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ABSTRACT In the present paper, we list and document the relevant behavioral and physiological pro- 
cesses controlling primary productivity of epipelic microalgae on intertidal mudflats in order to develop 
a simplified model. We first propose, in an attempt to characterize the 'photosynthetically active bio- 
mass' of the epipelic community, a new approach to describe the photic environment at the sediment 
surface, by substituting a discrete 2-layer model in place of continuous vertical light distribution. This 
concept thus allows us to build a functional representation of the distribution of the photosynthetically 
active biomass in the sediment and, by then integrating the light and temperature forcing of the latter 
biomass, to predict the dynamics of the whole epipelic community on short-term time scales. The model 
then clearly reveals an oscillatory behavior of the total biomass at the surface of the sediment, consis- 
tent with field biomass daily measurements performed during a spring-neap tidal cycle. Biomass 
increases occur during the diurnal emersion phase, in alternation with decreases during the submer- 
sion and nocturnal emersion phases; the dynamics of intertidal microphytobenthos is thus controlled by 
the night/day cycle and tidal hydrodynamic forcing, which determines the fast changes in environ- 
mental conditions (light and nutrient availability, temperature) which epipelic microalgae experience. 
The similarity between model simulations and field observations leads us to conclude that the concep- 
tual framework of the model is valid. 
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INTRODUCTION 

Intertidal mudflats are among the most productive 
natural ecosystems in the world (Schelske & Odum 
1962). According to McLusky's (1989) classification of 
shallow embayments and estuaries, the absence of 
macrophytes provides a criterion for distinguishing 
between the 'European' and the 'American' types- 
with much of the primary production being performed 
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by the microalgal assemblage growing on mud in the 
former. This community of microalgae is called the 
'epipelon' in Round's (1971) terminology; in the follow- 
ing, the term 'microphytobenthos' will also be used 
interchangeably with 'epipelon'. 

It is becoming increasingly obvious from recent in- 
vestigations on the topic (Pinckney & Zingmark 1991, 
1993a,b, Blanchard & Cariou-Le Gall 1994, Blanchard et 
al. 1996, Guarini et al. 1997, Vadeboncoeur & Lodge 
1998, Meyercordt & Meyer-Reil1999) that the major reg- 
ulatory processes of intertidal microphytobenthic pro- 
duction act at spatio-temporal scales which greatly differ 

0 Inter-Research 2000 
Resale of full article not permitted 



Mar Ecol Prog Ser 195: 291-303,2000 

from the ones prevailing in the more widespread and 
documented pelagic systems of primary producers 
(Falkowski & Woodhead 1992). However, despite this 
sudden awareness a.nd some interesting attempts to 
explain how intertidal primary productivity proceeds 
(Brown et al. 1972, Pinckney & Zingmark 1991), no 
theoretical scheme has yet been proposed to account for 
the full range of processes involved in this benthic sys- 
tem; there is obviously a lack of conceptual basis which 
hampers the appraisal of the role of intertidal microalgal 
productivity in the functioning of littoral ecosystems. 

Therefore, it is our goal to list and document the rele- 
vant behavioral and physiological processes controlling 
primary productivity on intertidal mudflats, and to pro- 
pose a simplified model which integrates those pro- 
cesses, provides an overview of intertidal epipelic 
primary productivity, and allows prediction of the short- 
term temporal variations of microalgal biomass. The aim 
is clearly not to provide an exhaustive review of the sub- 
ject, but rather to put together the relevant processes 
which allow a consistent conceptual framework to be 
worked out. We further propose a mathematical formu- 
lation of the resulting scheme, and its validation by com- 
paring simulat~ons with field observations. 

We shall support our approach with the results we 
have obtained in Marennes-Oleron Bay (see references 
hereafter), located along the French Atlantic coast; mi- 
crophytobenthos there has been shown to be the only 
primary producer on the intertidal mudflats (Cariou- 
Le Gall & Blanchard 1995), which represent about 60 % 
of the total surface area of the whole bay (170 km2). The 
meteorological conditions are typical of a temperate 
zone climate, with a strong seasonal variability, and the 
tidal range reaches 6 m during spring tides. 

PROCESSES CONTROLLING PRIMARY 
PRODUCTION 

Basically, we shall relate the control of primary pro- 
duction on intertidal mudflats to (1) the variations in 
position and concentration of epipelic microalgae bio- 
mass in surficial sediments, and (2) the combination of 
the seasonal, tidal, and nycthemeral cycles of external 
factors governing photosynthesis. 

The illuminated surface of the sediment and the 
photosynthetically active biomass layer 

Pelagic versus benthic photic zone: the vertical 
scales compression problem 

Intertidal flats are characterized by very fine muds 
which considerably restrict the penetration of light into 

the sediment; the 1 % light level is indeed achieved at 
a depth of only a few hundred microns (Haardt & 

Nielsen 1980, Colijn 1982, Jorgensen & Des Marais 
1986, Krause-Jensen & Sand-Jensen 1998). As most of 
the benthic microalgal biomass occurs below this 
photic zone-high bio~nasses are usually found down 
to a depth of several centimeters due to mixing by 
physical and biological disturbances (Cadee & Hege- 
man 1974, de Jonge & Colijn 1994, Cariou-Le Gall & 
Blanchard 1995)-only a small fraction contributes to 
primary production at a given time. Thus, with regard 
to productivity, the most fundamental issue is to char- 
acterize that fraction, the so-called 'photosynthetically 
active biomass' (PAB). 

