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Dynamics of spatial patterns of microphytobenthic
biomass: inferences from a geostatistical analysis of
two comprehensive surveys in Marennes-Oléron

Bay (France)

D. Gouleaul, R. Galois!, J. Prou!, P.-G. Sauriau?

2IFREMER Centre de Brest, BP 70, F-29280 Plouzané, France

ABSTRACT: Microphytobenthos plays an important role as primary producer in shallow embayments
subject to a tidal regime. The present paper aims to characterize the spatial patterns of sedimentary
chlorophyll a (chl a} biomass in 2 seasons in the wide intertidal mudflats of the Marennes-Oléron
Bay (France); furthermore, it provides estimates of total microphytobenthic biomass. Accordingly, a
systematic sampling scheme was performed in June 1995 and in January 1996. On average, biomass
was higher in June (ca 120 mg chl a m %) than in January (ca 85 mg chl a m?). Moreover, the geosta-
tistical analysis revealed that spatial similarities were propagated over larger distances in June (6 km})
than in January (2.2 km). In order to accouui for this result, we suggest that seasonal dynamics of
benthic microalgae biomass obeys a ‘constant-density model’ that describes the alternating spread-
ing/shrinkage phenomenon around the few persistent patches of maximum biomass (ca 300 mg chl a
m?). Total biomass estimates were ca 13 t chl a (SE = 0.26) in June and 10 t chl a (SE = 0.28) in January.
Calculating a raw approximation of the growth rate (0.1 d™') of that biomass and considering that the
total produced biomass is resuspended at flood tide, we found that microphytobenthos supplies about
2 pg chl aI"!, which corresponds to 30-90% of the chl a suspended in the water column, depending on
the season. This suggests that microphytobenthos could be a major food source for secondary produc-
ers in both pelagic and benthic ecosystems of the Marennes-Oléron Bay.
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INTRODUCTION

The spatial distribution of sedimentary chlorophyll a
(chl a; used as an index of microphytobenthic biomass)
has been investigated in different types of environ-
ments and at different scales. Analysis of the spatial
structures at microscale (within 1 m?) has shown that
microphytobenthos patchiness may be due to sedi-
mentary structures (Plante et al. 1985, 1986, Saburova
et al. 1995) or benthic nutrient effluxes (Hopner &
Wonneberger 1985) and that it may be closely related
to meiofauna patchiness because of trophic links
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(Decho & Fleeger 1988, Blanchard 1990, Pinckney &
Sandulli 1990). Spatial structures at mesoscale, how-
ever (whole shallow bays and intertidal flats in estu-
aries), have not been analysed, even though mapping
of chl a has been performed (Lukatelich & McComb
1986, Sun et al. 1994). These studies provide broad
trends of the microphytobenthic biomass distribution:
the highest biomass levels are usually associated with
muddy sediments (rather than sandy ones), preferably
in shallow subtidal areas or at high levels on inter-
tidal flats (because of light availability) (Lukatelich
& McComb 1986, Delgado 1989, Burford et al. 1994,
Brotas et al. 1995). Other works have addressed the
effect of elevation and exposure (Colijn & Dijkema
1981, Colijn & de Jonge 1984, de Jonge & Colijn 1994).
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These data are nevertheless insufficient to derive in-
formation for generating hypotheses pertaining to the
functioning of the ecosystem. As outlined by Legendre
& Fortin (1989), spatial structure is an important ele-
ment of ecological populations and communities, and
studies on the spatial heterogeneity of ecological vari-
ables are useful to detect underlying structuring fac-
tors. In this paper, we wanted (1) to characterize the
spatial heterogeneity (e.qg. existence of patches and
gradients) of the microphytobenthos biomass at the
ecosystem scale, (2) to study the temporal stability or
variability of the spatial structures, and (3) to relate our
findings to ecological factors that may influence the
spatial structure. Several techniques exist, including
multivariate analysis, statistical tests of spatial hetero-
geneity, and descriptive methods (Legendre & Fortin
1989). We have chosen the methods developed in the
geostatistics frame for several reasons. These are basi-
cally univariate methods (though they can be extended
to multivariate cases), which compare favorably to
alternative techniques, to assess the spatial hetero-
geneities with a structure function (the variogram in
the simplest case} which can be modeled in a wide
range of situations (see below). The model allows the
spatial autocorrelation to be represented as a function
of the distance between points. One powerful aspect
is that the variogram model can be used to estimate
unknown values through kriging. During this stage,
the values obtained from the sampling survey are com-
bined and weighed to yield a map of the mean (and its
variance) on a grid of points. The kriging equations
also yield a total biomass estimate over the surveyed
area. With respect to these goals, geostatistics has
been successfully applied to different fields such as soil
science and mining (Journel & Huijbregts 1977, Oliver
1987), hydrology (Gohin & Langlois 1991, Leenhardt et
al. 1994), fisheries (Petitgas 1993, Maravelias &
Haralabous 1995) and different topics in ecology
(Robertson 1987, Gros 1992, Rossi et al. 1992, Bacher &
Sauriau 1995).

