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ABSTRACT: The distribution of photosynthetic pigment concentrations, as an index of microalgal 
biomass, was studied on shallow sandy bottoms in the Gulf of Fos near Marseille, France. Analyses of 
grid and transect samples of surface sediments gave evidence of several patchiness scales, which can 
be related to the size scales of sedimentary structures: (1) on a large scale (some km), stations located 
on exposed shores exhibit more heterogeneous distributions than those in sheltered areas; (2) on a 
medium scale, sand-waves (h = ca 10 m) induce accumulation of plant pigments in the depressions; 
(3) on a small scale, ripple marks (h = 3 to 10 cm) may leave a pigmentary record even after they fade 
out. The influence of vertical distribution within sediments and of seasonal effects on these horizontal 
features is analysed. Finally, a sampling strategy is discussed which is based on the maximum 
dispersal of samples within any previously defined strata. Def~nition of the strata depends upon the aim 
of the study. 

INTRODUCTION 

The contribution to ecosystem primary productivity 
of those shallow surface sediments which do not har- 
bour a conspicuous macrophytic vegetation was long 
neglected. It is only during the past 2 decades that 
interest in these biota has developed. A recent review 
was given by Colijn & de Jonge (1984). Some studies 
were devoted particularly to sandy intertidal flats 
(Gr~lntved 1962, Steele & Baird 1968, Gargas 1970, 
Colocoloff & Colocoloff 1973, Plante-Cuny 1973, 1978, 
Cadee & Hegeman 1974). These workers emphasize 
the important part played by benthic rnicrophytes in 
the carbon budget of shallow waters. Consequently, 
these organisms appear as a prominent link in food 
webs (Marshall 1970, Sundback & Persson 1981, Adrni- 
raal et al. 1983, Hudon 1983, Bianchi & Levinton 1984, 
Montagna 1984). The 'richness' of this ecosystem com- 
ponent is a vague concept which may be expressed 
statically ('biomass') or dynamically ('production'). 
Measurements of concentrations of photosynthetic pig- 
ments provide an indirect approach to 'potential pro- 
duction' as suggested for example by Margalef (1977) 
or Colijn & de Jonge (1984). 
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Spectrophotometric techniques are acknowledged as 
giving valid figures (Brown et al. 1981), as long as the 
acidification method is used, for the separate estimation 
of chlorophyll a and pheopigment concentrations in the 
sediments. As they are easily and quickly employed, 
they have been widely used since Figueras (1956) (cf. 
review by Plante-Cuny 1978). Apart from the quality of 
chemical identification, the reliability of such measure- 
ments is largely dependent upon the distribution 
pattern of microalgae and therefore of pigment values, 
on and within the sediment. Only a few studies have 
addressed this aspect of the problem, the first of which 
was by Odum et al. (1958). Most authors emphasize 
fluctuations in space or time (Bunt e t  al. 1972, Riznyk & 

Phinney 1972, Plante-Cuny 1973, 1977, 1978, Cad6e & 
Hegeman 1974, Estrada et  al. 1974, Colijn & Nienhuis 
1978, de Heer cited in van den Hoek et al. 1979, Colijn & 
Dijkema 1981, Riaux 1982, Skjoldal 1982, Shaffer & 
Onuf 1983, Brotas & Catarino 1984, Colijn & de Jonge 
1984, Sundback 1984). The aim of the research reported 
here was to analyse relationships between sedimentary 
structures and the distribution of pigment values. We 
considered several spatial scales over a wide sheltered 
sandy shore. 
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MATERIAL AND METHODS 

