MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 297: 83–99, 2005

Published August 1

Spatio-temporal changes in microphytobenthos
structure analysed by pigment composition in a
macrotidal flat (Bourgneuf Bay, France)
Vona Méléder*, Laurent Barillé, Yves Rincé, Michèle Morançais, Philippe Rosa,
Pierre Gaudin
Laboratoire d’Écophysiologie Marine Intégrée, UPRES EA 26 63, BP 92 208, 44322 Nantes cedex 3, France

ABSTRACT: The aim of this study was to contribute to a better understanding of turbid coastal
ecosystems, focusing on spatio-temporal changes at the mesoscale in microphytobenthos structures
in a macrotidal bay (Bourgneuf, France). This was based on pigment analysis by high-pressure liquid
chromatography (HPLC), reinforced by microscopy observations, in relation to sediment characteristics. Microphytobenthos assemblages of this mudflat were 97% dominated by diatoms, confirmed by
HPLC analysis, which showed biomarker pigments of this group: chlorophyll c, fucoxanthin, diadinoxanthin and diatoxanthin. The main assemblage is constituted of epipsammic species, like
Plagiogrammopsis, Achnanthes and Cocconeis, characterising mixed sediments. However, this could
be replaced by epipelic species, like Plagiotropis, Pleurosigma and Staurophora, during summer due
to station silting. Microphytobenthic photosynthetic active biomass in the first 2 mm varied spatially
and temporally from 12.2 to 186.9 mg chl a m–2. The predominance of a biomass spatial variability
reflected spatial changes in sediment grain size and water content. Biomass in the first 2 mm represented from 28 to 68% of the total amount in the first 10 mm. This indicated an accumulation of biomass in illuminated layers and a biomass decrease with depth associated with increasing values of
the ratio of phaeopigments a and fucoxanthin to chlorophyll a (phaeo a/chl a and fuco/chl a). Both
could exceed 1.00 in deeper layers. Temporal changes in microphytobenthos structure at the
mesoscale were mainly linked to hydrodynamism. This is stronger in winter and responsible for
allochthonous pigment input (lutein and phaeophytin b) and sediment mixing, as grazing activity by
macro- and meiofauna, forming chlorophyll a breakdown products, is responsible for an increase in
fuco/chl a and phaeo a/chl a values during spring/summer.
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In turbid coastal ecosystems characterised by large
intertidal mudflats and a limited macrophytic and
phytoplanktonic production, microphytobenthos (unicellular photosynthetic eukaryotes and cyanobacteria)
growing in the upper millimetres of illuminated sediment is a significant contributor to primary production
(MacIntyre et al. 1996, Underwood & Kromkamp 1999)
and an important food source for deposit feeders

(Austen et al. 1999, Pinckney et al. 2003). After its
resuspension by turbulence and shear stresses generated by tidal currents or wind waves, it may represent
up to 50% of the microalgae present in the water column (De Jonge & Van Beusekom 1992) and thus also
contribute to the diet of suspension feeders (Riera &
Richard 1996, Barillé et al. 1997). Moreover, microphytobenthos, in producing extracellular polymeric
substances (EPS) and forming biofilms at the sediment
surface at low tide, acts as an agent of biogenic stabili-

*Email: vona.meleder@univ-nantes.fr

© Inter-Research 2005 · www.int-res.com

INTRODUCTION

84

Mar Ecol Prog Ser 297: 83–99, 2005

sation and influences its own resuspension and the turbidity of the water column (Riethmüller et al. 2000,
Paterson & Hagerthey 2001).
Before assessing the contribution of microphytobenthos to the functioning of coastal ecosystems, it is necessary to acquire descriptive data about its structure,
such as its biomass and taxonomic composition, in particular its spatial and temporal distribution in relation
to environmental variables. Recent studies have provided significant ecological information based on
microphytobenthic pigment analysis by high-pressure
liquid chromatography (HPLC). This allows the estimation of both biomass, using chlorophyll a (chl a) concentration in sediment, and taxonomic composition,
using accessory pigment composition (Cariou-Le Gall
& Blanchard 1995, Brotas & Plante-Cuny 1998, Lucas &
Holligan 1999, Brotas & Plante-Cuny 2003, Cartaxana
et al. 2003). Furthermore, HPLC enables the identification and quantification of degraded or allochthonous
pigments, with the possibility of tracing their origin:
microphytobenthos (damaged or not), deposited phytoplankton or macroalgal detrital input (Lucas & Holligan 1999, Cartaxana et al. 2003).
The aim of this study is to contribute to a better
understanding of spatio-temporal changes in microphytobenthos structure in the macrotidal bay of Bourgneuf (France) in relation to sediment characteristics.
This understanding is of economic importance because
of the shellfish activity of this bay. Since 1980 this main
economic local resource has suffered from a low
growth rate and fluctuations in the fattening of culti-

vated oysters (Barillé-Boyer et al. 1997). This seems to
be due to the overloading of the carrying capacity of
the ecosystem, as is the case in the southern bay of
Marennes-Oléron (Héral 1993).
In this study, changes in microphytobenthos structure (pigment composition, taxonomic composition and
biomass) are assessed on a monthly and mesoscale
basis during 15 mo using HPLC, species diversity and
granulometric analysis of surface sediment.

MATERIALS AND METHODS
Study site. Bourgneuf Bay (47° N, 2° W), located
south of the Loire river, is a macrotidal biotope with a
maximum tidal amplitude of 6 m during spring tides.
The total surface area is 340 km2, of which 100 km2 of
intertidal area is mainly constituted by mudflats
(Fig. 1a). This bay is characterised by high turbidity
levels ranging from 4 to 415 mg l–1 as daily average
values (Haure et al. 1996) and reaching a maximum of
1 g l–1 during spring tides. Annual mean concentrations of suspended particulate matter are higher in the
northern part of the bay (154 mg l–1), characterised by
a strong hydrodynamism, than in the southern part
(34 mg l–1) (Haure & Baud 1995). Oyster beds cover an
area of 10 km2, this bay ranking 6th in France in Pacific
oyster production (8600 tons yr–1 in 2001) (Agreste
2003) despite low growth performances.
Sampling programme. To assess microphytobenthic
structure at the mesoscale during 15 mo, sampling was