The aim of this work was the identification of the
spatial structure of sedimentary chl a on the
Marennes-Oléron Bay (France) intertidal flats, where
microphytobenthos 1s the main primary producer
(Cariou-Le Gall & Blanchard 1995). Sediment samples
were collected in 2 different seasons according to a
systematic sampling scheme. These 2 sampling occa-
sions coincide with the maximum (June) and minimum
(January) chl a concentrations in the sediment (Cariou-
Le Gall & Blanchard 1995). Since the geostatistical
procedure is based on assumptions on the spatial vari-
ability, we first established the weak stationarity of
spatial increments of the sedimentary chl a biomass,
therefore allowing us to summarize and model the bio-
mass patterns by classical variogram functions. These

models were then used to generate maps by kriging
and to assess the accuracy of total chl a biomass esti-
mates (at the scale of the whole bay). Variograms,
kriged maps and global biomass estimations were
carried out for June and January and the comparisons
of the results provided information on the potential
ecological factors responsible for the spatial patterns
and their stability.

MATERIAL AND METHODS

Sampling strategy. Mesoscale sampling: Systematic
sampling was carried out in June 1995 and in January
1996 in Marennes-Oléron Bay (Fig. 1). The total sur-
face area of the bay is 181 km? of which 110 km? are
intertidal. The dimensions of each element of the rect-
angular mesh of the sampling grid were 45" latitude x
45" longitude (1000 x 1389 m). The sediment was
sampled at each node; as some nodes were just out-
side the limit of the intertidal area (either subtidal or
terrestrial), they were shifted by 15" longitude (333 m)
or latitude (463 m) within the sampling area. Further-
more, sampling sites were arranged crosswise at 3
locations, in order to investigate short-scale (within-
mesh) variability (Fig. 1). Two of these 'criss-cross sam-
plings’ were on the eastern half of the bay (Brouage
mudflat, B in Fig. 1) and a third one was on the western
half (along Oléron Island, O in Fig. 1). The within-cross
sampling interval was 231 m.

The nominal number of sampling sites was 141, but
only 117 and 123 sites were effectively sampled in
June 1995 and January 1996 respectively, because
some locations were inaccessible. At each site, the
sampling unit was the top 1 cm of 1 m? of the sediment;
the photosynthetically active biomass of benthic
microalgae is indeed contained in this top layer (Blan-
chard & Cariou-Le Gall 1994, Maclntyre & Cullen
1995). The sites were sampled only during the emer-
sion period during low tide, which required less than
10 d in each case. It was checked that the temporal
variation of biomass during each period and within the
low tide period was too low to interfere with the spatial
variability (author's unpubl. data).

Subsampling: As it was impossible to collect the
whole sample, a random subsampling was performed
within the 1 m? by sampling sediment cores. In order
to choose the subsampling device yielding the best
estimate of biomass within the sampling unit, the
following comparison was carried out: 5 random repli-
cates were performed independently with 4 core
diameters (3, 6, 8.0 and 15.2 cm). Let ¥, and V(¥)
denote respectively the arithmetic mean of chl a bio-
mass and its variance in the jth subsample of 5 repli-
cates (=1, ..., 4}, and a, the ratio of the sampling unit
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Fig. 1 The systematic sampling grid. (x) Sampling stations