To sort this difficulty out, the usual approach-bor- 
rowed from the pelagic scheme-has been to compare 
the respective vertical distributions of light intensity, 
microalgal biomass and photosynthetic activity within 
the sediment (these profiles are assumed to be contin- 
uous). This has been made possible by recent technical 
advancements: scalar irradiance fiber-optic micro- 
probes (Kiihl & Jorgensen 1992, Lassen et al. 1992) for 
light profiles, oxygen microelectrodes (Revsbech & 

Jorgensen 1983, 1986) or fiber-optic oxygen microsen- 
sors (Klimant et al. 1995) for measurement of photo- 
synthesis on vertical microscales, and the use of a 
pulse amplitude fluorometer which allows non-de- 
structive tracing of microalgal biomass between sur- 
face and sub-surface (Ser6dio et al. 1997, Hartig et al. 
1998). Together, these profiles give new insight into 
the processes of primary productivity on microscales. 
However, measurement of microphytobenthic primary 
production is still a complicated task, hampered by 
severe methodological difficulties: first, some discrep- 
ancies between the results provided by the different 
technical devices call for further comparison studies 
(Revsbech et al. 1981, Wolfstein & Hartig 1998); sec- 
ond, point measurements remain difficult to extrapo- 
late. 

However, we believe that the concept of light atten- 
uation in intertidal muddy sediment is poorly suited for 
understanding the dynamics of microphytobenthic 
primary productivity: (1) In very fine muds the thick- 
ness of the photic zone is of the same order of magni- 
tude as the length of the largest algal cells, and light 
attenuation can occur at the scale of a single cell. This 
contrasts sharply with the pelagic biotope, where the 
sizes of phytoplankton cells are several orders of mag- 
nitude less than the compensation depth; (2)  micro- 
topography is important, so that the sediment surface 
is not equally exposed to incident light; (3) the light 
attenuation coefficient in mud is strongly dependent 
on the organic matter and water contents, 2 features 
which are highly vanable in time and space at differ- 
ent scales. 
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It thus turns out that it is practically impossible to 
extrapolate such microscale measurements to meso- 
scale, the latter (several tens of km2) being the relevant 
spatial scale for addressing issues pertaining to the 
functioning of the ecosystem. Hence, in order to ad- 
dress this problem, we propose a simplified conceptual 
scheme; the steep physico-chemical vertical gradients 
are replaced by a discontinuity between a 2-layer envi- 
ronment. This approach may not be valid for sandy 
sediments where the light penetration and the micro- 
algae distribution are different. 

An alternative: the compartmental approach 

We therefore propose the following discrete repre- 
sentation of the photic microenvironment of epipelic 
algae, which first accounts for their most obvious prop- 
erty: their motility (for a review, see Harper 1977), and 
hence their ability to cope with the strong light attenu- 

ation in fine muds by moving towards the surface of 
the sediment. This amounts to consideration of a 'sur- 
face- or S-compartment' of microalgae receiving the 
full amount of incident sunlight. 

In support of this way of looking at the photic envi- 
ronment, i.e. substituting a discrete 2-layer model for a 
continuous vertical light distribution, the application of 
electron microscopy to the analysis of the surficial sed- 
iment microstructure (Gouleau 1976, Paterson & Craw- 
ford 1986, Paterson 1989) has clearly shown that ben- 
thic microalgae concentrate on top of the sediment 
during diurnal low tides in the form of a continuous 
and uniform layer of cells (Fig. l), which can be a 2- or 
3-cell layer (Paterson 1986), under which there are 
only a few microalgae. Thus, such direct observations 
of the discontinuity in the biomass vertical distribution 
supports the idea of a 2-compartment conceptual 
model, the primary production of the microphytoben- 
thic community occurring only in the surface micro- 
algal compartment. 

Fig. 1. Scanning Electron Microscopy for analysing the surficial sediment microstructure on intertidal mudflats and microalgal 
distribution. (a) Vertical profile of microalgal distribution. Microalgae (pennate diatoms) are concentrated on top of the sediment, 
thus constituting a 1- or 2-cell layer There are very few cells underneath in the photic zone of the sediment (the top first 
100 pm). (b) Detail of the vertical profile showing the very thin biofilm of microalgae at the surface. (c) View of the surface of the 
sediment during low tide when covered with benthic microalgae. The biofilm is in the form of a continuous layer of cells at the 

surface. (d) Detail of the biofilm 
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Spring tides (b) Neap tides 

Time 
Fig. 2 Qualitative summary of the environmental synchronizers driving up 
and down the microphytobenthic biomass within the upper layer of the 
Marennes-Oleron intertidal mudflats. Shaded areas represent the night 
periods, and the horizontal thick bars represent high tide. Arrows indicate 
the direction of migration (this is a net movement of the whole community, 

tion a few minutes before the incoming tide 
or at dusk when low tide straddles sunset. 
When they are at the sediment surface, 
microalgae constitute a biofilm (PAB) which 
remains quantitatively constant (Palmer & 
Round 1967). Microalgae thus behave in a 
very predictable way, but the determinism 
of the rhythm (phototaxis, geotaxis, chemo- 
taxis, thermotaxis, thigmotaxis) is not yet 
clearly understood. 

