radiation 
intensity, tem perature and tidal cycle) during 14 time 
series (Table 1) revealed similar vertical migration of 
all the exam ined epipelic diatoms.

A detailed analysis of the vertical distribution 
dynamics was conducted for Entom oneis paludosa, the 
most abundant diatom (on average IO4 cells c n r 2) on 
the exam ined intertidal sandflat. The resulting step
wise m ultivariate regression model explaining 39% of 
the total variation revealed Tserr H  and T  x L /T sel vari
ables to be significant (Table 4). E. paludosa  dem on
strated circadian rhythm s of vertical m igration within 
the sediment. Relative abundance of the cells in the 
sedim ent surface reached  its maximum on w arm  days 
during low water. The colder the day, the higher the

com bined effect of tem perature and light exposure of 
the sedim ent surface.

Epipelic diatom rhythms of division

We recorded epipelic diatom rhythm s of division in 
each time series during our observations of vertical 
migration. A certain portion of the diatom cells was 
always undergoing vegetative division (Table 2). Divid
ing cells of epipelic diatoms w ere associated w ith the 
aphotic deep layer of the intertidal sediment. However, 
the frequency of the dividing cells varied greatly. A 
typical exam ple of the vertical profiles for Donkinia  
recta during the day is shown in Fig. 5. D. recta cells 
w ere concentrated on the sedim ent surface during the 
daytim e em ersion (76.2 % in the topmost 2 mm) and 
w ent deeper into the sedim ent at nightfall (Fig. 5).
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Table 3. Analysis of upper photic layer (0 to 5 mm) versus deep aphotic layer 
(5 to 35 mm) differenes in  frequency distribution of cell cycle stages for 4 
epipelic diatoms. Cell cycle stages: I, interphase; M, mitosis; C, cytokinesis and 
post-cytokinesis; m, total num ber of exam ined cells. The results of 2-sample 
%2-test for differences betw een  cell cycle stage patterns in  upper and deep 
layers and the Pearson's correlation coefficients for the relationship betw een 
stages of the cell cycle and depth  are given. All %2-values are significant at p  < 
0.001 level, df = 2 and Pearson's correlation coefficients in  bold  are statistically

significant at p  < 0.05

Diatom species Frequency distribution of 
Cell cycle stage cell cycle stages (mean ± SE) 

0 -5  mm 5-35  mm

2-sample
%2-test
values

Pearson's
correlation
coefficient

Pleurosigma aestuarii 
I 62.94 ±3.08 29.95 ± 3.39 -0.849
M 37.06 ±3.08 60.41 ± 2.88 0.565
C 0 9.63 ± 2.01 232.7 0.987
m 740 1139

Donkinia recta
I 80.91 ±3.90 31.77 ±4.92 -0.987
M 19.09 ±3.90 37.69 ± 3.97 0.731
C 0 30.55 ±4.76 359.3 0.960
m 627 600

Entom oneis paludosa  
I 76.10 ±3.90 32.38 ±4.03 -0.867
M 23.90 ±3.90 43.27 ± 2.72 0.884
C 0 24.39 ±4.60 352.2 0.665
m 647 1015

Plagiotropis lepidoptera  
I 86.30 ±3.96 39.99 ± 9.42 -0.368
M 13.70 ±3.96 50.86 ± 9.07 0.579
C 0 9.09 ±4.18 65.5 -0.058
m 146 124

After descending, cells of D. recta  started to divide 
intensively. FDC varied from 4.76% during the day
time em ersion up to 25.9-43.3%  during the nighttim e 
em ersion and submersion.

Frequencies of the dividing cells in the exam ined 
diatom populations w ere in inverse proportion to the 
num ber of cells in the photic zone (Fig. 6).

Optimum environment for epipelic diatom division

The undisturbed topmost sedim ent layers containing 
m icroalgae w ere exposed to different conditions to 
determ ine the optimum environm ent for epipelic 
diatom cell division. The results are shown in Table 5. 
Vegetative division was registered only during incuba
tion in porewater, w hich was rich in inorganic nutri
ents and DOM. As can be seen from Table 5, negative 
Eh values w ere not necessary for successful vegetative 
division of the diatom cells. However, in contrast with 
laboratory conditions, high concentrations of the nutri
ents in interstitial w ater have been observed in deep 
anoxic layers of natural intertidal sedim ents (e.g.

Fenchel 1969, M artens et al. 1978, 
Langner-van Voorst & Höpner 1996, 
Landén & Hall 1998).

