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ABSTRACT: Food web modelling is an ideal way to describe ecosystems, because it accounts for the
totality of the relationships between its various components. One difficulty of such an approach, however, lies in the lack of data and information about some ecological relationships, resulting in underdefined systems. Inverse analysis can serve to complete steady-state food webs where the number of
direct flow measurements is insufficient relative to the actual number of flows. We applied this
method to the intertidal mudflat ecosystem of Brouage (eastern Marennes-Oléron Bay, SW France)
and estimated the annual average carbon flows between the compartments of a coupled benthic and
pelagic trophic food web from primary producers (microphytobenthos and phytoplankton) to top
predators (fish and birds). The resulting network was very sensitive to the primary production of the
microphytobenthos which was the most important flow in the system. Sensitivity analyses demonstrated the need for additional data on the nekton, pelagic protozoa, and bacterial compartments. The
resulting network showed high bacterial activity, but indices resulting from network analysis showed
low cycling in comparison with other ecosystems. The meiofauna had a small biomass, but constituted a very active compartment compared to the macrofauna. Bird production was limited by macrofaunal production. Macrofaunal production reached the maximum allowed by the analysis. The intertidal mudflat ecosystem at Brouage is dominated by benthic production (including benthic primary
producers, secondary producers, and predators) with an input of phytoplankton primary production.
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Marennes-Oléron Bay (MOB) is situated between
the French Atlantic mainland and Oléron Island. It is
the most important site for oyster production in Europe
(Goulletquer & Héral 1996) and it harbors a variety of
other commercial activities, including fisheries and
tourism. MOB is a macrotidal system, with a tidal

range of 6 m during spring tides. It is influenced by
continental inputs, mainly from the rivers Charente
(Ravail et al. 1988, Soletchnik et al. 1998) and Gironde
(Dechambenoy et al. 1977). A sector of MOB constitutes a bird reserve that has become since 1995 the
major French landing site for shorebirds, with 45 000 to
65 000 birds in winter, and maybe 200 000 ind. yr–1
(Deceunink 1997, Deceunink & Maheo 1998; see also
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Low water ma