Fig. 1. Studied area. (a) Map of Bourgneuf Bay (France); (b) transect location from the intertidal flat. Stations are positioned on an
extract of a calibrated SPOT image (delimited by the + 2 m isobath and the coastal line) through NDVI calculation (normalised
difference vegetation index; grey scale), acquired in September 1998: low NDVI values (dark) correspond to low microphytobenthos coverage, whereas high NDVI values (clear) are associated with high microphytobenthos coverage
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distributed over stations and included a few sampling
units per station, as recommended by Plante et al.
(1986) and Saburova et al. (1995). Thus 5 stations from
a transect were sampled monthly at low tide between
May 2000 and July 2001 (Fig. 1b, Table 1). Stations
were spaced at 300 m, and sampling started at Stn I
(47° 02.63’ N, 2° 00.72’ W), the lowest altitudinal level,
and finished at Stn V (47° 02.50’ N, 1° 59.54’ W), the
nearest to the beach and characterised by ridge and
runnel features.
The location of the transect, in a storage and sedimentation zone (Lazure 1992), was chosen to be representative of the northern Bourgneuf Bay mudflat based
on sedimentological, geomorphological and anthropic
criteria (proximity of oyster beds). Moreover, recent
studies (Méléder et al. 2003b, J.-Ph. Combe et al. unpubl.) of microphytobenthos mapping using visible-nearinfrared remote sensing suggest wide developments of
microphytobenthos in the sampled region (Fig. 1b).
In each station, delimited by a 0.25 m2 quadrat, sediment cores (crystal polystyrene corer) of a 20 cm2 surface area were collected by hand on the basis of a systematic random sampling. This sampling unit was
chosen to allow both sampling in microphytobenthos
homogenous patches (ca. 60 to 100 cm2; Saburova et al.
1995) and in situ freezing by liquid nitrogen (sediment
core diameter 5 cm).
At the station scale, which was the microscale, specific assemblages remained similar in relation to the
granulometric character of the sediment (Plante et al.
1986, Saburova et al. 1995). Thus, only 1 sediment core
was collected for granulometry analysis and water content while a second core was used to analyse species
diversity. On the other hand, sediment pigment content could vary at the microscale (Guarini et al. 1998).
To estimate the average values of pigment content and
Table 1. Sampling dates on Bourgneuf Bay mudflat. Low tide
time (in universal time, UT) and sampled stations are reported
Sample date
5 May 2000
5 Jun 2000
3 Jul 2000
31 Aug 2000
28 Sep 2000
25 Oct 2000
24 Nov 2000
13 Dec 2000
11 Jan 2001
9 Feb 2001
12 Mar 2001
9 Apr 2001
24 May 2001
21 Jun 2001
23 Jul 2001

Low tide (UT)
10:40 h
11:56 h
10:53 h
11:09 h
10:06 h
08:17 h
08:44 h
11:13 h
11:03 h
10:50 h
12:00 h
10:53 h
10:38 h
09:35 h
11:43 h

Sampled stations
II, III, IV
I, II, III, IV
I, II, III
I, II, III, IV, V
I, II, IV, V
I, II, III, IV
I, II, III, IV, V
I, II, III, V
I, II, III, IV, V
I, II, III, IV, V
I, II, III, V
I, II, III, V
I, II, III
I, II, III, V
I, III, V
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their variation at station level, 3 more sediment cores
were collected.
These 5 cores per station were brought back to the
laboratory in a cooling box and stored either at –20°C
(the 2 cores for granulometric/water content and species diversity analyses) or at –80°C (the 3 remaining
cores for pigment content analysis) until further processing.
HPLC analysis. Pigment analysis was performed on
3 sub-samples cut from the 3 cores stored at –80°C: a
superficial layer between 0 and 2 mm, an intermediate
layer between 2 and 4 mm and a deep layer between 4
and 10 mm. This sub-sampling involved the material
gathered from November 2000 to July 2001. Before this
period (May to October 2000) only the first 2 mm had
been sub-sampled (n = 180 for the superficial layer, n =
111 for the intermediate layer and n = 111 for the deep
layer). These depths were chosen for 2 reasons: firstly,
to sample the photic zone corresponding to the average depth for light penetration in fine sediment, that is
2 mm at most (Jørgensen & Des Marais 1986, Kühl et
al. 1994), and where microphytobenthic organisms are
photosynthetically active; secondly, to obtain vertical
profiles of pigment distributions in the first 10 mm.
The protocol for pigment extraction, HPLC equipment
and elution programme were adapted from Mantoura
& Llewellyn (1983) as presented in Méléder et al.
(2003a).
Qualitative analysis: After their elution, pigments
were detected and characterised by measurement of
their absorption spectra, expressed between 400 and
800 nm using a photodiode-array detector. Chromatograms were extracted at a wavelength of 440 nm,
and standards produced at the Laboratory of Marine
Biology of the University of Nantes were used for pigment identification and quantification according to
Brotas & Plante-Cuny (1996). Results on samples gathered in October 2000 were not taken into account due
to an instrument failure.
Quantitative analysis: Microphytobenthic biomass
was estimated using chl a concentration (De Jonge
1980). In this study, pigment concentrations were
reported in relation to the surface area sampled and
expressed as mg m–2 for each sediment layer, although
several pigments were only named (not all respective
standards were available). Quantification of chl a
breakdown products was performed using fluorescence detection because of co-elution with some carotenoids. For some pigments, concentrations were
summed: chl a and its allomer and epimer, chlorophyll
c1 and c1 + c2, fucoxanthin and its by-product (fucoxanthin-like), phaeopigments a (phaeophytins and
phaeophorbides).
Vertical profiles: To quantify the amount of photosynthetically active biomass (PAB) belonging to the
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photic zone, biomass profiles were expressed for each
layer against the total biomass in the first 10 mm:
chl a/chl atot. On the other hand, vertical profiles of
phaeopigments a and fucoxanthin concentrations were
expressed for the 3 layers analysed against chl a in the
same layer, phaeo a/chl a and fuco/chl a, to assess the
physiological status of living cells in the photic zone
and pigment lability with depth.
Granulometry analysis and water content. For
each station, the first 2 mm of 1 of the 2 cores stored
at –20°C was sub-sampled for grain size analysis and
water content (n = 60). Sub-samples of sediments
were dried at 60°C for 24 h, and the ratio between
the weight before and after drying gave the water
content (% of dry weight of sediment). About 1 g of
this dry sediment was treated to analyse the grain
size using a laser granulometer (Coulter LS 230). Processing the sediment before granulometric analysis
was adapted from Baize (1988). This analysis allowed
sediment textural groups to be defined through the
relative abundance (% volume) of mud (∅ < 63 µm)
and sand (63 µm < ∅ < 2000 µm) according to the
Udden-Wentworth scale (coarser grain sizes were not
taken into account in this study). Data processing was
performed using the GRADISTAT program (Blott &
Pye 2001).
Species diversity. To provide a control for the HPLC
data, counting and taxonomic ranking of organisms
were performed for each station on the first 2 mm of
sediment from the second core stored at –20°C (n =
60). Determinations were carried out according to
morphological criteria based on microscopic observations and reference works: Peragallo & Peragallo
(1897–1908), Hustedt (1927–1966, 1930), Van Der
Werff & Huls (1957–1974), Round et al. (1990) and
Rincé (1993).
Cells were identified and counted, after the elimination of sediments, using a protocol adapted from Blanchard et al. (1988), allowing the separation of organic
and mineral fractions of samples. This protocol was
based on the centrifugation of sediments in a silica gel
(Ludox HS-40) after an ultrasound treatment lasting
20 min. The supernatant was recovered, rinsed and
observed. If it was constituted only by diatoms, definitive preparations were made by mounting them in
resin (Coumarone) after cleaning by cremation (2 h at
450°C), whereas Euglenophyceae, Chlorophyceae and
Cyanophyceae were identified and counted prior to
cremation. In the case of a doubtful determination by
photonic microscopy observations, scanning electron
microscopy was used. A total of 200 to 500 diatom frustules were counted per slide to determine taxon quantities in samples. This was supplemented by identification of the life forms of observed taxa: planktonic,
epipelic (benthic moving species), epipsammic (ben-

thic fixed species on sediment grains) or epiphytic
(fixed species on macroalgae or macrophytes) using
knowledge from the literature and our own observations.
Statistical analysis. To assess temporal and spatial
variability of microphytobenthic biomass (chl a), pigment ratio, sediment granulometry and water content,
analyses of variance (ANOVA) were performed on
logarithmically transformed data to adhere to the normality. Correlations of Spearman (Rs) were carried out
to study interactions between pigment concentrations,
ratios, granulometry and water content using the
whole data set measured in the photic zone.