Sampling sites. Sand cores were collected in March, 
June and September 1983 at 2 sites located in the Gulf 
of Fos 40 km west of the city of Marseille. The first site 
(sampled only in March) was located on the inner edge 
of a sand bar, the They de  la Gracieuse (Fig. l a ;  TG). 
This area was destroyed by a heavy storm in April 1983 
and another site was chosen on the Carteau Beach (CB) 
in the northwestern part of the Gulf. At both sites, 
sampling stations were chosen at a selected depth (30 
to 60 cm) where dense populations of bivalves are 
known to occur (Ruditapes decussatus and R. aureus). 
Carteau Beach is fairly sheltered from the most fre- 
quent winds (N,  NW) but exposed to easterly winds. 
This situation develops 2 types of sedimentary struc- 
tures (Fig. lb).  These comprise the following: (1) Sand 
waves perpendicular to the shore are built up by 
lateral transfer currents. These 'dunes' are approxi- 
mately 5 to 15 m apart and exhibit a few weeks stabil- 
ity. Longitudinal ridges roughly parallel to the shore- 
line extend deeper than our sampling site. (2) Ripple 

leral  transfer 

3 m 

5 m 

sand waves Zostrra beds 

longltud#nal 
r6dgeS 

Fig. 1. Sampling sites. (a) General location of the sampling 
sites. (b) Diagrammatic sketch of sedimentary structures at 

Carteau Beach 

marks are created by the lapping of waves. While well 
developed in shallow water they disappear at greater 
depths. Their wavelength varies between 3 and 10 cm 
and they exhibit a short time stability: they may dis- 
appear within a few hours depending on the prevailing 
wind changes. Sediments of both sampling sites were 
well-sorted fine sands. Mean particle diameters were 
220 pm and 180 to 200 pm for They and Carteau Beach 
respectively, and water content was 18 and 19 % 
respectively. These sites are representative of a large 
proportion of relatively sheltered sandy shores on the 
Mediterranean French coast. 

Field methods. Coring techniques. Core samples 
were hand-collected in order to avoid sediment-sur- 
face disturbance. After testing 3 different core diame- 
ters, corers (plexiglas tubes with rubber stoppers) with 
internal diameters of 2.6 cm were used in order to 
study horizontal variations. Larger diameter cores 
(4.4 cm) were used in the homogenization procedure 
(see below). The uppermost cm of the sediment core 
(0 = 2.6 cm) was carefully withdrawn by means of an 
adjustable screw-driven piston and cut off after precise 
levelling in a l cm tall mould ring. This upper cen- 
timeter of each core will be considered as the 'sample 
unit' in further treatments. The same apparatus was 
used on 2 occasions in order to cut cores into slices 
down to 20 cm. Sediment samples were immediately 
placed in the dark at 5'C, and w i t h  the same day 
subsequently frozen at -20 'C. 

Homogenization procedure; method reliability. The 
sampling and processing as a whole were tested by 
using thoroughly hand-mixed surface (0 to 1 cm) sedi- 
ment collected from 6 randomly distributed large 
diameter cores (0 = 4.4 cm). This sediment was then 
subsampled in sample units (0 = 2.6 cm) and pro- 
cessed in the usual way. Chlorophyll concentrations as 
well as physical parameters (such as wet weight and 
water content) showed coefficients of variation which 
fluctuated around 10 %, a figure which may be con- 
sidered as satisfactory (Cassie 1962). This procedure 
was also used when studying the medium-scale dis- 
tribution. 

Sampling design. In order to study different distribu- 
tion scales, several sampling plans were used. Large- 
scale variation of heterogeneity was studied at 2 
sampling sites located 4 km apart by means of 'grid 
samples'. Grids had sides 2, 3 or 5 m long and con- 
sisted of 15 to 25 'sampling points', each of which 
included 6 sample units. Medium-scale dstribution 
was investigated by the same grids and by a 5 station 
transect, 25 m long, along the Carteau Beach aimed at 
testing the influence of sand-wave profile on micro- 
phyte accumulation (stratified sampling on ridges and 
depressions) (Stations A to E, Fig. 2). Homogenization 
procedure was used at each of the 5 stations. Small- 
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scale distribution was studied by considering the inter- 
nal variability in the grid samples and by means of 
transects of 100 contiguous cores along a short distance 
(3 m) in order to test the influence of ripple marks. 