www.lpo-birdlife.asso.fr/etudes/wetlands/biblio.
htm). According to Héral et al. (1989), the maximum carrying capacity of MOB (corresponding to an oyster production of 42 500 t yr–1) has
Marennes-Ol ron
been attained; a shellfish culture has reached
Bay
its carrying capacity when total bivalve biomass ceases to increase (Odum 1983 in Dame
& Prins 1998).
Oyster farms
In the past, most ecological studies focussed
on the oysters in MOB (Héral et al. 1989). Since
the emergence of ecosystem management concepts such as sustainable development and
nature conservation, research in the Bay has
Ridges and runnels
been extended to consider the entire ecosystem. The Brouage mudflat is situated on the
eastern part of the bay along the mainland
Intertidal zone
shore (Fig. 1). It is an important experimental
site due to its exceptional morpho-sedimentological features (Bassoullet et al. 2000) and
high primary productivity (Guarini et al. 1998),
Brouage Mudflat
and it has become the best-studied mudflat of
Figure 1
MOB. Pelagic and benthic habitats interact
through physical processes such as sedimentaFig. 1. Marennes-Oléron Basin on the French Atlantic Coast. Dotted
tion and resuspension which influence the
line indicates Brouage mudflat. The study site includes areas of shell
behaviour of the organisms (Blanchard et al.
fish culture (map: P. Richard)
1998) and the trophic relationships between
benthic and pelagic fauna. Nearly all the comcompartments and we normalized calculated values to
ponents of the Brouage ecosystem have been studied
unit benthic surface area. Interpretation of the comand, while not all of the communities have been forplex trophic network calculated by inverse analysis is
mally described at the ecosystem level, usable inbased on techniques from network analysis and uses
formation exists on most of the benthic and pelagic
indices as defined in Ulanowicz (1986, 1997).
communities. However, no synthesis has been made
between them to date, and there is no overall description of ecosystem functioning.
MATERIALS AND METHODS
An ideal way to describe such an ecosystem is by
simulating its trophic network to create an overview of
Study site. The eastern part of MOB is divided into
its functioning. The functioning of an ecosystem can be
2 large intertidal sectors. the southern one is the
investigated with the help of dynamic models (which
Brouage mudflat (Fig. 1) characterised by a gradual
are often limited by the need for a priori knowledge
slope (1:1000) and a very large tidal area covered with
and by mathematical problems in solving large sysprominent surface structures described as ‘ridges and
tems of differential equations) and of static models
runnels’ (Gouleau et al. 2000). Current speeds in the
(which have the disadvantage of ignoring fluctuations
bay vary from 0.2 to 0.6 m s–1 (Bassoullet et al. 2000, Le
over time). The technique of inverse analysis used in
this study is designed to compensate for insufficiency
Hir et al. 2000). Residual currents from river inputs
of data on the ecosystem (Mercier 1986, Vézina & Platt
flow from north to south in the bay (Bacher 1989).
1988, Vézina & Pace 1994). It estimates unknown flows
Data and parameters. Results of local studies on the
by assuming a steady state, and it incorporates various
Brouage mudflat or the MOB were used whenever
data such as measured flows, physiological rates and
available. When no data were available, values from
biomasses into the model.
similar ecosystems (e.g. Wadden Sea and English
We studied the average annual state of the Brouage
Channel) were used as estimates. The compartments,
intertidal mudflat ecosystem assuming that the system
associated data, and parameters of the model are comis in a steady state (i.e. there is no organic matter accupiled in Tables 1 to 4.
mulation or loss in any compartment) using the inverse
Primary production: Microphytobenthic production
analysis method. To facilitate comparisons with other
rates were estimated on the basis of both experiments
sites, we chose carbon as the unit of exchange between
and models (Blanchard et al. 1997, Guarini et al. 1999).
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During daytime emersion periods the microalgae
migrate to the surface of the sediment and only this
surface biofilm is responsible for the primary production (Guarini et al. 1999). The seasonal rate Pmax (net
production) used in the model (Table 2, Eq. 17) was
measured on site (Blanchard et al. 1997). Between 30
and 70% of the biofilm biomass (137 to 319 g C m–2 yr–1;
Guarini pers. comm.) is resuspended during high tide,
and the remainder sinks back into the sediment (Guarini et al. 2000) (Table 3, inequalities [Ineqs.] 1 & 2).
In the water column, the average chl a concentration
is equivalent to 0.66 mg C l–1 (Sautour & Castel 1993a,
1998). Turbidity is high in MOB, so light penetration is
reduced and phytoplankton production quickly decreases with increasing depth (Cloern 1987, Haney &

Jackson 1996). However, low levels of light penetration do not preclude photosynthesis in the water column (Joint & Pomroy 1981, 1993, Fichez et al. 1992,
Shaw & Purdie 2001). The net primary production was
forced on the basis of values from the English Channel
where the production/biomass rate (P/B) ranges from
30 to 40 yr–1 (Ménesguen & Hoch 1997; see Table 3,
Ineqs. 3 & 4). We assumed that 5 to 30% of the net primary production is lost to respiration (Vézina & Platt
1988; see Table 3, Ineqs. 5 to 8).
Benthic and pelagic bacteria: Garet (1996) estimated
that the carbon biomass of benthic bacteria was 51% of
the microphytobenthic biomass, and that it remained
constant during the year. Benthic bacterial production
varied from 41 to 51 yr–1 (Table 3, Ineq. 14 & 15). Res-

Table 1. Compartments of the Brouage food web. Biomass values were measured outside of the oyster farms, except for data on
the ‘cultivated oysters’ compartment. Biomass data taken from other ecosystems are in parentheses; nd: not determined
Compartment

Abbr.