all cell species being confounded) and the solid line represents the quan- First step of model building: mathematical 
tity of biomass at the surface of the sedlrnent. The 2 extreme situations of formulation of between-compartment 
phase shift between the semi-diurnal tide and the diurnal cycle are pre- 
sented. la) Low tide coincides with rniddav; there is onlv 1 comwlete diur- biomass fluxes for the two alternating 

\ , 
nal emersion (a situation which occurs every spring tide in Marennes- 
Oleron Bav). Ib) When hiah tide coincides with m~ddav, there are 2 short 

states of the system 
., ~ . < 

diurnal emersions early in the morning and late in the afternoon. In such a 1, light of developments, we propose 
case, a minimum of 1 h of exposure is necessary for migration to proceed 

in either the uwward or downward direction to schematize and formalize the dynamics 
of microphytobenthic biomass by means of 

When considering biological processes, the filling up 
and emptying of the surface compartment (the biofilm) 
are the result of vertical migration (Aleem 1950, 
Callame & Debyser 1954, Hopkins 1963, Palmer & 
Round 1965, 1967, Round & Palmer 1966, Round 1979, 
Paterson 1986, Serbdio et al. 1997). Indeed, despite 
observed differences related to the behavior of individ- 
ual species and discrepancies among authors about the 
tidal and/or diurnal nature of the rhythm, it is possible 
to emphasize the basic properties of the migratory 
behavior of microalgae (for a schematic representa- 
tion, see Fig. 2). The rhythm is clearly endogenous (i.e. 
it persists under constant laboratory conditions) with 
apparently both a diurnal and a tidal entrainment: 
there is an upward movement of microalgae to the sur- 
face of the sediment a few minutes after the tide 
recedes only during the day, and a downward rnigra- 

a 2-compartment model (Fig. 3). (In all 
mathematical equations, state and forcing variables 
appear in plain text, while parameters and constants 
appear in italics.) Let us first consider a closed system 
(the source and sink terms will be introduced later). 
The upper S-compartment is completely filled with 
microalgae migrating from the lower aphotic B-com- 
partment (the thickness of which is set at 1 cm) at the 
beginning of diurnal emersion periods (Fig. 3a), and 
completely emptied at the end-by remigrating into 
the B-compartment-according to the vertical migra- 
tion rhythm (Fig. 2).  The following ordinary coupled 
differential equations thus describe the exchanges of 
biomass between the surface compartment (S) and the 
aphotic compartment (B) during the diurnal emersion 
periods: 

a) Diurnal emersion b) Submersion with S(t) and B(t) in mg chl a m-2; the parame- 
, . - . . . ter S,,, is the maximum biomass content of 

.~ - -~ -- -. - -  -- . ~-, - the surface biofilm when the sediment is com- 

., pletely covered by algal cells, sampling exper- 

I - 

iments in Marennes-Oleron Bay prov~ded an 
estimate of 25 mg chl a m-' for the S,,, value 
[Guann~ 1998. Table 1). to obtaln thls value, 
we estimated the average number of diatoms 
lassumina it is Navicula) bv countina cells at 

d a ,  d 

the surface of the sediment from a Scanning 
Fig. 3. Diagrammatic representation of the net migratory movement of Electron Microscopy photograph. We found 
epipelic microalgae. (a) During the diurnal emersion, the surface com- about 3,5 cells m,-2i we then multiplied 
partrnent S is filled up with microalgae migrating from the aphotic com- 
partment B; microalgae migrate downwards just prior to night emersion the density b~ the a content of the rs 
or submersion. (b) Microalqae can also be resuspended into the water is the net upward migration rate (Table 11, in 

column during submersion time-'; this was deduced from measurements 
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Table 1 .  Parameter values used in the sirnulations presented in Fig. 4;  sources: Blanchard et al. (1997). Guarini (1998). Guarini 
et  al. (1999). AU parameters were assumed to be constant in space. Details on the computation of the forcing functions E 
(Photosynthetically Available Radiation, PAR) and TM(zO, t) (Mud Surface Temperature, MST) are provided in Guarini et al. (1997) 

Parameter Definition Units 

Parameter values of the P' versus PAR and MST relationship 

Ek Light saturation parameter 100 W m-2 
PEm Maximum photosynthetic capacity in April 11.2 mg C (mg chl a)- '  h-' 
C:chl a Carbon to chlorophyll ratio 45 g g-' 
Tmax Maximum temperature for photosynthesis 38°C 
Top, Optimum temperature for photosynthesis 25°C 
P Shape parameter 2.0, dimensionless 

Parameter values of the slow-fast systems describing microphytobenthos local dynamics 

S,,, Maximum biomass of the photosynthetic biofilm 25 mg chl a m-.' 

rs = rs Net exchange rate of biomass between compartments S and B 1.0 h-' 
ms = mn Net loss rate of biomass during diurnal emersion 0.040 h-' 
PS = PR Idem, during night emersion or submersion 0.065 h-' 

of the migration speed of the benthic diatoms. The 
value that we used is an average value of those re- 
ported by Hay et al. (1993), who measured the migra- 
tion speed of different species of benthic diatoms in 
different environmental conditions. It is worth em- 
phasizing the density-dependence of epipelic primary 
production accounted for by 1-(S/S,,,); this term rep- 
resents the feedback due to space limitation in the sur- 
face 'niche', and hence due to the competition for light 
in the microalgal community. Its functional role shares 
some analogy with the self-shading regulatory process 
of phytoplanktonic production. 