Laboratory methods. After thawing, samples were 
weighed in the laboratory and plant pigments 
extracted from the wet sediment sample units with 
10 m1 of 100 % acetone. Spectrophotometric measure- 
ments were made, before and after acidification, 
according to Lorenzen's formulae (1967) adapted to 
sediment conditions. The results are expressed as 
chlorophyll a and pheopigment concentrations 
(Plante-Cuny 1978) either per surface (mg m-2), or dry 
weight (pg g-l), unit. Chlorophyll a is considered as 
'functional chlorophyll' (Wetzel 1964) corresponding to 
living phytal material (microphytic cells) whereas 
pheopigments mainly originate from various detrital 
plant material or senescent cells. 

Statistical treatment. The fluctuations of pigment 

c high water level 

Fig. 2. General situahon of the sand wave system on Carteau 
Beach. Location of the sampling grid and (a) of the stations on 

ridges and depressions in the 2 Sep 1983 survey 

concentrations are assumed to be proportional to expo- 
nential changes in microphytic cell numbers, which 
suggests the need for logarithmic transformation of the 
data (Cassie 1962). Furthermore, these concentrations 
are continuous variables, thus the coefficient of varia- 
tion should be used when making comparisons. When 
employing log-transformed data, this coefficient of 
variation is expressed as: 

CV = [antiloglo(s2/0.4343) - l]"" (Bagenal 1955) (1) 

where s2 = variance of loglox. 
The grid samples data were treated by ANOVA 

which gave estimates of (1) between-sample-units var- 
iability and (2) between-sampling-points variabhty. 
The contiguous core transects provided data which 
were submitted to spectral analysis, using a Parzen 
window (M = 50) (Platt & Denman 197.5, Laurec 1983). 

RESULTS 

Influence of gross sedimentary structure: 
comparison between 2 sites 

Comparison between results of grid samples col- 
lected on 3 occasions from the 2 sites (TG and CB; 
Table 1) leads to the following general observations: 
(1) chlorophyll a contents exhibit broader fluctuations 
at the They de la Gracieuse (TG) station than at Car- 
teau Beach (CB) when considering fluctuations either 
between individual samples or between sampling 
points; (2) in general, pheopigment values of the indi- 
vidual samples behave in the same way in both sites, 
but the variability between sampling points is much 
higher in the TG site. Average hydrodynamical condi- 
tions at the 2 study sltes are very different. Sedimen- 
tary structures at the CB station remain relatively 
stable on a monthly time scale: the sand waves were 
easily recognizable from one sampling date to another. 
On the other hand, the TG station, which is located on 
the inner border of a sand-bar, may be invaded by 

Table 1. Mean values of the coefficients of variation (CV %) at 
both sites (TG: They d e  la Gracieuse; CB: Carteau Beach) 
from ANOVA operated on pigment values from grid samples 

expressed as rng m-' 

TG CB 

Chlorophyll a 
between sample units 29.22 15.47 
between sampling points 26.78 10.95 

Pheopigments 
between sample units 68.74 53.63 
between sampling points 87.70 9.44 
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episodic intrusions of sandy or detrital material (dead 
seagrass leaves). These conditions induce a patchy 
distribution of plant detritus on the sampling point, 
which probably explains the marked patchlness 
observed here at 2 different size scales for the pheopig- 
ments (coefficient of variation [CV]: 69 % between 
sample units and 88 O/O between sampling points) and, 
to a lesser extent, for chlorophyll a (CV: 29 and 27 %) 
(Table 1). In the relatively more sheltered area (CB), 
the living microphwc populations appear to be distri- 
buted more evenly (CV: 15 and 11 O/O). 

Influence of medium-scale sedimentary structure 
within 1 site 

The 5 station transect conducted in Carteau Beach 
(Fig. 2) included 2 stations located on ridges, 2 in 
depressions and 1 at an intermediate position (Table 2). 
An ANOVA shows that the station effect is very signifi- 
cant (p < 0.001), as is the contrast due to position which 
demonstrates a clear difference between ridges and 
depressions (p < 0.001) (Table 3). Depressions appear 
richer than ridges especially for pheopigments which 
generally correspond to detrital plant material 
(Table 2). A grid sampling performed in September, 
located on the slope of a sand wave so that one corner 
corresponded to a depression axis and the opposite one 
to a ridge (Fig. 2 & 3b), led to similar conclusions. Both 
chlorophyll a and pheopigments reached obvious max- 
imum values in the depression (Chl a: 103 mg m-'; 
Pheo: 33 mg m-2) and were relatively low on the 
ridges (Chl a :  60 mg m-2; Pheo: 15mg m-2). When 
considering the transect which crosses a sand dune, 
this contrast between ridge and depression values 
appears as a trend (Fig. 4). 