Description

Terrestrial
Birds

pbd

Shorebirds + common shelducks

bco
bph
bdt
bbc
bmi
bpr
bfs

Oyster farms cover 18% of the study site, biomass was measured at the farms
Benthic primary producers
Particulate organic matter
Free or attached bacteria
Benthic organisms (63 µm – 1 mm)
Omnivorous and carnivorous benthic macrofauna

Benthic
Cultivated oysters
Microphytobenthos
Benthic detritus
Benthic bacteria
Meiofauna
Predators
Facultative suspension
feeders
Deposit feeders
Suspension feeders
Pelagic
Phytoplankton
Suspended detritus
Pelagic bacteria
Pelagic protozoa
Zooplankton
Nekton

bdp
bff
pph
pdt
pbc
ppz
pzp
pnk

Biomass
(g C m–2)

Benthic macrofauna (>1 mm) classified according to their feeding habits

Pelagic primary producers and resuspended microphytobenthos

Heterotrophic flagellates, dinoflagellates, ciliates (5–100 µm)
and microzooplankton (< 50 µm)
Microplankton (50 µm – 1 mm) and mesoplankton (1–5 mm)
Fishes, pelagic decapods and molluscs > 5 mm

nd
21.1
03.8
nd
1.94
0.37
0.24
0.85
0.68
0.08
2.54
nd
(0.10)
(0.11)
0.16
nd

Table 2. Characteristics of linear equations used in inverse analysis of the Brouage food web. Eqs. (1) to (16) represent the system
at equilibrium: in each compartment, total input equals total output. Eqs. (20) to (23) describe linear combinations of flows with
null results. BM: Brouage Mudflat; MOB: Marennes-Oléron Bay; EC: English Channel; Pe: preliminary estimate
Equation no.

Compartment

Equation

1 to 16

All

Mass equilibrium

17
18
19
20
21
22
23

Microphytobenthos
Zooplankton
Zooplankton
Pelagic bacteria
Facultative suspension feeders
Benthic predators
Birds

Production = 372 g C m–2 yr–1
Production = biomass 56 (yr–1)
Respiration = B × 112 (yr–1)
Production = consumption × 0.31
Pelagic consumption = benthic consumption
Consumption of oysters = 1% of oyster production
Assimilation efficiency = 85%

Source

BM
MOB
EC
EC
Pe
BM
Literature

1.09
2.5
1.2
0.6

28 & 29 Respiration / biomass
30 & 31 Production / biomass

32 & 33 Production / biomass
34 & 35 Faeces production / biomass
36
Respiration / biomass

37 & 38 Production / biomass
39
Respiration / biomass

Deposit feeders

Suspension feeders

Facultative
suspension feeders

63–92

Macrofauna consumers

%
yr–1
yr–1
yr–1

yr–1
yr–1

yr–1
yr–1
yr–1

yr
yr–1

–2

%
–1

7.8 g C m yr
3
%

90

Populations of BM, rates from literature
Assumption for the study site

Rate from literature

Biomass of BM; Rates from
literature (S) and MOB

Biomasses of BM
Rates from literature

Assuming 50% of omnivore consumption is PP

Biomasses of BM
Rates from literature
(BM, WS, EC and others)

Biomass and rates in EC

d–1
–1

Biomass and P in Brouage, R and M in EC
(bays of Pierre Noire and Saint Brieuc)