DISCUSSION

Benthic m icroalgae are typically as
sociated w ith the topmost sediment 
layer corresponding to the photic zone 
(e.g. Hopkins 1963, Fenchel 1969, 
M acIntyre et al. 1996). The depth  of a 
1 % light level in the sedim ents varies 
from 0.1 to 13.2 mm and depends on 
the granulom etry and organic content 
of the sedim ents (MacIntyre et al. 
1996). N evertheless, viable cells and/ 
or chlorophyll a have been observed 
to a depth  of 10 cm (Grontved 1962, 
Pamatmat 1968), 14 to 15 cm (Fenchel 
1969, Fenchel & Straarup 1971), and 
20 to 30 cm (Steele & Baird 1968, 
Branch & Pringle 1987) on intertidal 
sandflats; to a depth  of 30 cm (Steele 
et al. 1970) on a subtidal sandflat and 
7.3 to 9.5 cm (Wasmund 1969) on a 
freshw ater subtidal sandflat.

Typical patterns of diatom vertical 
distribution in sedim ent exam ined 
during the daytime em ersion included 
the surface-associated peak  of abun
dance formed by 40 to 60% of 

m icroalgae total abundance (Figs. 2 to 5). The subsur
face portion of cells was dispersed w ithin the sediment 
depending on the sublayer properties, which d e te r
m ined the depth  of the redox zone location. Com pari
son of the vertical profiles of diatom abundances in Fig. 
2A,B shows that the cells w ere dispersed over a greater 
range of depths in Type B sedim ent (83 mm), than in 
Type A (42 mm).

Cell cycle patterns of epipelic diatoms along depth 
(Fig. 3) revealed major differences betw een  the sur
face- and the subsurface-associated portions of diatom 
populations. The predom inance of nondividing cells 
near the sedim ent surface and the increase in the p er
centage of dividing cells w ith depth, as well as occur
rence of cytokinetic cells only in deep layers (Fig. 3, 
Table 3), led us to assume a physiological he terogene
ity of the microalgal populations at different depths 
of the sediment. A border betw een the physiologically 
different portions of diatom populations was located 
near the redox potential discontinuity layer (oxic/ 
anoxic interface, Eh = 0 mV). We believe the present 
study to be the first report on the occurrence of diatom 
cell division in only the deep layers of intertidal sedi-
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Fig. 4. Dynamics of epipelic diatom vertical distribution under artificial 
burial conditions: w ithin natural sedim ents (lower panels) and sterilized 
sand (upper panels). A core from each type of the sedim ent (40 mm of 

each) was collected during July 17 to 22, 1992

ments. Correlation analysis showed that percentages 
of interphasic and cytokinetic cells w ere significantly 
correlated w ith depth: the percentage of interphasic 
cells decreased and that of dividing cells increased 
w ith depth  (Table 3).

Our investigations showed that the epipelic diatoms 
w ere able to avoid unfavourable burial conditions by 
active upw ard m igration to the surface. Nevertheless, 
the initial vertical distribution was not restored even 
5 d after the start of burial, and a portion of cells 
rem ained in the buried layers (Fig. 4). We assume that 
the establishm ent of destroyed vertical gradients of 
the sedim ent environm ent was a slow process, which 
allowed diatoms to expand their zone of the habitation 
whilst extrem ely negative Eh values w ere absent.

Table 4. Entom oneis paludosa. Results of stepwise multiple 
regression analysis betw een  relative abundance of cells in the 
photic zone of the sedim ent and tem perature (°C) of sedim ent 
surface (T |, solar radiation (L| and tide regim e (H I. Only 
significant variables are shown. Tser: m ean tem perature (°C) 

along the tim e series

We observed rhythm s of vertical migration 
of diatoms close to those described earlier 
(e.g. Fauré-Frem iet 1951, Palmer 1960, Per
kins 1960, Hopkins 1963, Round & Palmer 
1966, Robak & Kühl 1997, Kingston 1999). The 
diatoms reach their maximal concentration on 
the sedim ent surface during daytim e em er
sions and begin to dip into the sedim ent with 
the rising tide, reaching a maximal concen
tration in the aphotic zone at night (Fig. 5).

Tem perature and solar radiation intensity in 
combination w ith the tidal cycle are the main 
factors that regulate am ount of epipelic micro- 
phytobenthos migration activity (Table 4). 
The variability of these factors is determ ined 
by recurrence: tem perature and light intensity 
regim es have similar diurnal and seasonal 
rhythms. The tidal cycle in the region studied 
is sem i-diurnal w ith a time alteration of 
40 min every 24 h and also has a 14 d or 
sem i-lunar rhythm  with alternating spring 
and neap tides. The superimposition of the 

tidal and day:night cycles of different periods causes 
variability in the intertidal light and tem perature 
regim e and determ ines the migration rhythm s of the 
diatoms.