Influence of small-scale sedimentary structure 

An ANOVA test was carried out on the results from 
each set of grid samples. These showed that the be- 
tween-sample-units variation provided a good esti- 
mate of the small-scale variability (Table l ) .  These 
figures appear higher than the values obtained after 
the homogenization procedure (ca 10 %). This differ- 
ence may be explained by the small-scale variability. 
More precisely, Fig. 4 shows the distribution of pig- 
ment concentrations and ripple-mark heights along a 
3 m transect (100 cores) across a sand wave. Spectral 
analysis of ripple-mark data clearly reveals a signifi- 
cant power variation at high frequencies, correspond- 
ing to a wavelength of 6.5 cm: this agrees perfectly 
with the sediment aspect at the sampling time. The 
spectral shape of pigment data shows no clear power 
variation at the same frequencies whereas at lower 
frequencies there are peaks corresponding to a band 
width of 14 to 19 cm (Fig. 5). 

Incidence of vertical distribution 

On 2 occasions, verhcal pigment profiles were 
examined by slicing 3 randomly collected cores into 
1 cm or 0.33 cm segments. In such shallow waters, 
chlorophyll a is fairly abundant but its vertical dis- 
tribution is dependent on weather conditions: the June 
samples (Fig. 6a) were collected on a windy day when 
the upper 10 cm of sand were mixed up, yving a 
relatively slow decline of chlorophyll a values with 
depth. Noticeable amounts of chlorophyll a were pre- 
sent in the deeper part of the core. On the other hand, 
in September, conditions were calm before and during 
sampling. This induced high surface concentrations 

Table 2. Mean values of pigment parameters at the Carteau Beach site (5 stations in sand waves; 2 Sep 1983) 

A B C D E 
Intermediate h d g e  Depression Depression IZldge 

Chl a (mg m-') 47.62 33.12 73.99 47.93 55.98 
Pheopigments (mg m-2) 8.45 8.16 22.21 22.50 16.54 

Table 3. ANOVA on pigment concentrations values from the 5 station transect. " ' p<0.001 

Source of variation Chlorophyll a Pheopigments 
SS DF F SS DF F 

Between stations 0.38324 4 38.69" ' 1.15190 4 91.40' ' ' 
Contrast due to posltion 0.38122 1 153.96' ' ' 0.49023 l 155.72' ' ' 
Between samples (error) 0.06189 25 0.07869 25 
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followed by a steep decrease (Fig. 6b, c). The results 
suggest that in very calm conditions there are impor- 
tant concentrations of living cells in the immediate 

surface layers (0 to 2 cm), whereas degradation pro- 
ducts accumulate at  slightly greater depths. This situa- 
tion may prove to be important when calculating the 

7 Jun 1983 

. . , . 1 sampling pointso 

8 
(: 6unit samples) 

chlorophyll a- 

pheopigments 

\ 

0 0 0 0  
\ 
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0 

Fig. 3. Diagrammatic sketches of (a, b) sampling plans. (c, d) distribution of chlorophyll a, and (e, f )  pheopigment concentrations 
in grid experiments in Jun  and Sep (Carteau Beach). Vertical scales: pigment contents expressed as mg m-2 in the upper cm 

(mean of 6 sample units) 