where 177 cm? triplicates of the surficial sediment were

collected. At 3 locations, samples were laid crosswise, in order

to characterize short-scale (i.e. within-mesh) spatial vari-

ability. O, B and S: Oléron, Brouage and Seudre mudflats
respectively

area (1 m? to the subsample area. Obviously,Bj =, ¥
and V(B,) = OLJZ-V()_/J-), where Bj and V(Bjj are respec-
tively the estimator of the total amount b of chl a in
1 m? of sediment and its variance. Results are shown
in Fig. 2. A 1-way ANOVA led to the rejection (p <
0.05) of the null hypothesis (b, = ... = b, = b); further-
more, a Newman-Keuls multiple range a posteriori
test showed that the ‘core effect’ was attributable to
the smallest subsampling area (i.e. 3 cm core dia-
meter). According to the values shown in Fig. 2, the
largest core size (15.2 cm in diameter) was selected.
Only 3 replicates were effectively sampled at each
sampling site in order to restrict the number of chl a
analyses to ca 400 in each season.

Sedimentary chl a measurement. At each sampling
location, the top 1 cm of the three 181 cm? replicates
was sampled and carefully mixed. A subsample was
withdrawn from each of them, freeze-dried and kept in

19,
181
174
16 1
151
14
131
124
14

1 +— ' '

30cm 65cm 80cm 15.2cm
Core diameter

[Chl a] (mg m™2)

Fig. 2. Results of the pilot study aimed at choosing the sub-

sampling unit (core diameter). Each biomass estimate (mean

+ SE) was obtained with 5 replicates; the whole set of 4 x 5
replicates was randomly collected in the same 1 m? area

the dark at —80°C until further processing. The chl a
content of the dried sediment was extracted in 90 %
acetone during 18 h in the dark with agitation; chl a
was then measured using the fluorometric method
(Lorenzen 1966), and expressed as mg chl a m™2,

Geostatistical analysis of spatial patterns. Basically,
the geostatistical approach aims to characterize the
patterns of similarities between sampling units across
a continuum of spatial scales. Each sampling unit is
considered as the outcome of a random function (RF),
which is a function of space coordinates (Matheron
1971). Chl a sedimentary biomass is represented by a
stochastic process B(x), where x denotes the location in
the Marennes-Oléron Bay. Because of the dependency
of B on x, the RF B(x) is said to be regionalized. Pre-
dicting the values of B at some points in space from the
known values at sampling points is possible if some
model of the spatial structure can be derived from the
data. The structural analysis is explained below, and
the way the spatial structure model is used for the esti-
mation of unknown values is developed in the follow-
ing section. These steps are then applied to the data
collected in January and June and the structures, maps
and global estimations compared.

Structural analysis: Sampling the stochastic process
provided the actual set of n observations of b(x,), the
xi's corresponding to the spatial coordinates of the
sampling grid nodes. As this sample is the only avail-
able realization of the RF B(x), some assumptions
are necessary to make statistical inference possible.
The strongest hypothesis would be the stationarity of
the RF [i.e. all the moments of the RF B(x) are invariant
under translation]. However, we shall put ourselves
in a much less restricting framework, because (1) the
expectation E[B(x)] cannot realistically be assumed
to be independent of x, and (2) we only require
stationarity of the first 2 moments, mean E and vari-
ance V, for linear estimations. In other words, we only



134 Mar Ecol Prog Ser 166: 131-141, 1998

need the weak stationarity of the first-order space
differences of B(x), i.e.

{E[B(x+hJ~B(x)J =0 )

VIB(x + h)- B(x)] = 2vy(h)

This is the so-called ‘intrinsic hypothesis’ (Journel &
Huijbregts 1977), according to which the variance of
the increments exists, is independent of x, and is a
function y(h) of the distance h between the 2 locations
x and x + h only. y(h) is called the variogram and the RF
B(x) is said to be intrinsic (IRF). It is worth noting that
v(h) is defined only when the expectation of the space
increments is zero; B(x) is then an IRF-0. In practice,
we thus have to check whether the order k of the IRF
1s O, or if there is a linear (k = 1) or a quadratic (k = 2)
drift in the IRF at the scale of observation. This pre-
liminary test is performed according to the procedure
described below. When the data set {b(x,}},-;.  ,isin
favor of k = 0, the experimental variogram is computed:

nth)

Y(h) = ——— > [b(x, + h) - b(x,)

1
2n(h) 3

2)
where n(h) is the number of pairs of observations {b(x,),
b(x; + h)}. The graph of ¥(h) versus his a powerful tool
for the analysis of the IRF B(x): it provides information
(1) on the short-scale heterogeneity, (2) on the ‘strength’
of the spatial structure, and (3) on the distance beyond
which spatial correlations between samples become
negligible. Furthermore, the fit of Y(h) to an analytical
model allows maps to be built by ordinary kriging, i.e.
by linear combination of observed values b(x)).