RESULTS
Qualitative pigment composition
During the survey a total of 23 peaks were detected
by the photodiode-array detector, corresponding to 23
pigments (Table 2) in a total of 402 sediment samples.
Chlorophylls detected in samples were: chl a (Peaks 18
and VI), its allomer (Peaks 17 and VI’) and epimer
(Peak 19), chlorophyll b (chl b) (Peaks 16 and V) and
chlorophyll c (chl c) (c1: Peaks 2 and II; c1+c2: Peaks 3
and III). Some breakdown products were also detected: chlorophyllide a (Peaks 1 and I), 3 phaeophorbides
a (Peaks 6 and IV to IV’’), 3 phaeophytins a (Peaks 22
and VII to VII’’) and 1 phaeophytin b (Peak 20).
Identification and quantification of phaeopigments
a (phaeophorbides a and phaeophytins a) were not
possible by the photodiode-array chromatograms at
440 nm. These pigments can be co-eluted with
carotenoids, as is often the case in sediment samples
(Brotas & Plante-Cuny 1998). In this study, phaeophorbides a were co-eluted with fucoxanthin (Peak 4)
and diadinoxanthin (Peak 7). Identification and quantification of phaeopigments a were thus performed
using fluorescence chromatograms. Phaeophytin b
was also co-eluted but with chl a epimer (Peak 20).
This co-elution did not permit the calculation of
phaeophytin b concentrations and was responsible for
the shift of the 2 phaeophytin b absorbance maxima to
red wavelengths (626 and 670 nm respectively instead
of 600 nm and 655 nm, Table 2). At the end, note the
detection of a pigment that seems to be a bacteriochlorophyll because of an absorbance maximum at
694 nm (Peak 15), on the boundary of the nearinfrared wavelength (Table 2).
Carotenoid pigments detected and identified were:
fucoxanthin (Peak 4), fucoxanthin-like (Peak 5), diadinoxanthin (Peak 7), diatoxanthin (Peak 9), lutein (Peak
12) and β-carotene (Peak 23), whereas 6 carotenoids
were not identified (Table 2).
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Table 2. Elution order, retention time (R.T.) and absorption wavelength maxima of chlorophyll and carotenoid pigments obtained
by HPLC in sediment from Bourgneuf bay mudflat. Source: a, SCOR WG 78: Wright et al. (1991); b, Jeffrey (1972); c, SCOR WG 78:
Mantoura & Llewellyn (1983); d, Oelze (1985). Values in parentheses denote an inflection (a shoulder) in the absorption spectra
Peak no.
at 440 nm

Peak no. in
fluorimetry

R.T. (min)
(440 nm)

I
II
III

2.5
3.3
4.5
8.0
8.9
9.6
10.3
10.6
11.4
11.7
11.0
12.7
13.9
14.3
14.8
15.0
15.4
15.8
16.3
16.6
17.4
18.0
19.7

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

IV–IV”

V
VI’
VI

VII–VII”

Pigments

Absorption on wavelength maxima

Chlorophyllide a
Chl c1
Chl c1 + c2
Fucoxanthin
Fucoxanthin-like
Pheophorbide a
Diadinoxanthin
Unknown carotenoid 1
Diatoxanthin
Unknown carotenoid 2
Unknown carotenoid 3
Lutein
Unknown carotenoid 4
Unknown carotenoid 5
Bacteriochlorophyll
Chl b
Chl a allomer
Chl a
Chl a epimer
Pheophytin b + chl a
Unknown carotenoid 6
Pheophytin a
β-carotene

Pigment origins
The association of accessory pigments, chl c, fucoxanthin and diadinoxanthin, occurred in the 402 samples analysed, in addition to the ubiquitous chl a. This is
characteristic of both Bacillariophyceae (diatoms) and
golden-brown flagellates such as Prymnesiophyceae
(Jeffrey & Vesk 1997). This pigment set could be completed by the occurrence of diatoxanthin, a minor pigment of these same algal groups, detected in more than
90% of samples. However, microscopic observations
revealed that this pigment association was essentially
due to diatoms, which represented 97% of counted
cells (n = 27 570), while no flagellates were observed.
Euglenophyceae, Chlorophyceae and Cyanophyceae
were also observed by microscopy in sediments only
from August to October 2000. These taxa represented
respectively 2.5, 0.5 and less than 0.01% of the whole
counted cells, although Euglenophyceae could domi-

381

(421)
(425)
(421)
(423)

403
383
387
383

434
443
446
451
452
410
447
441
453
444
448
448
450
449
454
468
432
432
432
435
428
410
453

(472)
(471)
505
477
(463)
480
472
471
477
471
471

453
505
480

Source

621
631
634

667

581
584

a
b
a
c

536

612

669

a
c
a

a

538

602
620
619
620
626

694
651
666
666
666
670

d
a

609

666

a
c

a
a

nate some assemblages with more than 80% of the
counted cells of samples involved. These observations
by microscopy were confirmed by the detection of chl b,
a biomarker of Euglenophyceae and/or Chlorophyceae
occurrence, which was found only in samples collected
between August and October 2000. The occurrence of
Cyanophyceae was not confirmed by HPLC analyses
obtained with the Mantoura and Llewellyn (1983) protocol (Le Bris et al. 1998) due to the co-elution of lutein
and zeaxanthin, the latter being a biomarker of these
photosynthetic organisms. The occurrence of these taxa
was too sporadic to use them as biomarkers of organic
pollution of the Bourgneuf Bay mudflat.
On the other hand, phaeophytin b was detected
more often (30% of analysed samples) than chl b. This
breakdown product mainly occurred in May 2000 and
from January to May 2001 when Euglenophyceae
and/or Chlorophyceae were not observed by microscopy examination (Table 3). Lutein appeared in the

Table 3. Phaeophytin b () and lutein (G) detection by the photodiode-array detector during the survey. Each character indicates
a station where pigments were detected
May 00 Jun 00