1 Pigments 
2 4 

concent rations 

Fig. 4.  Pigment concentrations in the up- 
per cm along a 3 m long transect of 100 
contiguous cores (Carteau Beach 2 Sep 
1983). Thick line: log,o chlorophyll a 
(mg m-2); light line: log,o pheopigments 
(rng m-'); broken line: coded height of 
ripple marks (0 = depression; 0.4 = 
ridge). The left part of the diagram 
corresponds to a depression between 

sand waves (cf. Fig. 3b, d, f )  
so 100 

No. of Cores 
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Chl a 

---- R l p ~ l e  marks 

I 
I I I I I I 

Frequencies 0.125 0.250 0 . 3 1 5  

Fig. 5. Spectral analysis of ripple marks and chlorophyll a 
values from a 100 core transect (cf. Fig. 4) .  The power spec- 
trum (log values) was recoloured after applying a Parzen's 
window (M = 50). Arrows indicate the main increases of the 
power spectrum: (1) trend on chlorophyll a values; 
(2) wavelength of 14 to 19 cm for chlorophyll a; (3) principal 
wavelength of 6.5 cm for ripple marks; (4) secondary 

wavelength of 9 cm for ripple marks 

amount of functional chlorophyll a per unit area: for 
instance, in June, the upper cm gave only 37 O/O of the 

tively low chlorophyll a content obtained at the TG 
station (13.60 mg m-*) is typical of end of winter val- 
ues. Monthly observations were conducted at this sta- 
tion in 1979, 1980 and 1981 (Bodoy & Plante-Cuny 
1980, 1984) and revealed seasonal variations having a 
maximum in September. The significant difference 
between pheopigment values obtained from the grid 
and the values obtained by the homogenization proce- 
dure at TG in March is explained by the great patchi- 
ness of plant detrital material (and consequently of 
pheopigment values) at this station. Results from the 
June and September grid samples at the same site 
clearly show some seasonal features (Fig. 3): (1) On 
each occasion chlorophyll a and pheopigment values 
are distributed in similar patterns. (2) Maximal values 
are observed at the end of summer. In particular, the 
storage of detrital material during summer, when pro- 
duction rate is high and weather conditions calm, pro- 
vides pheopigment values 4 times greater at the end 
than at the beginning of the summer. At the same time, 
the heterogeneous distribution of these pheopigment 
values decreases (CV from 74 to 34 %). (3) The maxi- 
mal chlorophyll a value does not coincide with maxi- 
mal heterogeneity: general coefficients of variation 
calculated with June and September data are not sig- 
nificantly different (CV: 17 and 21 %). 

DISCUSSION 

amount present within the 5 first cm, whereas it rep- 
At least 3 scales of heterogeneity appear, the dimen- 

resented 78 O/O in September. The verhcal distribution 
sions of which correspond to sedimentary features on 

of plant pigments is therefore an important factor to be 
the beach. 

taken into account when planning a sampling strategy. 

Large-scale heterogeneity 
Seasonal changes in spatial structure 

Between the 2 sites, located a few kilometers apart 
The grid sampling and homogenization procedures from each other and subject to differing hydrographic 

provide comparable figures of pigment concentrations conditions, the level of patchiness differs considerably. 
corresponding to different seasons (Table 4). The rela- Although these observations were made at different 

Table 4. Mean values of pigment concentrations in the top sediment centimeter, calculated from grid and homogenization data. 
The variability of a sample, related to a general average, is expressed as a coefficient of variation (between brackets) 

TG CB 
4 Mar 1983 7 Jun 1983 2 Sep 1983 

Chlorophyll a 
PS g-' 0.91 (37) 1.82 (15) 4.91 (22) 
mg m-2 13.60 (40) 28.08 (17) 75.92 (21) 
Homogenization (mg m-') 10.00 ( 9) 33.65 (10) 79.09 ( 8) 

Pheopigments 
PS g-l 0.75 (93) 0.33 (67) 1.25 (30) 
mg m-Z 7.99 (127) 4.41 (74) 19.48 (34) 
Homogenization (mg m-2) 0.53 (169) 6.07 (39) 23.03 ( 8) 
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Fig. 6. Vertical distribution of pigment concentrations along 
sliced cores collected at Carteau Beach. (a) 7 Jun 1983: core 
cut into 18 segments of 1 cm; (b) 2 Sep 1983: core cut into 20 
segments of 1 cm; (c) 2 Sep 1983: core cut into 9 segments of 

0.33 cm 

seasons, they may be accepted as representative for the 
whole year, as seasonal fluctuations in microalgal bio- 
mass are rather low on the Mediterranean coast of 
France (Bodoy & Plante-Cuny 1984). Shaffer & Onuf 
(1983) ranked the 'station' factor among the most 
important in explaining the overall variation of 
chlorophyll content in the sediment of a southern 
California lagoon. 