Local linear kriging and mapping: Let x* be any point
(sampled or not) in the Marennes-Oléron Bay. In linear
kriging, the estimate b* of the chl a biomass at x* is a
weighted sum of p neighbouring data points b(x;):

p p

he — ;K,b(xi), withék, =1 (3)

where A, is the unknown weight of the ith observation.

The equality constraint on the real coefficients 2, is a

non-bias condition. These weights are calculated in such

a way that the estimation variance is minimal. It may be
shown that the variance V of the estimator b" is:

Vb*) = =X Y R Av(x, - x,) (4)
iy

The unknown weights A; and A, (for the ith and jth
observations, respectively) are identified by minimiza-
tion of V(b*) conditionally to a given model of
variogram y(h). To resume, this makes the kriging esti-
mator b* optimal in the class of linear estimators (it is
unbiased and minimizes the variance). Eq. (4) stresses
the importance of the variogram model choice. Conse-
quently, some criteria derived from cross-validation
are used to assess the quality of the fit of ¥(h) to a

theoretical function y. Let b, denote the estimation at
x; after removal of the ith datum b(x,); we used the
following criteria (Journel & Huijbregts 1977):

1 & bixy
p = HZ B

1& .
v = n;vuxxn]

5= =Y ibtx,) - b3,
i=1

/S bexn - b2

/o=l

2

Clearly, p and v must be close to 1 whereas & must be
close to 0. Although these criteria are not designed to
perform statistical tests, the last two help to identify
separately lack-of-fit causes when checking variogram
models: (1) a & value far from zero suggests a poorly
estimated range; (2) conditionally to § = 0, a v substan-
tially lower than 1 (respectively greater) indicates that
the sill is overestimated (respectively underestimated).

The variogram vy has to be chosen in a well-defined
class of functions ensuring the positiveness of V(b*).
For that reason, we used some classical models
(‘spherical’, 'gaussian’ and ‘exponential’), [ulfilling
this condition.

Global estimation: In the absence of any spatial peri-
odicity in the IRF B(x}, the systematic sampling scheme
ensures the lack of bias of the arithmetic mean as an
estimator of the average chl a biomass; obviously, the
same result holds for the total biomass estimate. One
point of great interest in the geostatistical approach is
in using information from spatial patterns (expressed
by the function v in the present case} to increase the
accuracy of the estimates. Let S denote a given area
where no sampling occurred and x, the locations of
sampling sites surrounding the area S. Further, let B
be the estimator of the mean biomass E[B(x)] in S; the
kriging variance of B is

V(B) = —z 27"1'}\]Yi1 + 22%“715‘?55 (5)
i J

where v, stands for y(x, - x;). A formal definition of the
space integrals ¥;s and Yss can be found in Journel
& Huijbregts (1977). Let us only emphasize that ;s
depends on the relative positions of the x,'s with respect
to S—hence on the sampling scheme—and Yss on the
shape of the area S itself. In the following, a numerical
approximation of Eq. (5) was performed to compute the
standard error of the total chl a biomass estimate.

RESULTS
Basic statistics
The measured sedimentary chl a concentrations in

the Marennes-Oléron Bay are given in Fig. 3 for both
the summer and winter periods. In each case, the dis-
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JANUARY 1996
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Fig. 4 shows that datasets contain
high influential values (>300 mg chl a
m™2): 3 for June and 6 for January.
Their removal brings down mean
estimates (5 and 18% decrease re-
spectively), and above all variance
estimates (28 and 70% decrease re-

00w
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spectively).