GGG



Jul 00

Aug 00

Sep 00




G

G

Nov 00 Dec 00
GGG


GGG

Jan 01

Feb 01 Mar 01

Apr 01 May 01 Jun 01


GGGGG


GGGGG


GGG




G



Jul 01

G
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same samples as phaeophytin b, but also in sediment
sampled in November and December 2000 (Table 3).
These 2 pigments could be linked to an import of
macrophytic debris (Brotas & Plante-Cuny 1998),
which may be related to high hydrodynamism conditions mainly during winter months. This is confirmed
by sediment granulometry observed during the survey
at the mesoscale, showing a low mud fraction at the
same period as the phaeophytin b and lutein detection
(December to February) due to resuspension of the
finest particles in the water column (Table 4).
These results suggest that the main origin of pigment
in sediments was autochthonous, with a poor input from
the water column. This was confirmed by the determination of diatom life forms observed in sediment. Only 5
out of the 89 observed taxa were planktonic (namely:
Odontella regia, Nitzschia closterium, N. fasciculata,
Grammatophora serpentina and Lithodesium undulatum), representing less than 10% of the counted cells
during the survey and found in less than 4% of the samples observed (n = 60). Moreover, the 17 most observed
taxa, occurring in more than 50% of samples and representing 69% of the counted cells, were mainly epipsammic (11 taxa: Plagiogrammopsis vanheurckii, Amphora
spp., Achnanthes hauckiana, Achnanthes lanceolata
var. elleptica, Thalassiosira decipiens, Cymatosira belgica, Plagiogramma tenuissimum, Cocconeis hoffmanni,
Biremis ambigua, Fragilaria pinnata and Lyrella pseu-

Table 4. Characteristics of sediment samples from the Bourgneuf Bay mudflat for the 15 mo of the survey and the 5 stations
(mean values ± SD). DW = dry weight; boldface values are the
maxima; underlined values are the minima
Months

Median grain
size (µm)

% mud

% water
(of DW)

May 00
Jun 00
Jul 00
Aug 00
Sep 00
Oct 00
Nov 00
Dec 00
Jan 01
Feb 01
Mar 01
Apr 01
May 01
Jun 01
Jul 01
Stations
I
II
III
IV
V

85.48 ± 22.36
58.95 ± 49.93
65.55 ± 40.07
8.29 ± 0.29
30.85 ± 30.05
41.47 ± 27.63
46.86 ± 31.28
60.26 ± 37.14
75.82 ± 38.22
97.76 ± 20.24
47.04 ± 30.80
53.01 ± 38.85
45.65 ± 47.48
61.52 ± 48.31
7.52 ± 0.38

35.93 ± 13.40
58.25 ± 35.83
49.20 ± 25.89
96.07 ± 1.94
77.98 ± 21.72
63.80 ± 22.11
62.63 ± 22.75
55.88 ± 21.39
43.30 ± 23.27
29.00 ± 4.30
60.23 ± 22.44
55.60 ± 22.83
67.10 ± 33.20
56.14 ± 31.97
94.15 ± 0.78

38.29 ± 5.75
59.20 ± 9.02
49.07 ±15.52
64.77 ± 4.86
50.73 ± 10.43
46.48 ± 11.62
42.59 ± 7.34
46.02 ± 5.62
41.23 ± 11.43
31.64 ± 6.89
53.15 ± 11.28
49.20 ± 16.42
51.02 ± 18.22
40.13 ± 11.01
73.43 ± 0.55

31.85 ± 33.37
77.82 ± 31.14
76.57 ± 33.89
52.00 ± 31.42
36.73 ± 38.90

74.79 ± 23.26
42.50 ± 17.43
40.97 ± 22.68
59.23 ± 25.93
74.50 ± 25.21

60.26 ± 11.40
44.65 ± 10.34
42.24 ± 10.25
42.05 ± 14.13
41.27 ± 10.76

dony). The 6 remaining taxa were epipelic (Navicula
perminuta, Navicula spartinetensis, Navicula anglica
and Fallacia tenera) and epiphytic (Odontella aurita and
Cocconeis scutellum). All these taxa were small, with a
size less than 30 µm, except the 2 epiphytic taxa.

Photosynthetically active biomass (PAB)
Chl a concentration measured by HPLC in the photic
zone (0 to 2 mm) ranged from 12.2 ± 8.6 (± SD) in
March 2001 at Stn I to 186.9 ± 24.7 mg chl a m–2 in
August 2000 at Stn III (Fig. 2a). Temporal variability
was significant (p < 0.001, n = 180) but did not follow a
seasonal cycle: higher values were measured in spring
2000, whereas the lowest values were measured in
sediments sampled 1 yr later. There was also a spatial
variability (p < 0.001, n = 180): lower values were measured at Stn I (35 ± 16.4 mg chl a m–2) and the greatest
at Stn III (89.4 ± 45.5 mg chl a m–2) (Fig. 2b). These
results suggest the predominance of a spatial variability of PAB at the mesoscale over a seasonal one. The
distribution of the biomass data at the microscale, illustrated by standard deviation (SD), showed variability
between sampling units for a given station in a given
month (Fig. 2a). This variability increased with higher
biomass (> 50 mg chl a m–2).

PAB, sediment characteristics and
species communities
The predominance of a spatial variability of PAB
reflected spatial changes in abiotic factors like sediment characteristics and emersion period (Table 4). In
fact, PAB was higher at mid-transect stations, constituted by coarser sediments, than at lower- and uppertransect stations (I and V), constituted by finer sediments, especially during summer (Fig. 2b, Table 4).
This was confirmed by the negative correlation
between PAB and mud fraction (Table 5). Water content also had an influence on PAB spatial distribution
(Rs = –0.48; n = 180; p < 0.001), which is linked not only
to sediment granulometry but also to the duration of
the emersion period. Water content decreasing from
Stn I to Stn V (Table 4) showed the influence of sediment de-watering during the emersion period,
between the beginning and the end of the sampling
programme. It could result in changes in microphytobenthic chl a concentration due to an increase in the
sediment wet bulk density (Perkins et al. 2003).
However, major changes in PAB were due to
changes in diatom abundance because of the positive
correlation with chl c, fucoxanthin, diadinoxanthin
and diatoxanthin concentrations, which also correlated
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amphyoxis and Scolioneis tumida,
known for their adaptation to a
muddy environment (Hamels et al.
1998, Paterson & Hagerthey 2001).
Contrary to the expected results,
these species were not responsible for
the highest biomass (Fig. 2).
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Fig. 2. (a) Biomass of microphytobenthos (mg chl a m–2) measured by HPLC in
the photic zone (0 to 2 mm) of the 3 sediment cores sampled between May 2000
and July 2001 at the 5 stations (I to V); (b) spatial variability of averaged biomass
for the 15 mo in the photic zone along the transect

with mud fraction (Table 5). Diatom communities
responsible for this PAB were mainly constituted by
the 17 commonly occurring taxa. On the other hand,
Stns I and V were colonised during summer, when
mud content increases, by large and motile taxa like
Plagiotropis vitrea, Pleurosigma aestuari, Staurophora

Biomass vertical distribution
From December 2000 to July 2001,
the biomass vertical distribution followed a similar trend: biomass decreased with depth and showed vertical profiles, more or less marked
depending on the sample. The greatest amplitude occurred in July 2001
(Fig. 3) when sediment mud content
was at its highest level (Table 4). The
amount of PAB against total biomass
in the first 10 mm (chl atot) varied between 28 ± 1% (± SD) in February
2001 at Stn V and 68 ± 14% in July
2001 at Stn I. These results suggest a
relationship with grain size illustrated
by biomass accumulation in the photic
zone compared to the deeper layers,
except in November 2000 and in some
isolated samples where biomass increased with depth (Fig. 3).