Just prior to submersion and night emersion periods, 
microalgae migrate downwards from compartment 
S to B (the biofilm disappears); the system is then 
described by a second set of differential equations: 

Here rs (time-') denotes the net downward migration 
rate (Table l), and is considered as being equal to the 
upward migration rate (there is no experimental evi- 
dence against such an  assumption). 

Light and temperature forcing of the photosynthetic 
capacity (pB) of PAB 

Relationship between microphytobenthic community 
photosynthetic rate and light 

Microphytobenthic communities generally do not 
exhibit photoinhibition (Burkholder et al. 1965, Cargas 
1971, Rasmussen et al. 1983). Blanchard & Cariou- 

Le Gall (1994) have nevertheless shown that micro- 
algae, isolated from the sediment and experimentally 
maintained at high light levels for 3 h, exhibit photo- 
inhibition. As the same microalgal community does not 
experience photoinhibition in situ after a longer expo- 
sure period, and because photoinhibition is a time- 
dependent process (Neale 1987), they suggested that 
microalgae avoid inhibitory conditions by moving 
downwards within the sediment during exposure 
periods when sunlight is too bright: this tiny vertical 
adjustment thus prevents microalgae from photo- 
inhibiting while still photosynthesizing at  their highest 
rate. This mechanism has been demonstrated recent- 
ly by Kingston (1999) on euglenoids in sandy sedi- 
ments. 

In the absence of photoinhibition, Jassby & Platt's 
(1976) equation has been shown to provide the best fit 
to experimental data: 

According to the terminology of Sakshaug et al. 
(1997), P ~ ( E )  is the photosynthetic rate (my C [mg 
chl a]-' h-') at light level E (pmol m-' S-'). Ek is the light 
saturation constant (pmol m-' S-'); 5 experiments were 
performed between April 1996 and January 1997 in 
Marennes-Oleron Bay (measurements using a photo- 
synthetron, Lewis & Smith 1983), which yielded statis- 
tically identical Ek estimates; the value of 460 pm01 m-2 
S-' (100 W m-') will thus be used hereafter. In contrast, 
the parameter PBm (the maximal photosynthetic rate 
normalised to chl a,  expressed in mg C [mg chl a]- '  h-') 
exhibits variations at time scales similar to the ones of 
mud surface temperature (Blanchard et al. 1996, 1997; 
see below). 
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Modelling the dependence of pBm upon seasonal 
and hourly temperature variations 

During diurnal emersion periods, when microalgae 
are at the surface of the mud (PAB in compartment S), 
the mud surface temperature (MST) exhibits large 
(rlO°C) and rapid (ca 3°C h-') changes (Harrison 1985, 
Harrison & Phizacklea 1987). PAB thus undergoes the 
same variations, which strongly influences photosyn- 
thetic activity; Blanchard & Guarini (1996) have shown 
indeed that MST forces the photosynthetic capacity 
(pB,), especially during low tide. 

Therefore, Guarini et al. (1997) modelled the dynam- 
ics of MST of intertidal flats in order to investigate the 
spatio-temporal fluctuations of the photosynthetic ca- 
pacity. Basically, the temporal evolution of mud temper- 
ature at depth z and time t, T,(z, t), is governed by the 
first law of thermodynamics with isobaric transformation: 

where p~ is the mass of mud per unit of volume 
(kg m-3); C,, is the specific heat capacity of mud at 
constant pressure (J kg-' K-'); and AM is the conductiv- 
ity (W m-' K-'). TM(z,t) is the instantaneous vertical 
profile of mud temperature (K),  whose variations are 
forced by the alternating boundary condition at the 
mud surface (i.e. at z = zo): 

Rs + Rarm - RM - S,Mud+Air - VM du"ng emersion 

S~ud+  ~ a l e r  dunng submersion 

The right-hand terms are the components of the 
Heat Energy Balance, i.e. the fluxes (W m-2) of radia- 
tion coming from the sun (Rs), from the atmosphere 
(RAm, infrared radiation), from the receiving surface 
(RM), the sensible heat fluxes by conduction due to 
the temperature differences between mud and air 
(SM,ud+hr) or between mud and water and 
the flux of evaporation (qv) depending on the mud 
water content. Spatialization of the local equation is 
thus provided by an hydrodynamic model which calcu- 
lates the total water height variations over the inter- 
tidal area (Le Hir et al. 1993). A detailed presentation 
of parameterization and validation of the MST model 
has been given by Guarini et al. (1997). 

The coupling between MST and pBm dynamics is 
then made possible by means of the following equa- 
tion, whose parameters have been experimentally 
determined at the same temporal scale of variation as 
that of MST (Blanchard et al. 1996, 1997): 

where TbI(~u ,  t) denotes the computed MST; P', (mg C 
mg-' chl a h-') is the maximum value of PE, (T) at the 
optimum temperature, TV, ( 'C); T,,, ("C) is the lethal 
temperature at which PBm(T) decreases to 0; P is a 
dimensionless shape parameter. Blanchard et al. 
(3.997) have shown that the values of the parameters 
Top,, T,,,, and 0 remain constant the whole year round, 
respectively 25"C, 38"C, and 2; on the other hand, the 
superscript S of the fourth parameter PS, indicates 
the seasonal variability of the maximum value of the 
photosynthetic capacity. The model therefore allows 
both short- (alternating emersion/submersion periods), 
medium- (lunar cycles) and long-term (between sea- 
sons) MST variations to be taken into account. 