Structural analysis

The first step was the identification
of the order k of the IRF B(x): 3 models
were compared (IRF-0, -1, and -2,
corresponding respectively to no drift,
linear drift and quadratic drift) by
forming 83 groups of neighbouring
data points, any 2 points within a
group being at most 4 km apart. For
each group, residual sums of squares
(RSS) of the fits of the 3 models were

04 00" W

oo

Fig. 3. Measured chl a biomass from samples collected in June 1995 and

January 1996

tribution of pooled data is unimodal and skewed to the
right, with a more pronounced skewness in Janu-
ary 1996 (Fig. 4). In June, values were within the range
13.3 to 347.2 mg chl a m~? with an arithmetic mean of
118 mg chl a m™2, whereas in January the range was
wider {4.2 to 465.4 mg chl @a m™?) and the mean lower
(85.7 mg chl a m™?). A classical Student pared t-test
showed that the 2 average biomasses were signifi-
cantly different (p < 0.001).

Table 1 also shows disaggregated results according
to the different geographic sectors of the bay: the west-
ward mudflat of Oléron Island (O; 45.5 km?) and the
continent-side mudflats, Brouage (B; 39.6 km? and
Seudre (S; 20 km?) (Fig. 1). In every case, the variance
within sampling locations (due to microscale patchi-
ness) is always much lower than the variance hetween
locations (between samples). These results hold at the
scale of the whole bay and for geographic sectors O,
B and S as well. In June, the within-saraple noise
amounts to 15 %, of the total variance, but it is lower in
January (ca 5%). More generally, the spatial com-
ponent of the variance (between geographic sectors,
within-season) exceeds the temporal variability (be-
tween-season difference in average chl a concentra-
tion; see Table 1 and Fig. 3). In short, chl 4 biomass is
on the whole higher in June than in Januwary (Fig. 4),
the striking feature being the high values observed in
O and S in both seasons (Fig. 3).

computed and ranked in increasing
order. The least values of both RSS
and rank, after averaging over all
groups, determine the choice of the

— s - —
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Fig. 4. Sample frequency distributions of chl a biomass in

June 1995 and January 1996. The 2 histograms are one-side

heavy tailed, especially in January where 6 extreme values
(>300 mg chl a m™?) were observed
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Table 1 Basic sample statistics computed for the whole bay, Oléron Island and Brouage and Seudre mudflats in the summer
and winter periods

Mean Within-sample
(mg chl a m™? (between-subsample) variance

June

Whole bay 118 583
Oléron 146 866
Brouage 76 269
Seudre 148 639
January

Whole bay 85 214
Oléron 107 215
Brouage 49 67
Seudre 138 674

Between- Range Number of
sample variance (mg chl @ m ) of samples

4504 13.3-347.2 117

5245 13.3-347.2 51

424 24.6-124.3 48

5936 31.7-340.9 18

6746 4.2-465.5 123

8524 4.2-448.2 50

568 15.7-144.9 55

13368 23.3-465.5 18

order k. The results in Table 2 show that the intrinsic
hypothesis is appropriate for the statistical description
of B(x), which will be treated as an IRF-0 hereafter.

The second step was to compute experimental semi-
variogram y(h); this involved a discretization by step Ah
of the distance h within the range 0.3 to 6.6 km, with
Ah=600m. Let Dy be the distance interval [k, hy + Ah].
When grouping data pairs belonging to a given inter-
val D, (i.e. all pairs {b(x;), b(x;) + h} where h € D),
the Oléron Island mudflat (O) and the continent-side
mudflats (B and S) were treated separately, taking the
discontinuity due to the axial subtidal channel into
account (see Fig. 1). The 2 subsets were then pooled
together for the computation of ¥(h) over the entire
sampling grid.

Eq. (2) shows that ¥(h) is a variance estimator; such
a statistic is non-robust, i.e. it is highly sensitive to
extreme values (see for example Hampel et al. 1986).
It may be suspected that the 6 high biomass values
(>300 mg chl a m™?) found in January and correspond-
ing to the tail of the distribution (Fig. 4) may alter the
true spatial structure revealed by the variogram. Two
variograms were therefore computed: one with and
one without the 6 highest observations. A model was
fitted to each experimental variogram and tested with

Table 2. Identification of the order, k, of the IRF B{(x). Three
models (k = 0, 1 and 2) are compared using 2 criteria (RSS:
residual sums of squares; and rank, in increasing order, of the
RSS of the 3 model fits) averaged on several groups of data
points. Results shown here allow us to conclude that B(x)
should be modeled by an IRF-0 for spatial scales of ca 20 km?

f

k June January
Average Average Average Average
RSS rank RSS rank
0 4160 1.72 1351 1.56
1 4607 1.88 1711 1.95
2 10130 2.40 2636 2.49

the cross-validation procedure—the ultimate way to
decide which model is more appropriate.

