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Microscale patchiness in microphytobenthos distributions:
evidence for a critical state

Abstract

The two-dimensional microscale (for scales ranging from 5 cm to 1m) distribution
of microphytobenthic biomass is investigated from superficial sediment samples
taken on two intertidal flats characterized by sharp differences in terms of hydrody-
namic exposure, sediment nature and biotic properties. Microphytobenthos biomass
exhibited a very intermittent behaviour at both study sites, with the occurrence of
sharp local fluctuations. The exposed sandy and the muddy flats are nevertheless
respectively dominated by high-density and low-density patches, leading to signifi-
cantly positively and negatively skewed distributions. It is also shown that the patch
patterns exhibit specific power-law behaviours, involving the appearance of a self-
organized critical state. The implications of critical versus subcritical states in micro-
phytobenthos distributions are theoretically investigated on the basis of very simple
numerical models, and a mechanistic explanation for the emergence of criticality in
microphytobenthic populations is introduced.

Introduction

A central issue in ecology is the spatio-temporal organization of community structure
and dynamics (Wiens 1989; Levin et al. 1997). In particular, the goal of spatial
ecology is to determine how space and spatial scales influence population and com-
munity dynamics (Tilman and Kareiva 1997). Theoretical studies have suggested that
biotic properties of individuals and populations interact to produce spatio-temporal
complexity in homogeneous environments (e.g. Deutschman et al. 1993; Bascompte
and Sol¢ 1995). Potentially, environmental complexity interacts with biotic processes
and influences spatial patterns (Roughgarden 1974; Pascual and Caswell 1997). In
addition, theoretical and empirical studies show that the analysis oflarge (i.e. regional)
scale patterns must integrate processes occurring at the small (local) scales (Levin
1992). Biomass and species are thus rarely dispersed uniformly (e.g. Kolasa and
Pickett 1991). Instead patchiness (also referred to as ‘spatial heterogeneity'; Seuront
& Lagadeuc 2001) is the norm, and ecological field studies and environmental moni-
toring programs must be designed accordingly (Green 1979; Hurlbert 1984; Andrew
and Mapstone 1987; Eberhardi and Thomas 1991).
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In intertidal ecology, many studies focused on the interplay between abiotic
processes and biotic community structure at different spatial scales (Archambault
and Bourget 1996; Cusson and Bourget 1997; Guichard and Bourget 1998, 2001;
Blanchard and Bourget 1999). More specifically, microphytobenthic communities
are at the core of benthic primary production and the matter fluxes between ben-
thic and pelagic domains. However, to our knowledge, only a few studies (e.g.
Blanchard 1990; Pinckney and Sanduli 1990) have been devoted to investigate the
distribution of microphytobenthos biomass on scales smaller than 1 m2, i.e. usually
the finest grain considered in landscape ecology (He ef al. 1994) and intertidal
ecology (Maclntyre ef al. 1996; Blanchard and Bourget 1999). Alternatively, none
have been confronted with the crucial question related to the phenomenology of
the organization of microphytobenthic biomass at these scales where the most
ecologically relevant processes of infection, nutrient uptake, cell division and
behavior occur.

In this framework, the objective of the present work is (i) to demonstrate the het-
erogeneous nature of microphytobenthos biomass for scales smaller than 1 m2 (ii) to
quantify this heterogeneity in terms of critical behavior, (iii) to infer the nature of'the
observed behavior on the basis of a simple modeling approach, and (iv) to introduce
a general phenomenological background likely to lead to critical dynamics in micro-
phytobenthos communities.

Materials and methods

Sampling sites

The two study sites, located on the French coast of the Eastern English Channel,
were chosen because of their intrinsic sharp differences in terms of hydrodynamic
exposure, sediment nature and biotic properties. (Figure 1)

The first study site, an intertidal flat ofsand in Wimereux (50°45'896 N, 1°36'364 E)
is typical of the hydrodynamically sandy beach habitats that dominate the littoral
zone along the French coast of the Eastern English Channel. Measurements were
performed on a flat area located in the upper intertidal zone, without sharp topo-
graphical features such as ripple marks, high pinnacles or deep surge channels. The
substrate was homogeneous medium size sand (200-250 pm, modal size), typical of
the surrounding sandy habitat. Because of the substrate homogeneity and the weak
biomass, productivity and production of both phyto- and zoobenthic organisms, the
microphytobenthos biomass distribution is a priori expected to be rather homogene-
ous (Seuront and Spilmont 2002). In addition, due to the highly dynamic environ-
ment, microphytobenthos is expected to be resuspended and surface concentrations at
low tide are low.