Chl a breakdown products
Chlorophyllide a, produced by senescent cells and/
or by chlorophyllase activity (Jeffrey 1974, Jeffrey &
Hallegreaff 1987), was detected during this survey in
less than 45% of analysed samples. In the photic zone

Table 5. Significant Spearman correlations (Rs) between pigment concentrations measured by HPLC and mud fraction in the first
2 mm (photic zone) of sediment sampled from the Bourgneuf Bay mudflat between May 2000 and July 2001 (n = 180)

Fucoxanthin
Chlorophyll c
Diadinoxanthin
Diatoxanthin
Chlorophyll a

Chlorophyll c

Diadinoxanthin

Diatoxanthin

Chlorophyll a

% mud

0.89
(p < 0.001)

0.89
(p < 0.001)
0.93
(p < 0.001)

0.72
(p < 0.001)
0.70
(p < 0.001)
0.56
(p < 0.001)

0.94
(p < 0.001)
0.93
(p < 0.001)
0.87
(p < 0.001)
0.73
(p < 0.001)

–0.38
(p < 0.01)
–0.64
(p < 0.001)
–0.52
(p < 0.001)
–0.31
(p < 0.05)
–0.51
(p < 0.001)
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Fig. 3. Vertical profile of chl a/chl a tot ratio: distribution of microphytobenthic biomass within 3 layers (0 to 2 mm = the photic
zone; 2 to 4 mm; 4 to 10 mm) in each station between November 2000 and July 2001. Horizontal bars denote SD

of the Bourgneuf Bay mudflat, this breakdown product
represented only a chl a fraction of 0.05 ± 0.04 with an
average concentration of 3.1 ± 2.8 mg m–2. This illustrates the good physiological status of microphytobenthic cells responsible for photosynthesis, confirmed by
the low chl c/chl a ratios (Lucas & Holligan 1999),
which did not exceed 0.08 (Table 6). Phaeopigments a
(phaeophorbides a + phaeophytins a), detected in more
than 90% of samples, were the most abundant
breakdown products in sediments. Phaeophorbides a,
considered by several authors to be useful markers for

Table 6. Chl c/chl a ratio calculated using chlorophylls a and
c concentrations in the photic zone measured by HPLC during
the survey (mean values ± SD)
Month

Chl c/chl a ratio

Month

Chl c/chl a ratio

May 00
Jun 00
Jul 00
Aug 00
Sep 00
Nov 00
Dec 00

0.06 ± 0.02
0.05 ± 0.01
0.06 ± 0.005
0.05 ± 0.003
0.03 ± 0.01
0.04 ± 0.004
0.04 ± 0.01

Jan 01
Feb 01
Mar 01
Apr 01
May 01
Jun 01
Jul 01

0.06 ± 0.01
0.08 ± 0.02
0.07 ± 0.03
0.07 ± 0.02
0.07 ± 0.01
0.06 ± 0.007
0.06 ± 0.005

intertidal microphytobenthos grazing by meio- and
macrofauna (Abele-Oeschger & Theede 1991, PlanteCuny et al. 1993, Buffan-Dubau et al. 1996, Pastoureaud et al. 1996, Cartaxana et al. 2003; but see
Ford & Honeywill 2002), showed greater concentrations than phaeophytin a, a degraded pigment generally linked to microbial activity (Bianchi et al. 1991).
Phaeophorbides a represented 61 ± 3% of the chl a
breakdown products in the photic zone.
Concentrations of phaeopigments a (phaeophorbides a + phaeophytins a) measured by HPLC in the
first 2 mm of sediment ranged from 0.8 ± 0.1 (February
2001, Stn I) to 16.02 ± 6.1 mg m–2 (August 2000, Stn IV).
However, concentrations provided no information
about grazing or microbial activities: the phaeo a/chl a
ratio was more informative (Cariou-Le Gall & Blanchard 1995). In the photic zone, the lowest ratio values
(< 0.1) were detected mainly from November 2000 to
February 2001 and in July 2001, whereas the highest
(> 0.2) occurred during the other periods of the survey
(Fig. 4), including the period before November 2000
(not shown). This suggests a higher degradation of
chl a into phaeopigments in spring/summer, mainly
due to grazing activity. Spatially, the lowest ratios were
detected in stations with the highest chl a concentra-
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Fig. 4. Vertical profile of phaeo a/chl a ratio in the 3 layers (0 to 2 mm = the photic zone; 2 to 4 mm; 4 to 10 mm) in each station
between November 2000 and July 2001. Horizontal bars denote SD

tions (Stns II and III), and, conversely, the highest ratios
were detected in stations with the lowest chl a concentrations (Stn I). This was linked to an accumulation of
grazed cells in the photic zone of stations exhibiting
the finest sediments and lowest biomass. It was confirmed by a positive correlation between phaeo a/chl a
ratios and mud fraction (Rs = 0.61; p < 0.001). Moreover, the increase in mud content in summer (Table 4)
suggests a correlation during this period between the
deposition phenomenon (due to low hydrodynamism),
responsible for phaeopigments a accumulation, and
high grazing activity, responsible for an increase in
phaeophorbides a.

Vertical distribution
Profiles showed an increase in phaeo a/chl a ratios
with depth at each station (ANOVA; p < 0.001), except
in November 2000 for which vertical variability was
not significant (ANOVA; p = 0.2). Ratios could reach
very high values according to depth in spring/summer,
especially in March 2001 at Stns I and II where concentrations of phaeopigments a represented respectively 1.73 ± 1.18 and 2.64 ± 0.91 times the chl a con-

centration in the deep layer (4–10 mm; Fig. 4). This
illustrates a gradient of dead or broken benthic
microalgae by grazing along the depth due to passive
burying. This gradient was less marked in autumn/
winter because of a stronger hydrodynamism responsible for a high level of sediment mixing.

Fucoxanthin
Concentration values of the major accessory pigment
of diatoms measured in the first 2 mm of sediment
ranged from 3.8 ± 2.5 (March 2001, Stn I) to 63.2 ±
14.2 mg m–2 (August 2000, Stn III). As for phaeopigments a, the fuco/chl a ratio was more informative
about the physiological status of microphytobenthos,
production of fucoxanthin being linked to low light
intensity (irradiance) (Lohr & Wilhelm 1998, Brotas &
Plante-Cuny 2003). This ratio in the photic zone varied,
not spatially (ANOVA; p = 0.3), but temporally (ANOVA; p < 0.01). Ratio values increased in spring/summer when light intensity was highest (Fig. 5). Thus,
like the phaeo a/chl a ratio, the lower values (0.30)
were measured from November 2000 to February
2001, whereas the highest were measured in the other
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Fig. 5. Vertical profile of fuco/chl a ratio in the 3 layers (0 to 2 mm = the photic zone; 2 to 4 mm; 4 to 10 mm) in each station
between November 2000 and July 2001. Horizontal bars denote SD

months of the survey, without exceeding 0.45 (Fig. 5).
These results did not permit the use of the fuco/chl a
ratio as a biomarker of microphytobenthos photoadaptation because of the disagreement with the expected
results, i.e. an increase in its value during periods of
low light intensity.

first 2 mm (phaeo a/chl a and fuco/chl a). Thus, like
phaeo a/chl a, fuco/chl a vertical profiles illustrated a
gradient of dead or broken benthic microalgae along
the depth.