Results are shown in Fig 5: the spatial structures
were described by 2 distinct variogram models. For
June, ¥(h) was fitted o an exponential semi-variogram
v(h):

y(h) = c+wll-exp(-h/a)l

where ¢ and w denote nugget and sill respectively; a
is a parameter from which the practical range, 3a
(Journel & Huijbregts 1977) is deduced, which is the
distance where v(h) equals 95% of the asymptotic
value w + ¢. For January, y(h) computed for the bulk of
the data was fitted to a spherical model:

fO0<h<a
if h>a

Il

{y(h) c+w(l.5hta-05h%a°)

v(h) = c+w

In this case, a denotes the range of the variogram.
Parameter estimates for both models are presented in
Table 3. All 3 parameters exhibit larger values in June:
short-scale variability ([nugget) and between sampling
sites chl a variability (sill] are about 3 times larger than
the corresponding January estimates. In addition, spa-
tial similarities spread cver greater distances in June
(practical range of 6 kr in June vs 2.2 km in January).

Criteria designed to assess the quality of the fit (p, v
and &; see Table 3} are close to their target values
(1,1 and O respectivelv). With respect to these criteria,
it is worth emphasizing the damaging effect of the 6
extreme chl a values in January (Table 3); even though
the sill estimate is, as expected, strongly inflated, the
other 'structure summarizers' (nugget and range) re-
main unaffected. The variogram fitted to the reduced
January dataset was thus used for the interpolation
over the whole sampling grid. The 6 values removed
from the variogram functions were not considered as
outliers in the following analysis, and were kept in the
kriging equations (see below).
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Fig. 5. Experimental semi-variograms (points) and theoretical models {con-
tinuous lines) fitted to the complete June dataset (exponential model), and
to the January dataset after removal of 6 chl a values which were >300 mg
chl am™? (spherical model). In both cases, the nugget was set to the average

winter is mainly attributable to a between-
patch decrease in biomass: the high con-
centration areas shrink between June and
January, thus generating steeper chl a
gradients accounting for the smaller range
of the winter variogram when compared
with the summer one (cf. Fig. 5, Table 3).

In addition, patchiness mainly occurred
on the Oléron Island and Seudre mudflats,
whereas biomass turned out to be relatively
homogeneous on the Brouage mudflat with
a lower level of biomass in both seasons.
The latter was actually due to the absence
of patches like those in the other sectors of
Marennes-Oléron Bay.

The standard error of biomass estimates
is shown in Fig. 7 As usual, the highest
accuracy is achieved in the neighbourhood
of sampling sites. More generally, the
standard error is on the whole 2 orders of
magnitude below the estimated values; its
homogeneous distribution suggests further
that the sampling scheme does not suffer

within-subsample vanance estimate

Finally, we checked for anisotropy in both seasons by
constructing separate variograms in the north-south and
east-west directions, despite the relatively low sample
density in the latter. The results (not shown) are consis-
tent with the simple models retained here, which assume
isotropic spatial patterns at the observational scale.

Kriging

Interpolation of sedimentary chl a biomass was per-
formed according to Eq. (3), and the resulting maps are
presented in Fig. 6. As a whole, these maps clearly show
that the biomass level was higher in June than in Janu-
ary; furthermore, the main patches exhibit apparent
stability both in their location and in chl a concentration
level (>200 mg chl a m™%) at their centers. As a conse-
quence, the lower average quantity of chl a observed in

from local deficiencies.

Total biomass estimates
‘I'he total quantity of chi a in ihe iop centimeter of the
intertidal mudflats amounted to 12.9 and 9.9 t in June
and January respectively (Table 4). We can calculate,
with the notations previously used, the total chl a bio-
mass as follows:

Totalchla = j B(x)dx
A

where A is the mudflat area. Systematic sampling of
the 110 km? area provides accurate estimates: their
coefficient of variation is at most 3 %. Comparison with
the results that would be obtained without taking spa-
tial structure into account, i.e. by computing standard
errors from classical formula instead of Eq. (5), shows
that the kriging approach increases the estimation
accuracy by a factor of 2 in both seasons.