The second study site is located in the Bay of Somme, at Le Crotoy (50°13'524 N,
1°36'506 E) which is the second largest estuarine system, after the Seine estuary, and
the largest sandy-muddy (72 km2) intertidal area on the Freeh coasts of the Eastern
English Channel. The sampling site was chosen in a topographically homogeneous
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Figure 1. Location ofthe sampling stations in Wimereux and Le Crotoy on the east coast ofthe Eastern
English Channel.
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area, where the substrate grain size typically varied between 125 and 250 pm (modal
size), and is characterized by higher phyto- and zoobenthos biomass and activity
compared to the Wimereux site. Because of the weak hydrodynamic conditions, the
microphytobenthos biomass is only weakly influenced by resuspension processes and
surface concentraitons at low tide are high.

Micro-sccde sampling

All measurements were performed at low tide, at the middle of the emersion period,
on October 9 and 10, 2003 at Wimereux and Bay of Somme study sites, respectively.
Samples were collected with a rigid Im2 aluminium quadrat constructed from 225,
1.9 cm2plastic cores resulting in an intersample distance of 6.67 cm. The cores were
pushed into the sediment down to a depth of 1 cm, where the majority of the active
cells are concentrated (Cadée and Hegeman 1974; Baillie 1987; Admiraal ef al. 1988;
Delgado 1989; de Jonge and Colijn 1994). This ensures that the observed spatial
structure is not biased by any change in the spatial organisation of the microphytob-
enthos during the sampling process. Samples were then carefully removed, mixed to
5 ml of methanol and stored in a cool box, returned to the laboratory and stored in
the dark at -20 °C.

Chlorophyll content analysis

Standard lab techniques for chlorophyll a extraction from samples is time consum-
ing and not easily compatible with large numbers of samples. A standard procedure
(e.g. Brunet 1994; Seuront and Spilmont 2002) is to place a sediment section in 8 ml
acetone and to extract pigments for 4 hours in the dark at 4°. After extraction, sam-
ples are centrifuged at 4000 rpm for 15 min. Chlorophyll a concentrations (, mg) in
the supernatant are determined by spectrophotometry following the equation given
by Lorenzen (1967). However, processing 225 sediment samples using this proce-
dure would require more than 14 hours for two operators, we proposed hereafter an
improved, faster method for extracting and measuring microphytobenthos biomass
from sediment samples.

The proposed procedure consists of the addition 5 ml of methanol directly to the
sampled sediment sections, and then assaying the extractant in a Turner 450 fluorom-
eter previously calibrated with a pure Chlorophyll a solution (Anacystis nidulans
extract, Sigma Chemicals) after an extraction time as short as 1hour. Chlorophyll a
concentrations in the sediment sections were then converted into Chi.a per surface
unit (Chi.a, mg.m"2) taking into account the surface (1.9 cm2) of the sampling units.
Using a set of homogeneous sediment sections we thus showed (i) that the chloro-
phyll extraction was complete after 1 hour, and remains stable in time (up to 10 days)
when stored in the dark for temperature below 0°C, and (ii) that the chlorophyll con-
centrations were not significantly different from those estimated from the above
standard procedure (p > 0.01). In addition, processing 225 samples now takes no
more than 5 hours to a single operator.
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Self-organized criticality