DISCUSSION
Vertical distribution
Vertical profiles of fuco/chl a ratio increased with
depth (Fig. 5). These profiles were less marked during
November 2000 to February 2001, like the phaeo a/
chl a ratio, due to a higher hydrodynamism in winter.
In spring/summer, fucoxanthin content exceeded chl a
content in the deeper layer (ratio > 1.00). Increasing
fuco/chl a values with depth illustrated the lower lability of fucoxanthin compared to chl a (Fig. 5). Chl a was
degraded into phaeopigments mainly by grazing,
whereas fucoxanthin did not undergo alteration
(Fig. 5). This allowed the fuco/chl a ratio to be used in
this study as a biomarker of grazing activity in the
photic zone, rather than a biomarker of photoadaptation. This use was confirmed by a positive correlation
(Rs = 0.52; n = 180; p < 0.001) between both ratios in the

Pigments as biomarkers
Allochthonous vs. autochthonous
As in similar coastal ecosystems, microphytobenthos
assemblages of the Bourgneuf Bay mudflat were
largely dominated by diatoms characterised by the following pigment set: chl c, fucoxanthin, diadinoxanthin
and diatoxanthin (Mackey et al. 1996, Brotas & PlanteCuny 1998, Schlüter et al. 2000, Brotas & Plante-Cuny
2003). The dominance by this algal group was confirmed by the average values of the fuco/chl a ratio,
ranging in the photic zone during the survey from 0.2
to 0.4 (Mackey et al. 1996, Schlüter et al. 2000, Brotas
& Plante-Cuny 2003). The use of pigment ratios, however, must be carried out with caution because of the
large number of environmental and physiological fac-
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tors affecting them (Lucas & Holligan 1999). In fact, a
variation in ratio values could be endogenous and
linked to the ecophysiological status of some species,
like the implementation of a photoadaptation to high
or low irradiance (Brotas & Plante-Cuny 2003) or cell
senescence (Jeffrey 1974, Plante-Cuny et al. 1993). A
second source of variation is environmental, such as
deposit and suspension feeders whose grazing forms
phaeopigments (Buffan-Dubau et al. 1996, Pastoureaud et al. 1996, Brotas & Plante-Cuny 1998, Cartaxana et al. 2003) or an import of several non-degraded
carotenoids, originating from macrophyte debris
(Brotas & Plante-Cuny 1998). Thus the use of pigment
ratio to discuss microalgal assemblage structure must
be completed by other analyses. In this study, the dominance of diatoms among microphytobenthic assemblages was confirmed by microscopic observations and
correlation between biomarker pigment concentrations.
Among accessory pigments identified in sediments
of the Bourgneuf Bay mudflat, several were not extracted from diatoms, namely chl b, its breakdown
product phaeophytin b and lutein. These 3 pigments
could be related to various sources: living Euglenophyceae, Chlorophyceae or macrophyte debris for
chl b, detrital material from Euglenophyceae, Chlorophyceae or macrophytes for phaeophytin b and only
Chlorophyceae and macrophyte debris for lutein
(Abele-Oeschger & Theede 1991, Bianchi et al. 1991,
Wright et al. 1991, Brotas & Plante-Cuny 1998). The
presence of these pigments could originate from sinking phytoplankton cells or macrophytic debris, as
deposition is favoured during summer due to lower
hydrodynamism. However, in this study, chl b originated mainly from microalgae because it was detected
only in summer samples when Euglenophyceae and/or
Chlorophyceae were observed by microscopy. Moreover, the low numbers of planktonic species observed
on the mudflat, especially during the low hydrodynamism period, suggest a limited contribution of
microalgae from the water column or a limited phytoplanktonic production in this ecosystem.
The unique input of macrophyte debris from the
overlying water occurred during the winter/spring
2000–2001 period, when phaeophorbide b and lutein
were detected. No Euglenophyceae and/or Chlorophyceae were observed, and no chl b was detected.
This import of macrophyte debris could also be a source
of phaeopigments a (phaeophorbides and phaeophytins a) and chlorophyllide a for the mudflat (Brotas
& Plante-Cuny 1998). However, the fact that these degraded pigments detected in sediment of Bourgneuf
Bay were not linked to lutein and phaeophytin b occurrence confirmed the main autochthonous/microphytobenthic origin for these breakdown products of chl a.
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This supports an autochthonous source for microalgal cells and biomass, particularly the PAB in the
sediments of the Bourgneuf Bay mudflat, due to microphytobenthos assemblages.