Medium-scale heterogeneity 

Within one site on the beach, significant differences 
appear between the ridges and depressions of sand 
waves, the wavelength of the latter being ca 10 m. The 
minimum values of chlorophyll a observed on the 
ridges may be related to increased sand grain mobility 
and to exposure during occasional low tide conditions 
which are known to be unfavourable to large diatom 
species. Under such conditions only minute species 
remain attached to sand grains (Round 1979). Thus it is 
probable that sand-dwelling microphytes respond to 
such medium-scale variation in sedimentary condi- 
tions, in much the same way as do meiofauna (cf. 
McLachlan & Hesp 1984). 

Small-scale heterogeneity 

Within one station variability was observed at 2 
distinct levels: ( l )  average chlorophyll a values ob- 
tained from each sampling point are distributed rather 
evenly over the grid; (2) a conspicuous patchiness 
exists between sample units at these sampling points. 
The CO-occurrence of these 2 levels may explain the 
consistent patchiness in small-scale observations 
recorded by some authors (Odum et al. 1958, Bunt et al. 
1972, Plante-Cuny 1978, De Heer cited in Hoek et al. 
1979, Riaux 1982). Others, such as Sundback (1984), 
observed low variation in similar data, e.g. CV = 12 or 
13 % for shallow sands of the Baltic Sea, which is close 
to the 10 % value that we obtained after the homogeni- 
zation procedure. The same observations can be made 
about pheopigment values, even though their CV 
remains much higher at all levels. The smaller scale of 
detectable variability is of the same order of mag- 
nitude as our core diameters but no evidence could be 
found for any relation with the wavelength of ripple 
marks, probably because of the rapid ripple shifting 
under normal wave conditions. This result agrees with 
those of Skjoldal (1982) obtained from similarly mixed 
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sediments. Jenness & Duineveld (1985) also give evi- 
dence of the shifting of sand ripples resulting in the 
burial of pigments, even in deep water. Moreover, the 
residual effect of previous events may be influencing 
the results as we find a 14 to 19 cm wavelength in the 
spectral analysis which probably originates from 
larger ripple marks left by earlier transitory bad 
weather conditions, which persisted long enough to 
allow the settlement of microphytic cells in the depres- 
sion. Hogue & Miller (1981) have suggested that 
patchy accumulations of plant material may persist 
even when the ripple mark profile is erased. 

Sampling strategy 

When designing a sampling strategy for studies on 
benthic phytal biomass temporal variations must, of 
course, be  given primary consideration. Thus factors 
such as light or temperature, and edaphic factors (hy- 
drodynamism and sediment mobility) fluctuate season- 
ally. However, in any study of plant biomass per sur- 
face unit, it should be kept in mind that when sand- 
mixing conditions prevail, the upper cm may contain 
only a part of the total pigment content. As stated by 
Marshall et  al. (1971), if chlorophyll a values are to be 
considered a useful index of probable microbenthic 
primary production (or of the food available for deposit 
feeders for instance), the representativeness of surface 
sediment samples should only be accepted if this has 
been demonstrated by an appropriate sampling pro- 
gramme. In any study in sandy areas similar to those 
described here, such a sampling programme should 
take into account variation in the scale of topographic 
features. The present study suggests that the most 
important levels of variation are found ( l)  between 
sites (km scale), (2) between stations (m scale), (3) be- 
tween sample units (cm scale), whereas the between- 
sampling-points variation (dm scale) appears less 
important. Consequently, if one is interested in the 
average value from a given site at a given season, 
sampling effort should be distributed over many sta- 
tions and include a few sampling units per station. For 
example, in the conditions of our study, we found that 
40 stations (with 1 sample unit of homogenized sedi- 
ment per station) were required to reach a precision 
level of the mean of -t 10 % at a significance level (a) 
of 5 %. 
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