In addition, the existence of an endogenous rhythm 
of the photosynthetic activity of epipelic algae has 
been demonstrated by Brown et al. (1972): when iso- 
lated from the sediment and maintained in the labora- 
tory under constant light and temperature conditions, 
microalgae exhibit temporal changes of their photo- 
synthetic activity in accordance with a tidal rhythm 
superimposed on a diurnal rhythm. The authors further 
concluded that this rhythmicity was in phase with that 
of the vertical migration. It is likely that the variation of 
the mud surface temperature entrains this endogenous 
rhythm because it exhibits a similar rhythmicity. 

Potentially photosynthetically active biomass 
(PPAB) in the B-compartment 

According to our model, intertidal benthic primary 
production is solely due to the photosynthetic activity of 
the biofilm of microalgae which covers the surface of 
the sediment: production is performed by PAB in com- 
partment S, i.e. by a small fraction of the total biomass 
'diluted' in the top first centimeters. But what is then the 
photosynthetic potential of the biomass in the underly- 
ing aphotic sediment referred to as compartment B? 

Blanchard & Cariou-Le Gall (1994) have shown on 
an intertidal mudflat that the photosynthetic capac- 
ity-i.e. the photosynthetic rate at light saturation 
under nutrient sufficiency and at constant tempera- 
ture-was the same at a depth of 5 mm, a completely 
aphotic environment, as at the surface; they concluded 
that the homogeneity of the photosynthetic response 
was due to the mixing of at least the top 5 mm of the 
sediment by physical and/or biological processes. In 
a subtidal environment, MacIntyre & Cullen (1995) 
found similar results; they observed a physically mixed 
layer in the underlying 8 to 15 mm. Wasmund (1989) 
showed that microalgae from the aphotic zone of the 
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sediment (down to a depth of about 2 to 3 cm) were 
alive, retained their photosynthetic capability and im- 
mediately resumed their photosynthetic activity when 
exposed to light. Although intertidal microphytoben- 
thos migrates vertically, this process is not likely to 
be entirely responsible for the observed similarity of 
the photosynthetic potential between the photic and 
aphotic layers; Hay et al. (1993) indeed measured the 
migration speed of diatoms and they concluded that 
benthic diatoms do not move more than 2 to 3 mm dur- 
ing the course of an  emersion or submersion period. 
Therefore, vertical migration cannot completely ex- 
plain the presence of potentially photosynthetically 
active cells at a depth of 1 cm. 

We infer therefore from these different observations 
that the epipelic biomass in the first centimeter of the 
sediment (i.e, compartment B, the thickness of which is 
the usual reference for measuring the biomass; see Col- 
ijn & de Jonge 1984) exhibits the same physiological 
characteristics (particularly the same PBm) as the PAB. 
We thus define the content of the B-compartment as the 
PPAB. Therefore, the only difference between PAB and 
PPAB is that the former actually photosynthesizes be- 
cause of light availability, whereas the latter does not. 

As a result, any exchange of cells between both com- 
partments S and B during the emersion periods will not 
affect their photosynthetic characteristics: this is a nec- 
essary condition for the consistency of our model (see 
below). Cells retain their photosynthetic capability 
while in compartment B during submersions and night 
emersions, and immediately resume their activity 
when they migrate back to compartment S. 

MODEL OF BENTHIC INTERTIDAL PRIMARY 
PRODUCTION 

Model equations and parameters 

Second step of model building: definition of 
sources and sinks of biomass 

Let us now consider an  open system model, including 
the vertical migration scheme previously described, 
and also the gain/loss processes; light and temperature 
forcings at the surface of the sediment are prov~ded by 
the thermodynamic model summarized above. We now 
describe the dynamics of interacting compartments S 
and B during diurnal emersion periods as: 

Besides the previously defined parameters, rB and 
S,,,, we introduce PB,  the production rate of S; there- 
fore, the product p B S  is the source term of new bio- 
mass. pB is simply P B  converted by using an  estimated 
C:chl a ratio of 45 (Guarini 1998); this constant value 
was retained because of the lack of complementary 
measurements allowing us to quantify the likely vari- 
ability of the C:chl a ratio. We thus emphasize that 
the shorthand notation p' stands for pB[E,  T, ,(z0,t)] ,  
where: 

pBIE,Tbl (zo,  t)] = (C:chl a) X PBm[TM (zo, t)] X tanh(E/E,) 

(8) 

This latter formula highlighting explicitly how PAR 
and MST 'forces' the modelled system; m, and mB are 
the net biomass loss rates (time-') in S- and B-com- 
partments, respectively (i.e. their products with the 
state variables give the sink terms). Since these loss 
processes are poorly known, they are considered as 
linear functions of microphytobenthic biomass of each 
compartment. The term p'S(S/S,,,) in compartment B 
is not a production term sensu stncto, but a transfer 
term: it is equal to instantaneous production when S = 

S,,,y, and it is equal to 0 when compartment S is empty 
(S = 0) .  