Chl a breakdown products — grazing activity
A variety of these pigments was detected during this
study corresponding to varying alteration processes of
chl a: 1 chlorophyllide a, 3 phaeophorbides a and 3
phaeophytins a. These results are similar to those of
Cariou-Le Gall & Blanchard (1995) in the bay of
Marennes-Oléron and of Buffan-Dubau et al. (1996) in
the bay of Arcachon. Brotas & Plante-Cuny (1998)
detected 9 phaeophorbides a and 3 phaeophytins a in
the first 5 mm of sediment of the Tagus estuary mudflat.
In the sediments of the Bourgneuf Bay mudflat,
phaeopigments a and chlorophyllide a in the photic
zone did not show a high concentration compared to
chl a, phaeopigments representing a maximum fraction of 30% of the undegraded form (phaeo a/chl a
ratio 100) and chlorophyllide a, about 5%. Such values
are lower than those found in the first 5 mm of sediment of the Marenne-Oléron mudflat, where phaeopigments a represented on average more than 40% of
the sum of chl a and phaeopigments a (Cariou-Le Gall
& Blanchard 1995). Lucas & Holligan (1999) reported
greater proportions in the first 2 mm of the sediment
from Westerschelde estuary: sandy stations had similar
concentrations of chl a and phaeophorbides a, whereas
muddy stations showed phaeophorbides a concentrations 2-fold higher than chl a concentrations. Results
obtained in the Bourgneuf Bay mudflat suggest a
weaker degradation of microphytobenthos compared
to similar mudflats.
Despite these differences, the results of chl a breakdown products, analysed by HPLC, from the Bourgneuf Bay mudflat confirm the observations of several
authors (Cariou-Le Gall & Blanchard 1995, BuffanDubau et al. 1996, Brotas & Plante-Cuny 1998, Lucas &
Holligan 1999, Cartaxana et al. 2003): phaeophorbides
a are always measured in higher concentrations than
phaeophytins a and chlorophyllide a. This suggests
that grazing activity in the photic zone was stronger
than microbial activity and that the physiological
status of the microphytobenthic community remained
good throughout the survey, confirmed by low chl c /
chl a ratios. The period of the highest grazing pressure
on microphytobenthos was when the phaeo a/chl a
ratio was maximal, from March to June 2001. This
period corresponds to a lower microphytobenthos PAB
and indicates that chl a had been degraded into
phaeophorbides a by grazing. At the same time, sev-
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eral authors have shown a relationship between lower
microphytobenthic biomass and greater macro- and
meiofauna abundance (Buffan-Dubau et al. 1996,
Lucas & Holligan 1999, Pinckney et al. 2003). This
occurred mainly in spring, in contrast to winter, when
high biomass is associated with low macro- and meiofauna abundance (Pinckney et al. 2003). Despite a lack
of data on the Bourgneuf Bay mudflat benthic invertebrate community structure (but see Gruet 1972, 1977),
this community probably shows the same characteristics as those observed on temperate intertidal mudflats, that is a Macoma balthica community, often associated with high biomass and density (Bachelet et al.
1997). In this study, the quantity of phaeopigments a
compared to chl a suggests a lower biomass and/or
grazing rate of zoobenthos than in similar mudflats. To
confirm these interactions between microphytobenthos structure and a reduced grazing activity, a survey
of abundance, biomass and grazing rate of zoobenthos
in the Bourgneuf Bay mudflat would be necessary.
Like the phaeo a/chl a ratio, fuco/chl a showed a seasonal trend in the photic zone: values were higher during spring/summer than in autumn/winter. This trend
was unexpected: values should have been higher in
autumn/winter (Lohr & Wilhelm 1998, Brotas & PlanteCuny 2003). The difference between the observations
and expected results was linked to the greater effect of
the grazing activity during spring/summer than the
low light effect during autumn/winter. This also illustrates the lower lability of fucoxanthin compared to chl
a, in accordance with results found by Brotas & PlanteCuny (1998) and Lucas & Holligan (1999), although
Abele-Oeschger & Theede (1991) reported a similar
half-life for these 2 pigments and Cariou-Le Gall &
Blanchard (1995) found that chl a was more conserved
than fucoxanthin. The lower lability of fucoxanthin is
confirmed by the fact that carotenoids have no enzymatic degradation pathway of comparable importance
to that of chlorophylls (Porra et al. 1997).

Spatial and temporal variability of
microphytobenthos PAB
In Bourgneuf Bay, chl a concentrations measured in
the photic zone, estimating the PAB of the sediment
mudflat from May 2000 to July 2001, were in agreement with those found in similar ecosystems whether
the measurements were made in the first 2 or 10 mm of
sandy or muddy sediment (Table 7). PAB showed temporal variability but did not follow a seasonal cycle,
whereas meso-spatial variability was linked to abiotic
factors (Saburova et al. 1995). Usually, mixed sediments
(muddy sand to fine sand) as observed on the Bourgneuf Bay mudflat at Stns II to IV are colonised by

complex and resilient microbenthic communities, constituted by a large fraction of small epipsammic life
forms that do not form visible biofilms well (Hamels et
al. 1998, Paterson & Hagerthey 2001). This is confirmed
by the high occurrence and abundance of small epipsammic taxa in microphytobenthos assemblages of the
Bourgneuf Bay mudflat throughout the survey. These
taxa are monoraphid diatoms, such as Cocconeis hoffmanni and Achnantes hauckiana, and araphid diatoms,
such as Cymatosira belgica and Plagiogrammopsis
vanheurckii, and are often observed in mixed intertidal
sediments (Colijn & Dijkema 1981, De Jonge & Van
Beusekom 1992, Riethmüller et al. 2000, Paterson &
Hagerthey 2001). These assemblages are adapted to a
continuous regime of disturbance in the top layers of
sediment and vary with a low pronounced seasonality
(Hamels et al. 1998, Paterson & Hagerthey 2001). The
greater instability of these mixed areas is illustrated by
the fact that the proportion of epipsammic species
resuspended in the water column is higher than the
proportion of epipelic species (De Jonge 1985).
In contrast, sheltered intertidal muddy areas are
characterised by high microphytobenthos biomass,
favoured by an accumulation of nutrients and the stability of the sediment increasing with EPS secretion
(Riethmüller et al. 2000, Paterson & Hagerthey 2001).
Muddy sediment, colonised by large epipelic life
forms, appears to be characterised by considerable
temporal changes in microbenthic biomass and composition (Hamels et al. 1998, Lucas & Holligan 1999).
During this survey, some large epipelic cells, raphid
diatoms, were also observed but only during summer
in sediments of Stns I and V, when grain size was
smaller due to low hydrodynamism. The summer silting of these 2 stations seems to be supported by their
characteristics: oyster beds for Stn I and ridge and runnel features for Stn V. The other 3 stations do not
undergo such significant silting, and assemblages are
still dominated by small epipsammic cells.
Nevertheless, large epipelic diatoms in muddy stations are not responsible for the highest biomass values
measured in Bourgneuf sediment samples as expected.
This implies factors other than granulometry in the
structuring of microphytobenthos biomass. Thus, the
PAB measured during the survey shows a negative
correlation with the muddy fraction of the sediments,
in contrast to similar ecosystems (Table 7). In the sampling area studied, results are consistent with previous
data obtained by remote sensing (Méléder et al.
2003a,b). SPOT image calibration through NDVI (normalised difference vegetation index) calculation provided information on microphytobenthos coverage:
low NDVI values corresponded to low coverage
whereas high NDVI values were associated with high
coverage. An example of a calibrated image is given in
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Table 7. Biomass distribution (spatial and temporal) in other temperate intertidal mudflats. +/–: positive/negative correlation
Locality

Chl a range (mg m–2)

Tagus Estuary
(38° N, 9° W)

11–300 (10 mm)

+ with fine sediments
and tidal height

Gironde Estuary
(45° 20’ N, 0° 45’ W)

15–140 (10 mm)

+ with salinity gradient Maxima at the end
and tidal height
of spring and summer

Spatial

Temporal

Source

No clear seasonal trend

Brotas et al. (1995)
Santos et al. (1997)

Westerschelde Estuary 21–939 (10 mm)
– with sandy fraction
(51° N, 4° W)
1.1–1.3 (2 mm; sand)
57–270 (2 mm; mud)

Silty stations: bloom in spring Hamels et al. (1998)
and decrease in summer
Sandy stations:
Lucas & Holligan (1999)
no clear seasonal trend

Marennes-Oléron Bay 4–465 (10 mm)
(45° 50’ N, 1° 10’ W)

Maximum in spring

Guarini et al. (1998)

No clear seasonal trend

This study

Bourgneuf Bay
(47° N, 2° W)

12.2–186.9 (2 mm)
26–389 (10 mm)

No structural factor
dominant
+ with sandy fraction

Fig. 1b, associated with station localisation. Moreover,
during the sampling period, the lower-transect station
showed a high water content in sediments (Perkins et
al. 2003), whereas the upper-transect station was subject to greater desiccation, de-watering and temperature effects, which can be increased by a long period
of emersion (Underwood & Kromkamp 1999). These
factors result in a monomodal distribution of biomass
across the intertidal flat, with the peak somewhere
between mid-tide level and mean high water neap
tide level and not necessarily at the highest bathymetric level as found by Guarini et al. (1998) (Underwood & Kromkamp 1999). The biomass distribution
in the Bourgneuf Bay mudflat is clearly monomodal
and centred on Stn III, near to the mid-tide level
(Figs. 1b & 2b).