Table 3. Variogram models parameter estimates for the complete June dataset and for the January dataset with and without the
6 extreme chl a values. The last 3 columns exhibit 'gauging criteria’ values (see Material and methods’), which attest to the
poor results from the fit to all January data points

Variogram Nugget Sill Range p v )

model (mg chl @ m%)? (km) (mg chl a m™)
June Exponential 580 3420 6.0 0.82 1.10 0.71
January (bulk of data) Spherical 210 1150 2.2 1.15 0.88 0.42
January (all data) Gaussian 210 4100 1.9 1.50 0.76 0.92
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Fig. 6. Kriged maps of the top centimeter sedimentary chl a biomass in June 1995 and January 1996. Computations were
performed over a 250 x 250 m regular interpolating grid covering the sampled area (intertidal zone of 110 km?). Numbers 1 to 5
identify ‘persistent patches’ (see ‘Discussion’)

DISCUSSION

Seasonal dynamics of microphytobenthos spatial
structures in Marennes-Oléron Bay

The geostatistical analysis reveals that the distribu-
tion of sedimentary chl a did not exhibit the same level
of spatial dependence—the structure—in June and
January: the stochastic processes which they—the
structures—refer to and their constitutive parameters
were different (Fig. 5, Table 3). Nevertheless, the
kriged maps display common characteristics which
suggest that the spatial patterns in June and January
might have been generated by similar structuring pro-
cesses.

In summer, sedimentary chl a was characterized by
an aggregated distribution in the Oléron Island and
Seudre mudflats, but the distribution was much less
aggregated in the Brouage mudflat (Fig. 6). The same
general pattern was observed 6 mo later, in January,
with a lower average biomass (Table 4), according to

the seasonal cycle of biomass (Cariou-Le Gall & Blan-
chard 1995). Therefore, this obvious contrast in the
degree of patchiness of microphytobenthic biomass as
a function of geographic sector (Brouage vs the rest of
the bay) is one of the prominent features in Marennes-
Oléron Bay.

In addition, the patches of high biomass observed
both in summer and in winter were at the same loca-
tions in the bay [Fig. 6, patches no. (kernels) 1 to 5];
they appear to be persistent patches. There was also a

Table 4. Global estimates of sedimentary chl a biomass over

the whole intertidal area (110 km?). Average chl a concentra-

tion, with estimated standard error computed according to
Eq. (5), and total chl ain Marennes-Oléron Bay are given

Mean (SE) Total (SE)

{mg chl am™? (t chl a)
June 117.1 (2.36) 12.87 (0.26)
January 89.9 (2.59) 9.88 (0.28)
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Fig. 7. Maps of kriging error This figure emphasizes the advantage of a systematic scheme over a random one: the between-
sample distances are maximized, thus ensuring a regular distribution of the sampling effort. As a consequence, the result shown
here is a fairly homogeneous distribution of uncertainty over the investigation area

decrease in the size of these patches from summer to
winter, as confirmed by the decrease of the variogram
range (from 6 down to 2.2 km; Table 3). Thus, the large
and partially overlapping summer patches became
smaller and well separated in winter (Fig. 6). If we
assume that such an observed pattern is representative
of the summer and winter conditions, it is likely that
the persistent patches contract from summer to winter
and expand from winter to summer. The difference in
the mean biomass level in the bay would thus be due to
this contraction-expansion process. So, we propose
that the seasonal variability of microphytobenthic bio-
mass distribution follows a 'constant-density model’,
rather than a 'proportional-density model’. According
to the former, a global increase (respective decrease
for the latter) in chl a biomass raises up (respectively
reduces) the size of the patches, without modifying the
level of chl a concentration at their centers. Obviously,
the reverse scheme defines the proportional-density
model (Iles & Sinclair 1982, Gauthiez 1997, Petitgas in
press). From an ecological point of view, this implies

some limitations of the local chl a concentration in the
sediment [upper bound of ca 200 to 300 mg chl a m™?
in the present study, values which are within the range
of the highest population densities reported by Admi-
raal et al. (1982)], which are compensated by spread-
ing processes over surrounding areas. This raises
the question of the processes structuring the spatial
patterns.