Defining criticality. The most widespread example of self-organized criticality (SOC)
is a pile of sand to which grains are continually added (Figure 2; Bak ef al. 1987,
1988). Initially when the pile is flat there is little interaction among the different
regions of the pile and adding a single grain will only affect a few other grains
nearby. The system is in a subcritical state (Figure 2). As the pile grows by adding
grains of sand, avalanches of grains spill down the sides such that adding a single
grain can initiate a cascade affecting many other grains. Eventually, the slope of the
pile grows until the ‘angle of repose' is reached. The pile reaches a critical state and
essentially does not get any steeper (Figure 2). Now, if grains are added avalanches
occur with a wide range of sizes. The critical state is defined by a stationary statisti-
cal distribution of avalanches which propagate across all spatial and temporal scales
(only limited by the finite size ofthe pile). Alternatively, the pile could be started in
a supercritical state by forming a vertical cylinder of sand. A supercritical pile is
highly unstable and is expected to collapse down to a critical state as grains are
added (Figure 2). Thus, one can think of the critical state as an attractor for the
dynamics ofthe pile.
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Figure 2. Schematic illustration of the dynamics of the sandpile as the most widespread example of
self-organized criticality (SOC); see text for explanations.
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Self-organized criticality signature. Because ofthe dynamical and structural proper-
ties of self-organized criticality it can be characterized through several scaling laws.
In the case ofthe sand pile, the number of grains n(7) falling a distance / at the same
time step follows the power law form n(l) °c HD, where D is the fractal dimension of
the avalanches. More generally, for a critical system, the distribution of fluctuation
sizes is describes as:

N(s) °c sD (1)

where 5 is the intensity of a given event (e.g. the size of an ‘avalanche' in the sand
pile example) and N(s) the frequency of its occurrence. In practice, to estimate the
fractal dimension D, the system under interest is observed over a period oftime and
the frequency of events of size 5 is recorded. In the sandpile case, the events are ava-
lanches of sand grains, and the size ofan event is the number of grains in a particular
avalanche. A signature of self-organized criticality will be a straight line in a log-log
plot of N(s) vs. 5. The slope of the straight line provides an estimate of the fractal
dimension, D.

Self-organized criticality occurs in systems that build up stress and then release the
stress in intermittent pulses. Indeed, the negative exponent in Eq. (1) leads to many
small events (or fluctuations) punctuated by progressively rarer larger events. This
intermittent behavior can thus be described by a power law stating that the probabil-
ity of events with intensity X greater than a given threshold x as:

Pr(X>x)°cX-" )

where () is the scaling exponent describing the distribution. As above, evidence for
self-organized criticality will be given by the linear behavior of Pr (X > x) vs. X in a
log-log plot, when X is a continuous or a discrete function (e.g. biomass and abun-
dance measurements, respectively). However, because the computations of Egs. (1)
and (2) might not be as straightforward as it appears at first glance, we introduce in
the next section a method that is strictly equivalent to Eq. (2) to identify self-organ-
ized criticality, but also and most importantly to differentiate random and non-ran-
dom structures readily in any data sets.

Identifying self-organized criticality vs. randomness in ecological data. First, one
must note that Eq. (2), also known as the Pareto's law (Pareto 1896), can be equiva-
lently rewritten in terms of the probability density function (PDF) as:

P\X=x] <XT 3)
where y (y =9+ 1) is the slope ofa log-log plot of P/X > x] vs. x. Now following the
Harvard linguistic professor G.K. Zipf (1902-1950), consider the Zipf's law that

states that the frequencys ofthe rthlargest occurrence of an event is inversely pro-
portional to its rank r as (Zipf 1949):
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where a is the slope of the log-log plot offrvs. . Eq. (4) can be generally written
as:

Xrcra 5)

where Xris the ‘weight' of an occurrence of an event relative to its rank ». The con-
cept of ‘weight' is very general and refers without distinction to frequency, length,
surface, volume, mass or concentration. Discrete processes such as linguistic or
genetic structures would nevertheless still require frequency computations, and thus
refer to Eq. (4). Alternatively, Eq. (5) can be thought of as a more practical alterna-
tive that can be directly applied to continuous processes such as microphytobenthos
distributions. From Eq. (5), it can be directly seen that there are kr variables X (where
k is a constant) greater than or equal to 7a. This leads to rewrite Eq. (2) as:

P\X >kra] <r (6)
and
P[X>XrocXl/a (7

From Egs. (3), (5) & (7), the relationship between the exponents a, () and y is
expressed as:

a1

7=1

(8)

As a consequence, the Zipfand Pareto distributions can be regarded as being strictly
equivalent. More specifically, the x-axis ofthe Zipf distribution is conceptually iden-
tical to the y-axis ofthe Pareto distribution (Eqs. 6 & 7). As a consequence, the use
of one or the other distribution is simply a matter of convenience, although we stress
that Zipf's law can be more easily and directly estimated than the Pareto's one.