During submersion and night emersion periods, the 
dynamics is: 

where ps and p, are the net global loss rates (time-') 
of biomass S and B, respectively. It is worth empha- 
sizing the composite significance of these p rates, 
which encompass distinct underlying processes: bio- 
logical ones (natural mortality, grazing by rneio- and 
macrofauna), and also physical ones (net losses in the 
balance of sedimentation/resuspension of microal- 
gae).  More generally, the parcimonious formulation 
of the sinks of sedimentary chl a biomass (relying 
upon first-order decay at constant m or p rates) is a 
consequence of the lack of knowledge which would 
have been necessary for the definition of a more 
detailed model. 

The values of the parameters are given in Table 1; 
in accordance with the gaps just mentioned, we have 
made the symplifying assumption m, = mB = m and 
p, = p, = p. Furthermore, a first-order sensitivity 
analysis has been performed (Guarini et al. 1999), 
which revealed the model sensitivity to the S,,, bio- 
mass value and to the photosynthetic rate, and to 
a much lesser extent to the poorly known m and p 
parameters. 
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Dynamical behaviour of the system/ 
practical consequences for model validation 

In our model, the dynamics of intertidal microphyto- 
benthos is thus mainly controlled by the hydrodynamic 
forcing, which determines the sequence of the 2 alter- 
nate environmental states (diurnal emersion, submer- 
sion or night emersion). Guarini (1998) and Guarini et 
al. (1999) have analysed the mathematical properties 
of the 2 associated slow-fast systems, and have shown 
that the whole model solutions rapidly converge to- 
wards a stable cyclic equilibrium (see phase portrait, 
Fig 4). Basically, they pointed out that the net migra- 
tion rates r a r e  1 or 2 orders of magnitude greater than 

initial A 

conditions 

(So. Bn+Sn) '2 I 

stable P- 

equili- 
brium I 

Fig. 4 .  Phase diagram show~ng microphytobenthic biomass 
trajectory in the (S, B+S)  plane, i.e. simultaneous change of 
total biomass B+S in the topmost cm of the mud versus bio- 
mass in the S-compartment. Starting from arbitrary initial 
conditions (So 2 0, B, 5 01, with B. 2 S,,,, the system rapidly 
converges to a stable cyclic equilibrium Therefore, a quali.ta- 
tive assessment of the validity of the model must rely upon a 
sampling scheme aiming at checking (1) the global stationar- 

of chl a biomass at the time scale of ca 2 wk, and (2) the 
existence of h i g h ~ r  frequency (daily) oscillations around the 
stable trend. According to the mathematical properties of this 
slow-fast system, it is then necessary to sample the sedimen- 
tary chl a biomass at the end of each slow phase, i.e. at the 
beginning and at the end of each complete diurnal emersi.on 
period. Otherwise, one could erroneously infer short-term 
biomass stability by observing the system at midpoints of each 
slow phase (roughly speaking, the slow phase corresponds 
here to the sections of biomass trajectory along the vertical 
axes S = 0 and S = S,,,; S is the fast variable). The vertical 
arrows indicate the direction of biomass trajectories during 

the slow phase 

the photosynthetic production rate p', the latter being 
itself 1 order of magnitude greater than the net bio- 
mass loss rates m and p. It is therefore possible to 
define a 'slow vanable', B+S (Fig. 4 ,  ordinate), which 
depends only on the lowest rates m, p, and pB, and a 
'fast variable', S (Fig. 4, abscissa), whose dynamics is 
mainly controlled by the highest rates r. The decou- 
pling of time scales then allows analytical stepwise 
time integrations. 

In a more descriptive way, an active upwards migra- 
tion quickly transfers biomass from B to S at the begin- 
ning of the diurnal emersion period, until the maxi- 
mum S-biomass S,,, of the biofilm is reached; this 
results in a quasi-instantaneous decrease of B. Then 
the photosynthetically produced biomass in S during 
diurnal emersion is continuously transferred to B, 
which results in a slow increase of B. At the beginning 
of submersion periods, the S-biomass is entirely and 
rapidly transferred to B (the biofilm S is quasi-instanta- 
neously emptied); this results in a sudden increase of 
biomass in B, which decreases slotvly thereafter during 
submersion due to biological (grazing, physiological 
mortality) and physical (resuspension) loss processes. 

Let D be the diurnal emersion period, and N be night 
emersion and submersion periods; furthermore, let TD 
and TN be the respective durations of the D and Nperi- 
ods. For the sake of clarity. Fig. 4 illustrates the ele- 
mentary theoretical case where TD = TN (i.e. nycthe- 
meral and semi-diurnal tidal cycles opposite in 
phases), with pB = constant. It is then straightforward 
to derive an analytical formulation of the amplitude of 
biomass oscillations at equilibrium. A slightly more 
complicated result is obtained for the realistic case 
where p B  is light and temperature dependent, and thus 
time varying, and where there is a continuous phase 
shift between nycthemeral and tidal cycles, i.e. when 
TD and TN vary according to a springheap tidal cycle 
of 14.6 d. In this latter case, we have also shown that 
the system exhibits a stable cyclic equilibrium (see 
Guanni et al. 1999). 