Diatom vertical m igration and division rhythms 
occur in an antiphase: the daytim e maximum of cell 
abundance in the photic zone corresponds to a m ini
mum of division activity, w hereas the nighttim e mini-

15:00 24:00 04:00

Effect Coefficient (±SE) t-statistic test P

Constant 15.17 ±4 .55 3.33 0.00107
T± ser 2.35 ± 0.32 7.40 0.00000
H -4 .21  ± 1.76 -2 .4 0 0.01772
T x L /Tser 0.0003 ± 0.00005 5.05 0.00000

ANOVA
SS df MS F-ratio P

Regression 27253.10 3 9084.37 33.14 0.00000
Residual 42494.56 155 274.16

20

Q. 25

FDC-43.32 %

35
I I nondivid ing cells 

d iv id ing cells

45
60 40 20 0 20 20 0 20 20 0 20

Percent of population

Fig. 5. Donkinia recta. Vertical distribution of nondividing 
(left-hand panels) and dividing (right-hand panels) cells on 
July 2 -3 , 1995, w ith frequency of doublet cells (FDC) dynam 
ics. Three sedim ent cores w ere collected during daytime 
emersion (15:00 h), nighttim e subm ersion (24:00 h) and n igh t
tim e emersion (04:00 h) conditions from the D. recta local 
patch  (12.5 x IO3 cells cm-2) on an intertidal sandflat. The 
length  of each bar is the percen tage of the total population 

found in each depth interval
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Entom oneis paludosa Pleurosigm a aestuarii Donkinia recta

r2=0.31 r2=0.34

0 20 40 60 80 100
Percent in photic zone

20 40 60 80
Percent in photic zone

20 40 60 80
Percent in photic zone

^=0.29

Fig. 6. Entom oneis paludosa, Pleurosigma aestuarii and Donkinia recta. Relationships betw een  frequency of doublet cells (FDC) 
versus relative abundance in  photic zone. D ashed lines denote 95 % confidence interval

mum of cells on the surface corresponds to the peak  of 
division in the aphotic zone (Figs. 5 & 6).

Previous reports have shown how the nutrient p rop
erties of porew ater from the deep layers of the in ter
tidal sedim ents (Polikarpov & Saburova 1990) or from 
the reduced zone of the Black Sea (Polikarpov et al. 
1986) affect the developm ent of diatom algae. In our 
field work, w e identified dividing diatom cells exclu
sively at a depth  of several cm in oxygen-free and 
strongly reducing conditions. However, the results 
showed that these conditions w ere not necessary for 
microalgal division (Table 5). Apparently, microalgae 
can find the necessary nutrient concentrations for their 
successful developm ent in the most acceptable forms 
(NH4+ instead of N 0 3~) only in the deep layers of the 
sedim ent (Fenchel 1969) and, as a consequence, 
m icroalgae have to develop resistance to potential 
unfavourable factors in this zone (Moss 1977).

Preliminary work on the response of the epipelic 
microphytobenthos to changes in the vertical structure 
has shown that any physical disturbance will prevent 
cell division, although m icroalgae continue to migrate 
(Saburova 1995).

Our data support the hypothesis that m igration activ
ity of diatom algae is a forced adaptation, which 
perm its cells to consume energy and to divide under 
optimum conditions in the spatially disconnected 
zones.

Com paring the diatom migration activity in 2 sepa
rate layers, it is necessary to rem em ber that the less 
stable photic layer is part of both the sedim ent-w ater 
and sedim ent-air interface. As such, the photic layer 
is exposed to dram atic changes in environm ental 
factors, and to significant grazing pressure (the so- 
called 'stressful zone'). However, the photic layer is 
also the zone w here m icroalgae photosynthesis takes

Table 5. Entom oneis paludosa. Division intensity under experim ental conditions. A: natural photic layer (3 mm); B: sterilized 
sand (1 cm); (/): p lankton net m aterial (monyl, 200 pm); (//): N uclepore polycarbonate filter (2 pm)

Exposure
time
(h)

A/B
Eh (mV) F D C (%)

B//A//B 
Eh (mV) F D C (%)

Intact core of natural sedim ent 
Eh (mV) FDC (%)

0 cm:2 cm

W ater from sea surface
0 103:152 0.0 152:103:152 0.0 103:47 3.2
42 140:2 0.0 102:80:45 0.0 105:26 4.9
53 117:24 0.0 156:135:24 0.0 152:64 12.6
67 150:52 0.0 117:30:70 0.0 112:13 7.6
76 152:28 0.0 112:10:42 0.0 142:58 4.2