Because of the one-to-one correspondance between Zipf and Pareto distributions,
for the sake of simplicity, in the next section we will only use the Zipf's law, i.e.
Eq. (5), to infer the presence of a self-organized critical state in microphytobenthos
distributions. From the above statement, self-organized criticality will be identified
by a linear behavior of X vs. r in a log-log plot. Alternatively, a random behavior
steming e.g. from a white noise or a Normal distributions will manisfest itself as a
continuous roll-off from a horizontal line (i.e. a —>0) to a vertical line (i.e. a —>°°).
This is representative ofthe fact that no value is more likely to be more common than
any other value.

To estimate the scaling exponents a, linear regression on the log-transformed data
is preferred to nonlinear regression on the raw data because in the analysis of the
log-transformed data the residual error will be distributed as a quadratic and thus
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minimum error is guaranteed. This is not the case with nonlinear regression (Seuront
and Spilmont 2002). Finally, because an objective criterion is needed for deciding
upon the appropriate range of ranks to include in the regression, we used the ranks
which maximized the coefficient of determination and minimized the total sum of
the residuals in the regression (Seuront and Spilmont 2002).

Results

Descriptive statistics ofmicrophvtobenthos distributions

Microphytobenthos chlorophyll ¢ biomass ranged from 10.1 and 29.0 mg m"2 i.e.
21.78 £ 4.04 mg m"2 (x+SD) in Wimereux and between 42.54 and 113.98 in Fe Cro-
toy, 77.83 £ 10.17 mg m"2 (x+SD). The biomass estimates in Fe Crotoy were in the
range of microphytobenthos biomass taken from biologically rich and active muddy
flats, i.e. bounded between 50 and 200 mg m"2 (Seuront and Spilmont 2002; Carrére
et al. 2004). In contrast, the values observed on the sandy flat in Wimereux are
(1) rather high for a hydrodynamically exposed sandy flat and (ii) significantly higher
than microphytobenthos biomass estimated at the same location, one and two years
earlier, i.e. 10.79 £ 4.15 mg m"2 (25 September 2001,p < 0.05; Seuront and Spilmont
2002) and 2.75 £ 0.88 mg m"2(25 September 2000,p < 0.01; Seuront and Spilmont
2002). This may be a consequence ofthe relative intensity ofthe autumn phytoplank-
ton blooms that occur in the coastal waters ofthe Eastern English Channel as well as
the dominance of diatom species at that period of the year. Indeed, over the same
period, phytoplankton chlorophyll a concentrations were estimated as 13.94 = 2.52 pg
I"lin 2003 (Seuront, unpubl. data), 10.72 + 3.29 pg I"lin 2002 (Leterme and Seuront,
unpubl. data) and 4.22 + 1.12 pg I"l in 2001 (Seuront, unpubl. data) in the shallow
water moving onto or off the investigated sandy flat. In addition, considering that
diatoms dominate the autumn phytoplankton assemblages, it is reasonable to think
that most of the chlorophyll ¢ measured in the sediment comes from phytoplankton
deposition on the sediment at low tide.

More specifically, microphytobenthos biomass exhibited a very intermittent
behavior, with the occurrence of sharp local fluctuations clearly visible at both study
sites (Figure 3). The nature ofthe distributions differed however, with dominance of
‘hotspots' in Wimereux (Figure 3a) samples and ‘coldspots' in the Le Crotoy sam-
ples (Figure 3b). Results of descriptive analysis, including skewness and kurtosis
estimates, specify the previous observations by showing that the 225 microphytob-
enthos biomass estimated from Wimereux and Le Crotoy sampling are not normally
distributed (Kolmogorov-Smimov test,/? < 0.01). Their frequency distribution rather
exhibits positively and negatively skewed behaviors, reflecting a distribution charac-
terized by a few low density patches over a wide range of high density patches in
Wimereux (q, = -0.73) and a few dense patches and a wide range of low density
patches in Le Crotoy (q, = 0.48). Finally, the positive kurtosis (i.e. g2 = 0.14 in
Wimereux and g2 = 1.39 Le Crotoy) show a distribution that is peakier than expected
in the case of normality, especially in the Bay of Somme. The comparisons of the
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Figure 3. Two dimensional distributions ofthe microphytobenthos biomass (mg Chi. a nr2) in Wimereux (A)
and Le Crotoy (B).
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observed distributions and simulated uniform distribution characterized by the same
minimum and maximum values than the empirical data qualitatively confirms the
non-random character ofthe microphytobenthos distribution in Wimereux (Figure 4)
and Le Crotoy (Figure 5). In both cases, the differences between the field distribu-
tions (Figs. 4a & 5a) and uniform, homogeneous distributions, characterized by a
regular alternance between high and low density areas (Figs. 4b & 5b) are clear.