From a sampling strategy standpoint, these dynamic 
properties of the system imply that the series of oscilla- 
tions (short-term dynamics) can be pointed out only by 
observing the microphytobenthic community at the 
end of each slow phase to detect the lowest and high- 
est value of the biomass (see Fig. 4 ) .  This practically 
amounts to measuring epipelic biomass at the begin- 
ning and at the end of each diurnal emersion period 
(see Fig. 5 below, left-hand panels). In contrast, if bio- 
mass was sampled at low tide slack-as is often the 
case in studies pertaining to intertidal epipelon- 
one would get an intermediate value of biomass, stable 
from day to day, thus giving the false impression that 
epipelic biomass does not change on short-term time 
scales. 
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OBSERVED Chl a EPIPELIC BIOM ASS SIMULATED Chl a BIOMASS 

Abscissa scales: time in hours, from 7 to 20 April 1997 

Fig. 5. Compar~son of field data (left-hand panels: D, chl a concentration at the beginn~ng of emersion periods. m ,  chl a concen- 
tration at the end of emersion penods) with model results (nght-hand panel): observed versus simulated time series of microphy- 
tobenthic biomass (chl a,  mg m-2) durlng a spring-neap tide cycle of 14.6 d (abscissa scale in hours, with 24 h time intervals indi- 
cated by vertical dotted lines). Results shown here are typ~cal of the environmental (temperature, photoperiod) and 
'physiologlcal' (maximum photosynthetic capacity value) conditions prevailing in April in Marennes-OIeon Bay. Left-hand pan- 
els: results of the microphytobenthic biomass measurements performed in the topmost centirneter of the sediment. The 2 sam- 
pling sites are located near the middle topographic level of the mudflat; their average emersion durations are 6 (top left) and 
4 (bottom left) h per tidal semi-diurnal cyle respectively. Triplicate in situ biomass samples were collected at low tide, at the 
beginning (U) and at the end (D) of each complete diurnal emersion period; average biomasses per triplicate are joined by the solid 
lines The missing values (no sampling) in the time-series correspond to neap tides, when emersion occurs only partially during 
the day (see Fig. 2) .  Right-hand panel: model results (computed B+S  biomasses in mg chl a m-'); the microphytobenthos dynam- 
ics are simulated at 3 topographic levels of the mudflat. The upper 2 curves show the temporal evolution of B + S  In the upper 
reaches of the flat (Curve l ) ,  and also at intermediate topographic levels (Curve 2) .  In order to compare wlth f~eld data, notice 
that the topographic levels of the 2 sampling sites define a narrower range within the one corresponding to Curves 1 and 2. Curve 
3 describes biomass variations in the lower area of the flat, which remains submerged during neap t~des,  accordingly, B + S  
decreases regularly over about 6 d. All 3 curves display the dynamic equhbrium of the system (cf. Fig. 4) after decay of transients 

Model results and comparison with field data 

Simulations of microphytobenthic biomass during a 
spring-neap tide cycle (here, in the case of semi-diur- 
nal tide occurring in April in Marennes-OlBron Bay 
along the French Atlantic coast) at different bathymet- 
ric levels of the mudflat (i.e. different emersion dura- 
tions) are presented in Fig. 5. Apart from the fact that 
the bathymetric level has an obvious influence on the 
simulated biomass, the most striking feature is the 
oscillatory behavior of the biomass dynamics around a 
globally stable average biomass value at a 2 wk time 
scale. These oscillations depict the successive in- 
creases of biomass during diurnal emersions and de- 

creases during the other periods. The amplitude of 
variation is highest during spring tides and diminishes 
towards neap tides because of shorter emersion peri- 
ods; actually, there are 2 diurnal emersions during 
neap tides, and hence 2 smaller daily oscillations 
(clearly apparent on Curves 1 and 2, right-hand panel 
Fig. 5). Besides, the average biomass is relatively sta- 
ble at high levels on the mudflat, whereas it tends to 
increase during spring tides and to decrease during 
neap tides at mid-levels. The latter spring-neap tide 
trend is more pronounced at the lowest levels on the 
mudflat (see Curve 3, right-hand panel Fig. 5); indeed, 
the decrease in average biomass during neap tide is 
particularly sharp because the water column turbidity 
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prevents light from attaining the sediment surface for 
several days. 

To attempt to validate the model, Blanchard et al. 
(1998) performed a field study which aimed at testing 
the main prediction of the oscillatory dynamics of the 
biomass. They measured epipelic biomass at the be- 
ginning and at the end of each complete diurnal emer- 
sion period over 14 d (a lunar cycle in Apnl) at 2 sites in 
the mid-level of a mudflat: despite both technical diffi- 
culties in sampling and local variability due to patchi- 
ness, they did observe a series of oscillations of the 
same amplitude as the one computed in the simula- 
tions (ca 15 % of the biomass in the first cm of the sedi- 
ment, see Fig. 5, left-hand panels). Furthermore, they 
have shown that these short-term oscillations are sta- 
tistically significant. Therefore, because of the occur- 
rence of these 2 fundamental predicted features, they 
concluded that the conceptual frame of the model was 
valid. 

Other simulations (not shown here) have been per- 
formed under different environmental conditions, tak- 
ing the seasonal variability of PS,,, into account. In par- 
ticular, the model reproduces the microphytobenthic 
biomass summer depletion (see Guarini 1998). In every 
case, however, simulated biomasses exhibit a spatial 
structure governed by the topography of the mudflat, a 
feature which has not been observed when sampling 
epipelic chl a over the 110 km2 of the whole Marennes- 
Oleron Bay intertidal area (Guarini et al. 1998). This 
discrepancy, partly attributable to the assumed con- 
stancy of the biomass loss rate terms (an obviously 
oversimplifying assumption), is discussed hereafter. 