Structuring processes

Microphytobenthos biomass distribution is the result
of interacting processes; the most important process,
primary production, accounts directly for biomass
accumulation in the surficial sediment during the
emersion periods. However, intertidal primary produc-
tivity of microphytobenthos is a non-stationary process
strongly influenced by the duration of low tide and
hence inversely related to the bathymetric gradient
(Guarini et al. 1997); this factor cannot account for the



140 Mar Ecol Prog Ser 166: 131-141, 1998

observed spatial distribution in the 2 seasons: there
was no general trend of accumulation of biomass at the
highest levels of the flats, even though this was the
case in the central part of the Oléron Island side of the
bay (Fig. 6). There was instead accumulation around
the patches, which were not necessarily located at the
highest bathymetric levels. As a matter of fact, every
instantaneous sample of sedimentary chl a results from
a balance between source (e.g. production, import)
and sink (e.g. resuspension, grazing) dynamic pro-
cesses, whose control—either by physical or biogeo-
chemical factors—as well as effect vary from one
location to the other within the bay. The available
knowledge does not allow us to identify a dominant
process, if any. However, some guesses may be put
forward, according to environmental characteristics of
each kernel: for instance, kernel 1 was related to the
presence of mussel cultures where biodeposition was
likely to stimulate nutrient cycling, kernel 2 corre-
sponded to a muddier area generally characterized by
higher levels of biomass, kernel 3 was associated with
a site of oyster production which also generated bio-
deposition, kernel 4 was located at the mouth of the
River Seudre and kernel 5 was near the effluent of an
oyster pond area. Kernels 4 and 5 might have taken
advantage of local nutrient inputs. By comparison with
these sheltered areas, the relatively homogeneous
Brouage mudflat is exposed to the predominant north-
westerly winds; it is therefore likely that wind-induced
waves could contribute to disperse benthic microalgae,
thus not allowing an aggregated distribution.

Comparison with other areas

There have been very few studies providing maps of
sedimentary chl a (Lukatelich & McComb 1986, Del-
gado 1989, Burford et al. 1994); none of them have
dealt with the analysis of spatial structures at the scale
of a whole bay and only 2 have performed a winter
versus summer comparison (Lukatelich & McComb
1986, Delgado 1989). This emphasizes that the topic
has been under-investigated so far, and any general-
ization is thus highly speculative. For those aspects
of the spatial distribution which nevertheless may be
compared, it turns out that the proposed description of
seasonal dynamics of microalgae biomass distribution
by a constant-density model has never been reported
previously.

Concerning the more general typological aspect of
the spatial distribution of microphytobenthos biomass,
our findings are in opposition to previous observations
which have established that microalgal biomass ex-
hibits greater values on the highest levels of mudflats
(Brotas et al. 1995). On the other hand, concerning the

relationship between biomass and sediment type, our
results are not necessarily opposite to what is usually
acknowledged: the muddier the sediment, the greater
the biomass (Lukatelich & McComb 1986, Delgado
1989, Burford et al. 1994, Brotas et al. 1995). Indeed,
although the biomass was higher on the Oleron Island
side where the sediment is composed of sandy mud
than in Brouage sector where the mud is very fine, it
was mainly due to the presence of the superimposed
patches, the presence of which was discussed previ-
ously.

Finally, in order to focus attention on the importance
of microphytobenthos in the functioning of the eco-
system, it is worth attempting a rough assessment
of microphytobenthos contribution to microalgal bio-
mass suspended in the water column. It has been
shown in Marennes-Oléron Bay (author's unpubl.
data) that the net in situ growth rate of microphyto-
benthos in spring was about 0.1 d"!in the top 1 cm, and
that almost all the daily produced biomass during
emersion was resuspended during immersion (thus
10% of the biomass in the top 1 cm of the sediment).
According to these conditions, microphytobenthos
would supply about 2 ug chl a 1!, which represents
between 30 and 90% of the total chl a suspended in
the water column, depending on the season. This sug-
gests the high significance of microphytobenthos as a
food source for secondary producers in the Marennes-
Oléron Bay.
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