Evidence for a self-organized critical state

The Zipf analysis of two-dimensional microphytobenthos patterns shows that micro-
phytobenthos biomass was not randomly distributed (Figure 6). The Zipf plots show
instead a very clear linear behavior with ¢ = 0.071 (2= 0.98) for concentrations rang-
ing from 24.15 to 28.18 mg m'2in Wimereux (Figure 6a) and with a =0.079 (2= 0.98)
for concentrations ranging from 82.60 to 113.98 mg m'2 in Le Crotoy (Figure 6b).
While the power law behavior expands to the maximum microphytobenthos concentra-
tion in Le Crotoy (Figure 6b), in Wimereux, the Zipfplot clearly diverges from a power
law for concentrations higher than 28.18 mg m'2 (Figure 6a). This indicates that the
probability ofthe occurrence of high density patches is lower than expected in the case
of a power law. On the other hand, for concentrations lower than 24.15 mg m'2 in
Wimereux and 82.60 mg m'2in Le Crotoy, the Zipfplots progressively roll-off towards
the behavior expected in the case of randomness (Figure 6). Now, this indicates that the
probability of the occurrence of low density patches that is lower than expected in the
case of a power law. However, the continuous roll-off towards the lowest concentra-
tions is clearly different in Wimereux (Figure 6a) and Le Crotoy (Figure 6b). This
could be indicative of differential driving processes competing with the pure power law
behavior observed for higher concentrations. In the next section, we present several
potential functional hypotheses likely to reproduce the shapes ofthe Zipfplot observed
in Wimereux and Le Crotoy that may help to corroborate the conjecture that the micro-
scale microphytobenthos distribution is a living system with critical dynamics.

Discussion

Critical versus subcritical states in microphvtobenthos distribution

The fact that microphytobenthos concentrations greater (or smaller) than a given

threshold do not follow the same law as other events indicates that there is something

unique about these events. In particular, the differences observed between microphy-

tobenthos distributions in Wimereux (Figure 6a) and Le Crotoy (Figure 6b) could be

related to differences in grazing pressure likely to occur in these two study sites.
Consider a pure power law relationship ofthe form:

Cr<ra 9)

where Cris the microphytobenthos biomass and r its rank; see Eq. (5). Now consider
a situation where the grazing pressure is assumed to be a random function of food
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Figure 4. Comparison between the two-dimensional distribution of microphytobenthos biomass observed
in Wimereux (A) and a simulated uniform distribution with the same minimum and maximum values (B).

Laurent Seuront and Céline Leterme 177



Figure 5. Comparison between the two-dimensional distribution of microphytobenthos biomass observed
in Le Crotoy (A) and a simulated uniform distribution with the same minimum and maximum values (B).
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Figure 6. Zipf plots of the microphytobenthos biomass in Wimereux (A) and Le Crotoy (B). In both
cases, the black diamonds correspond to the range of microphytobenthos concentrations exhibiting a
power law behavior, i.e. a critical state, and used to estimate the exponent a as the slope ofthe linear fit
maximizing the coefficient of determination and minimizing the total sum of the residuals in the
regression (discontinuous lines). The continuous lines correspond to the Zipf plot obtained from 100
simulated uniform distributions with the same minimum and maximum values than the empirical ones.
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availability. Considering the diversity of microphytobenthos grazers observed in Le
Crotoy (McLusky et al. 1996), their differential grazing rates and abilities, as well as
their differential spatial distribution, the grazing pressure on microphytobenthos bio-
mass is likely to be of a purely stochastic nature. Eq. (9) can then be rewritten as:

Clr=Cr-eCr (10)

where e is a random noise process, i.e. ¢ ¢ [0,1], For increasing amount of noise, the
characteristic ‘noise roll-off occurring for low rank values is more violent and mim-
ics the behavior observed in Wimereux and Le Crotoy (Figure 7). In addition, one
must note here that the fluctuations generated by the noise contamination around a
power law behavior are fully compatible with the irregularities observed over the
scaling ranges identified in Wimereux and Le Crotoy Zipf plots (See Figure 6). The
smoother roll-off observed in Wimereux (Figure 6a) when compared to Le Crotoy
(Figure 6b) thus suggests a lower grazing impact in Wimereux where the meioben-
thic biomass is negligible (Seuront and Spilmont 2002).

The previous approach, however, did not take into account the potential behavioral
adaptation of grazers to varying food concentrations (Johnson et al. 1997). If one
considers that remote sensing abilities can lead to aggregation of grazers and/or pref-
erential grazing in areas of high microphytobenthos concentrations as investigated
both empirically and numerically (e.g. Decho and Fleeger 1988; Montagna ef al.
1995; Johnson et al. 1998), Eq. (9) can be modified as:

Clr = Cr- 10(CA) (11)

where Cis a constant and the ingestion function /((’) = 10(CA) represents an increased
predation impact on higher phytoplankton concentrations. The advantage of the
function /(("',) is that it can be regarded as a representation ofthe aggregation of graz-
ers with constant ingestion rates and/or evenly distributed grazers with increasing
ingestions rates in high density microphytobenthos patches. Decreasing values ofthe
constant & increases the grazing impact on high density patches. The grazed micro-
phytobenthos population then diverges from a power law form for high values of C2n
but asymptotically converges to the original power law for the smallest values of C2n
i.e. C2r @ r'Lfor r — rmin (Figure 8). The divergence from a power law observed in
Wimereux (Figure 6b) could thus be explained by the low microphytobenthos bio-
mass. Indeed, according to the optimal foraging theory (Pyke 1984) grazers living
in food depleted and/or heterogeneous environments develop strategies to exploit
high density patches and then to optimize the energy required to capture a given
amount of food. Grazers living in a low microphytobenthos concentration envrion-
ment (i.e. Wimereux) are thus more likely to graze preferentially on high density
patches than grazers living in a high microphytobenthos concentration environment
(i.e. Le Crotoy). As a consequence, the microphytobenthos communities investi-
gated here can be regarded as being in a critical state when they follow a power
law relationship (Figure 6). Alternatively, below and above a critical biomass in
Wimereux and below a critical biomass Le Crotoy they are in a subcritical state.

180 Microscale patchiness in microphytobenthos distributions: evidence for a critical state



D I-»J

r

Figure 7. Log-log plot signature of the Zipf behavior expected in case of a power law Cr (open
diamonds) competing with a random mortality component (Clr = Cr- eCr), where e = 0.05, 0.25, 0.50
and 0.75 (from top to bottom).

Toward a mechanistic explanation ofSOC in microphytobenthos communities

The decrease in the number of patches above a critical biomass observed in Figure 6
suggests that the development of patches is structured by conflicting constraints. In the
case of the sandpile model, the constraints are gravity which acts to lower the height
ofthe pile and the addition of sand grains which raises the height of the pile. The struc-
ture of the pile thus emerges from the interaction of these forces. While we previously
mainly addressed the constraints likely to lead to a divergence from self-organized
criticality in microphytobenthos distribution, it is crucial to understand that it is actu-
ally the constraints, and their potential effects, acting on the structure and dynamics of
a microphytobenthos assemblage that are responsible for the emergence of a critical
behavior. The microscale distribution of microphytobenthos biomass is thus a function
of exogenous (e.g. tides, hydrodynamism, sediment microtopography, porosity and
cohesivity, competition for nutrient and light, predation) and endogenous processes
(e.g. nutrient uptake, growth, migration, death) that can act to increase and/or decrease
microphytobenthos biomass. A crucial issue is that most of these constrainsts do not
act uniformly over the whole spatial domain. For instance, biomass gains related to cell
division necessarily occur in the vicinity of a microphytbenthos individual Alterna-
tively, biomass losses related to cell death and grazing can occur anywhere and are
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Figure 8. Log-log plot signature of the Zipf behavior expected in case of a power law Cr (open
diamonds) competing with a preferential grazing component for high phytoplankton concentrations
(C2=Cr- 10(C"). The grazed microphytobenthos population diverges from a power law form for high
concentrations, but asymptotically converges to the original power law for the smallest values. The
extent of the observed divergence is controlled by increasing grazing pressure & (from top to bottom).