Towards further improvements in biomass 
control modelling 

A more realist~c formulation of nutrient limitation? 

The model that we propose is based on the assump- 
tion that nutrient limitation is not a 'dominant' regula- 
tory process; however, because a dense biofilm (i.e. 
compartment S) forms at the surface during diurnal 
emersions, the nutrient pool in the topmost layer of the 
sediment interface can be exhausted very quickly, and 
hence the diffusion rate of nutrients from below might 
be limiting (Admiraal 1984). If this occurs, the implicit 
hypothesis concerning nutrient availability in our 
model turns out to be somewhat contradictory with the 
production scheme, i.e. coupled nutrient uptake and 
production in compartment S during diurnal emersion 
periods. 

Therefore, we cannot directly link production to the 
immediate nutrient availability in the surrounding 
medium; it would be rather more appropriate to 

account for an uncoupling of nutrient uptake and car- 
bohydrate production. So, we could thus define a pro- 
duction system which is not dependent upon the exter- 
nal nutrient concentration-globally abundant, but 
locally unavailable-but upon an intracellular com- 
partment (i.e. reserves). This would imply the intro- 
duction into the model of 2 new state variables (Qs and 
QB) representing the intracellular nutrient pools in S 
and B, respectively, for instance according to Droop's 
(1974) formulation. Nutrient assimilation occurs in 
compartment B during submersion and emersion peri- 
ods; nutrients are metabolized in compartment S dur- 
ing emersions only. Tentative simulations (not shown 
here) have been realized with intracellular quota val- 
ues gathered from the literature (Guarini 1998). When 
compared with previous results, th.e main change is a 
strong attenuation of the dependence of biomass spa- 
tial structures upon the mudflat topography, and the 
disappearance of the model tendency to overestimate 
biomasses in the higher levels of the intertidal zone. 

Coupling with physical processes at the mud-water 
interface 

This topic has not been explored in the present 
article; it is nevertheless a very promising area of 
progress in the understanding of the ecological role of 
microphytobenthos in coastal food webs. The observed 
time series presented on Fig. 5 show that, despite high 
productivity, epipelic biomass remains approximately 
stationary at the 2 wk time scale. With the exception 
of natural mortality and local grazing, the most likely 
explanation lies with the resuspension and transport 
processes; it is possible to account for the latter with an 
advection/dispersion model. However, the former pro- 
cesses, acting in the boundary layer, are not yet fully 
understood and require further investigations. 

CONCLUSION 

The aim of this work was to build a coherent rep- 
resentation of the intertidal microalgal primary pro- 
duction system by integrating the present knowledge 
available in recent literature. This knowledge has 
however accumulated at a slow rate so that it is far 
behind the state-of-the-art in the understanding of 
pelagic primary production processes. Numerous 
technical reasons may account to some extent for this 
relatively slower development: sampling (or in situ 
studying) of benthos is indeed much more time con- 
suming and problematic than sampling of plankton. 
As a matter of fact, there are far fewer benthic 
models, and those that exist contain 'black boxes' 
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which reveal the need for comprehensive results 
about many topics. 

In this respect, we propose some new guidelines for 
the elaboration of a modelling strategy of microphyto- 
benthic production, particularly in the intertidal areas. 
We emphasize that our approach does not rely upon an 
adaptation of the concepts and methods suited for 
pelagic primary production modelling, but on new 
concepts. Indeed, epipelic intertidal microalgae per- 
manently undergo fast changes from a n  air-sediment 
interface to a water-sediment interface, and vice versa; 
thus, the physical forcings on microphytobenthic pro- 
ductivity do not operate at  the same time scales as in 
the pelagic biotope. Furthermore, abiotic factors act in 
conjunction with active displacements of epipelic 
microalgae: for instance, the biomass increase during 
emersion periods is, firstly, due  to the migration of 
microalgae at the surface of the sediment to form a 
dense biofilm and, secondly, due  to the hourly light 
and temperature forcings of the photosynthetic capac- 
ity of this biofilm. 

We have thus pointed out 3 basic features of 
the microphytobenthic production system: (1) benthic 
microalgae exhibit a migratory behavior towards light, 
(2) the light micro-environment at the surface of the 
sediment may be likened to a discrete 2-compartment 
model (the surface compartment being saturated with 
biomass), and (3) because of its high frequency-high 
amplitude variations in mud, temperature is a promi- 
nent factor in controlling the dynamics of benthic pn-  
mary production. 

Finally, we consider this model a s  a basis for descnb- 
ing the dynamics of intertidal microphytobenthos; it 
undoubtedly contributes to lessening the gap  which 
separates the level of conceptualization of benthic sys- 
tems, on the one hand, and pelagic systems, on the 
other hand. However, it clearly calls for further devel- 
opments: experimental work needs to be conducted in 
order to elucidate the use of the nutrient pool by 
epipelic microalgae, and to explore the possibility of a 
nutrient limitation. But also, the global loss rates of our 
model have to be split into grazing and resuspension 
(formulation of this latter process depends upon pro- 
cesses of sedimentary dynamics at the mud-water 
interface), particularly with the perspective of assess- 
ing the role of rnicrophytobenthos in the matter budget 
of a coastal ecosystem. 
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