Sampling scale
The negative correlation between mud fraction and
biomass could also be explained by the low number of
samples taken from muddy sediments: 8 samples out of
the 52 analysed. Maybe the representativeness of the
muddy conditions over the bay was not effective due to
the difficulty in reaching the finest sediment area,
beyond the isobath + 2 m where the microphytobenthos biomass maximum occurs (Méléder et al. 2003b).
This illustrates the difficulty of extrapolating to macroscale the results of the structure obtained at mesoscale.
On the other hand, the mesoscale sampling programme, chosen to assess microphytobenthos structure in relation to sediment characteristics, enabled
observation of the microscale variability. Indeed, there
were differences between the 3 PAB values measured
for a given station in a given month, illustrated by SD.
This PAB heterogeneity at the microscale, stronger for
the highest biomass values, illustrates that PAB, mainly

due to small epipsammic diatoms, increases by patches
without forming a continuous biofilm. This is in accordance with the observations of Saburova et al. (1995)
showing aggregations at the microscale of attached
and non-attached diatoms on a sandflat. Aggregation
is also observed at the macroscale on the MarennesOléron mudflat, where benthic microalgae biomass
obeys a ‘constant-density model’ that describes the
alternating spreading/shrinkage phenomenon around
the few persistent patches of maximum biomass
(Guarini et al. 1998).

Vertical profiles
PAB represents on average 40% of the biomass in
the first 10 mm. This accumulation of biomass in the
photic zone has a physiological significance: microphytobenthic cells were in the layer where irradiance
allows photosynthesis. Moreover, these assemblages
in the photic zone presented a good physiological status and a low fraction of grazed cells with a reduced
amount of breakdown products.
In this study, biomass profiles were more marked in
spring/summer 2001, particularly at Stns I and V
where grain size decreases. This could be linked to a
low hydrodynamism during this period, resulting in
weak mixing of sediment. Moreover, large epipelic
cells, dominating the summer assemblages of these 2
stations, could migrate in the photic zone to optimise
photosynthesis, which the small epipsammic cells,
dominating the assemblages of the other stations and
the other seasons, cannot do. This results in a more
equal distribution with depth of attached diatoms in
sandy sediments, mainly due to passive burying linked
to high hydrodynamism, as opposed to the accumulation in the first 2 mm of non-attached diatoms in
muddy sediments, linked to active migration.
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Biomass distribution with depth was followed by an
increase in phaeo a/chl a and fuco/chl a ratios, also
more marked in spring/summer 2001. This confirms
the contrast between muddy and sandy sediments
observed using a vertical distribution of biomass and
assemblage types.

Synthesis
The results can be synthesised using a conceptual
model of the spatio-temporal changes of the microphytobenthos structure in relation to environmental
factors at mesoscale (Fig. 6). These meso-spatial and
temporal changes of microphytobenthos structure are
observed using species diversity, biomarker pigments,
phaeo a/chl a ratio and vertical profiles. We propose
that the variations in microphytobenthos structure
linked to biotic and abiotic factors operate from a major
microalgal assemblage, found in all stations during
autumn/winter. This assemblage, responsible for high
biomass values, is dominated by epipsammic species
colonising mixed sediments and showing a good

High hydroEpipelic
dynamism
dominance
Grazing Mud content ++
Low hydroPhaeo a /chl a +
dynamism
Macrophytic debris+
Vertical profiles ++

Import
(spring)

Epipsammic
dominance
Mud content +
Phaeo a /chl a +
Macrophytic debris +
Vertical profiles +

PAB

Spring / Summer

Grazing

Lower- anduppertransect stations

Epipelic
dominance
Mud content ++
Phaeo a /chl a ++
Macrophyticdebris +
Vertical profiles ++

PAB

MAIN
ASSEMBLAGE
Epipsammic
dominance
Mud content Phaeo a /chl a -Macrophytic debris+ High hydroVertical profiles dynamism

Import

Import

(spring)

PAB

Epipsammic
dominance
Mud content -Phaeo a /chl a Macrophytic debris ++
Vertical profiles - -

PAB

Mid-transect stations

PAB

physiological status. It is poorly influenced by macrophytic debris and vertical profiles are characteristic of
mixed sediments (bold box, Fig. 6).
During autumn/winter, high hydrodynamism is responsible, especially at mid-transect stations, for a
decrease in sediment mud content due to resuspension
of the finest particles and for a significant import of
macrophytic debris. This involves a small increase in
the phaeo a/chl a ratio as well as sediment mixing and
thus less marked vertical profiles. Resuspension could
be responsible for a decrease in PAB.
Spring/summer is mainly characterised by low
hydrodynamism and high grazing pressure. Hydrodynamism accounts for sediment silting due to fine
particle deposition, especially at lower- and uppertransect stations, supporting epipelic species as well as
sporadic Euglenophyceae, Chlorophyceae and even
Cyanophyceae occurrence. These summer assemblages
are potentially responsible for an increase in the PAB
(Fig. 6, dotted box, not observed during this survey).
However, grazing activity limits the PAB and is responsible for the highest increase in phaeopigments a. Moreover, vertical profiles of biomass and ratios are well

Autumn / Winter

Fig. 6. Spatio-temporal changes in microphytobenthos structure synthesis. They vary with space (ordinate) and season (abscissa)
from the main assemblage (bold box). Summer assemblage at muddy stations, potentially responsible for an increase in the PAB,
is reported (dotted box), although it was not observed in this study. + /–, relative scale against the main assemblage: -- very poor,
– poor, + high, ++ very high. PAB, photosynthetic active biomass increase () or decrease ()
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marked due to a reduced mixing of sediments while the
accumulation of biomass in the photic zone is also linked
to the active migration of epipelic species by phototactism. During the spring months, some macrophytic
debris is imported from the water column, but these
imports are less than those observed during winter.
At mid-transect stations, the spring/summer effects
are not so clear. Assemblages are still dominated by
epipsammic species, although mud content increases.
Structure is mainly influenced by grazing, responsible
for the phaeo a/chl a increase, concomitant with PAB
decrease. The spring macrophytic debris import also
participates in the phaeo a/chl a increase, whereas low
hydrodynamism is responsible for more marked vertical profiles, although these are less marked when
epipelic species dominate the assemblage.
The extrapolation of this synthesis to macroscale
needs more information about microphytobenthos
structure on the same scale. It requires a greater sampling effort, like the one performed by Guarini et al.
(1998) to describe the microphytobenthos spatial structure in Marennes-Oléron Bay (France). However, it has
been demonstrated in recent studies that remote
sensing could be an alternative to systematic field sampling (Méléder et al. 2003b, J.-Ph. Combe et al.
unpubl.), and this technique now seems to be the more
promising method to survey and monitor coastal
ecosystems at macroscale.
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