dependent on both the spatial distribution and foraging abilities of predators, respec-
tively. Growth and death are dependent on nutrient and light availability that, in turn,
is a function of the burying depth of microphytobnthos cells, the density, cohesivity
and the spatial distribution of the sediment and the duration of the emersion. The
microphytobenthos population may also be disturbed by turbulence and shear stress
generated by tidal currents or wind-waves leading to the resuspension of microphytob-
enthos in the water column. One must also note that some contraints do not act uni-
formly in time. For instance, resuspension processes occur during the whole immersion
period and lead to microphytobenthos biomass losses. Conversely, the resettling of
cells occurs at the beginning of the emersion and can be regarded as a crucial event in
the observed patch pattern. These constraints, acting to increase and/or decrease micro-
phytobenthos biomass differentially in time and/or in space, result in a dynamic bal-
ance, or critical state, as in the sand pile model. Although we have shown on the basis
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of simple hypotheses related to predator-prey relationships how a disturbance can cre-
ate a divergence from criticality it still remains unclear how a critical behavior can
emerge. A simple mechanism is nevertheless suggested in the next section.

Interspecific competition is likely to be a driving force in structuring microphytob-
enthos community (e.g. Egge and Aksnes 1992; Sommer 1996; Stal 2001). The most
relevant dynamics would then be observed in the niche space occupied by different
species (MacArthur 1960; Hutchinson 1961; Odum 1971). Competitive pressure
should be high in regions of niche space where species are densely packed, as would
happen when a number of phytoplankton species share the same food source (Siegel
1998; Huisman and Weissing 2000). As in the steep region of the sandpile, avalanches
are more probable, species occupying dense regions of niche space could be subject
to higher extinction probabilities, thus reducing the probability ofhigh density patches.
The loss of species would change the distribution of species in niche space and, in
turn, change the probability of extinction and patches. The system is in a critical state.
In contrast, species occupying sparse regions of the niche space (i.e. areas depleted in
microphytobenthos cells) are subject to weaker competition pressure and extinction
probabilities. The system is in a more stable, or subcritical, state.

Conclusions

We have shown that microphytobenthos biomass sampled at scales ranging from
6.67 cm to 1m in two structurally different intertidal ecosystems was far from homo-
geneous, but instead was strongly structured and exhibited some fingerprints for self-
organized criticality. While the emergence of a self-organized critical state can be
generally thought as being the result of conflicting constraints acting on microphyto-
benthos community, it is still difficult to identify precisely the processes responsible
for the observed patterns. We have nevertheless proposed simple mechanisms likely
(1) to generate a critical state and (ii) to induce a divergence from a critical state.

Finally, we stress that the above demonstrated structure in microphytobenthos dis-
tribution may have salient consequences on microphytobenthos biomass and produc-
tion estimates. As illustrated from a recent literature survey (Seuront and Spilmont
2002) the variability observed from a localized high frequency microscale sampling
strategy can be ofthe same order of magnitude as the seasonal and annual variability
observed in the sediment in a wide variety of intertidal environments. This suggests
that the sampling error might account for much of the variation in biomass at the
seasonal and annual scales, especially when the microphytobenthos is sampled with
relatively few cores as is usually the case, e.g. 6 in Sagan and Thouseau (1998), and
5 in Barranguet and Kromkamp (2000). In such a framework it is indeed doubtful
that a small number of samples can be representative of a microphytobenthos popula-
tion. While to our knowledge no alternative solution exists to unbiased regular bio-
mass estimates, we believe that a proper parameterization of microphytobenthos
microscale variability, as illustrated here in the framework of self-organized critical-
ity, could form the basis of routine procedures devoted to infer variability from a
limited number of samples.
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