Porewater
0 103:63 0.0 63:103:63 0.0
42 94:14 1.5 102:0:7 18.0
53 89:18 7.2 160:125:110 26.2
67 112:47 3.4 106:86:39 9.2
76 87:35 0.0 112:10:22 17.6



124 M ar Ecol Prog Ser 251: 115-126, 2003

CL
LJ
Q

oc 7 Photo
synthesis

* NO 'o
N

NO

EhO)
NH(D

yr

INTERTIDAL SEDIMENT
WÊÊÊM

Fig. 7. Principal schem e of epipelic diatoms activity w ithin intertidal soft sedim ents (*: adapted  from Fenchel 1969)

place. The dynamics of such com peting forces result in 
a constant movem ent of epipelic m icroalgae w ithin the 
sediment, as if they are 'searching ' for the optimum 
zone along the gradient of these factors.

CONCLUSIONS

Vertical stratification of the sedim ent, as well as the 
ability of m icroalgae to actively m igrate vertically with 
a cycle close to circadian rhythms, are the factors 
determ ining the distribution of epipelic diatoms within 
the sediment.

These new  observations, i.e. that epipelic diatom 
cells divide exclusively in the aphotic zone and that 
cytokinetic cells are absent from the surface of the 
sediment, dem onstrate that the vertical migration of 
these m icroalgae allows them  not only to avoid 
unfavourable conditions, but also to move into the 
deep layers of the sediment, which are, for several 
reasons, the necessary locations for mitosis and cyto
kinesis.

The results from our study and from previous studies 
have been  com bined and presen ted  as a general 
scheme to illustrate our hypothesis (Fig. 7).

The migration behaviour of epipelic diatoms is re g 
ulated by 2 complex factors, an exogenous one (the 
set of intertidal flat environm ental conditions) and an 
endogenous one (the cell cycle). The cells born as a 
result of division at a depth  of 2 to 3 cm need  energy 
and nutrition to continue their cell cycle. Energy is 
accum ulated during photosynthesis in the photic zone 
of the sediments. However, the optimum conditions

for photosynthesis develop at the sedim ent surface 
during daytim e emersion. There are 1 or 2 short 
periods of about 4 h d_1 w hen the optimum conditions 
for migration are present and all the cells that have 
com pleted mitosis begin to move upwards. Having 
accum ulated sufficient energy during photosynthesis, 
most of the m icroalgae m igrate into the deep layers 
of the sedim ent at the beginning of submersion, i.e. 
evening.

Cells in the deep layers of the sedim ent find them 
selves in more favourable conditions for cell cycle 
developm ent. H eterotrophic metabolism (Bunt 1969, 
H ellebust & Lewin 1977) enables them  to obtain the 
necessary substances for their grow th from DOM-rich 
porew ater (Landén & Haii 1998) as opposed to 
nutrient-deficient surface water. The specific physical 
and chemical conditions in the deep sedim ent layers 
produce inorganic nutrients in more reduced forms 
(Fenchel 1969, M artens et al. 1978, Langner-van 
Voorst & Höpner 1996), m aking their consumption 
m ore energetically profitable (Parsons & Harrison 
1983). All these factors contribute to successful cell 
grow th and division. After division, the cells rem ain in 
the deep layers of the sedim ent w aiting for the next 
period of m igration to the surface (Fig. 7).

The process of cyclic m igration is not totally syn
chronic: some of the cells are always in antiphase to 
the general flow, rem aining in the aphotic zone w hen 
the main body m igrates to the surface, and vice versa. 
Biological rhythm s do not determ ine the behaviour of 
an organism  in a concrete situation, but play the role of 
a barrier, ruling out the possibility of a particular 
behavioural act under particular concrete conditions.
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The concrete conditions and the internal readiness of 
the organism  regulated  by its biological clocks (cell 
cycle) determ ine the degree of behavioural expression 
(Aschoff 1981).

Natural populations of microalgae differ significantly 
from synchronized laboratory cultures. Separate cells 
w ithin the sedim ent can gain an advantage due to an 
irregular microdistribution of different environm ental 
factors, and take the lead in developm ent as com pared 
to their neighbours and vice versa. However, instead of 
a continuous rotation of cells in different stages of their 
cell cycles, we observe synchronic related  to the reg u 
lating effect of exogenous rhythms. In other words, the 
end of mitosis starts the cycle, and environm ental 
factors regulate cycle rate and cell behaviour in the 
process.
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