Biomasses and rates in EC

BM
Biomass of BM
Rates from literature

BM

General data on primary producers

Biomass on BM, rates in EC

yr–1
yr–1
yr–1

d–1
d–1

mg C d–1
%
%
yr–1
yr–1

%

yr

0.89
yr–1
90
%
600 J d–1 ind.–1

20
7.3
1.9
73

5.7
10

3.5
20
10

9.5
6.6

2.2

51
195
128

8.5
2.95

31
54

189

0.3

40

yr

BM

–1

Site

–2

–1

Units

319 g C m

Max

3

25, 26, 27, 28, 29, 30, 31

23

24

14
14, 16, 17
12

17, 18

13, 14, 22

14, 17, 19, 20, 21

13, 14, 17, 18
14

8

8, 9

8

10, 11, 12, 13, 14, 15, 16

10

7

6

2, 3, 4, 5

1

Source

(1) Guarini unpubl., (2) Guarini et al. 1998, (3) Sornin et al. 1987, (4) Riera & Richard 1997, (5) Ménesguen & Hoch 1997, (6) Vézina & Platt 1988, (7) Montagna et al. 1995,
(8) Garet 1996, (9) Newell & Linley 1984, (10) Rzeznik & Fichet únpubl., (11) Giere 1993, (12) Pace et al. 1984, (13) Dame & Patten 1981, (14) Chardy et al. 1993, (15) Gerlach
1971, (16) Chardy & Dauvin 1992, (17) Asmus 1987, (18) Banse & Mosher 1980, (19) Sukhotin 1992, (20) Rosenberg & Loo 1983, (21) Bayne et al. 1993, (22) Beukema &
Cadée 1991, (23) Soletchnik et al. 1996, (24) Barillé et al. 1997, (25) Boileau & Corre unpubl., (26) Le Dréan Quénec'hdu & Mahéo 1997, (27) Turpie & Hockey 1996, (28)
Desholm 2000, (29) Goss-Custard et al. 1997, (30) Moreira 1996, (31) Piersma 1994, (32) Vézina & Pace 1994

Proportional to prey availability

1.1

60 & 61 Consumption
62
C on nekton / total C

Birds
Diet

55

Assimilation

52–59

Macrofauna

0.37
55
100

46 & 47 Production / biomass
48 & 49 Assimilation
50 & 51 Production + respiration

C on microphytobenthos / total C
Respiration / biomass
2.6
Production / biomass
1.5
Consumption / biomass

Oysters

40
41 & 42
43 & 44
45

1.08

20 & 21 Production / biomass

Pelagic bacteria

Benthic predators

41
40
11

14 & 15 Production / biomass
16 & 17 Respiration / biomass
18 & 19 Mortality

Benthic bacteria

0.6

1.4
0.34

10 & 11 Ingestion / biomass
12 & 13 Production / biomass

Protozoa

40
20
3
40

0.05

Meiofauna

C on microphytobenthos
C on microphytobenthos / total C
C on bacteria / total C
Production / biomass
Respiration / biomass

Respiration / NPP

Primary producers

30

137

Min

9
22
23
24 & 25
26 & 27

Net production / biomass

3&4

5&6
7&8

Phytoplankton

Resuspension

1&2

Ineq. no. Rate / flow

Microphytobenthos

Compartment

Table 3. Inequalities used in inverse analysis of the Brouage food web. C = consumption, M = mortality, NPP = net primary production, P = production, R = respiration. BM:
Brouage Mudflat; EC: English Channel; MOB: Marennes-Oléron Bay; WS: Wadden Sea

20
Mar Ecol Prog Ser 246: 17–37, 2003

Leguerrier et al.: Food web of an intertidal mudflat

piration rates for benthic bacteria have been evaluated
in the Bay of Saint-Brieuc, (France) (Chardy et al. 1993)
and at the Pierre Noire station in the English Channel
(Chardy & Dauvin 1992) (Table 3, Ineqs. 16 to 19).
Pelagic bacterial production/consumption (P/C) rates
have been measured in the English Channel (0.31;
Newell & Linley 1984); estimates of the P/B rate vary
from 1.08 to 2.2 d–1 (Linley et al. 1983, Newell & Field
1983, Fuhrman & Azam 1982) (Table 3, Ineq. 20 & 21).
Pelagic secondary producers (protozoa and zooplankton): Heterotrophic protozoa are a trophic intermediary between bacteria and oysters but have not been
studied quantitatively in MOB (Le Gall et al. 1997,
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Dupuy et al. 1999, 2000). Thus, concentration data measured in the English Channel (Newell & Linley 1984) are
used instead. The ingestion/biomass rates for the protozoa were measured for Noctiluca miliaris (Dewey 1976
in Newell & Linley 1984) (Table 3, Ineq. 10 & 11) and
P/B rates were from heterotrophic bacterivorous flagellates (Newell & Linley 1984) (Table 3, Ineq. 12 & 13).
Euterpina acutifrons is the major component of the
zooplankton community in MOB; zooplankton production values were averaged after Sautour & Castel
(1993a,b, 1998; Table 2, Eq. 18). Respiratory rates
(Table 2, Eq. 19) were from values calculated for the
English Channel (Newell & Linley 1984).
Meiofauna: Of the intertidal benthic
meiofauna on the Brouage mudflat
Table 4. Biomass of the wild macrofauna compartments, and principal species
95% are nematodes, among which
on the Brouage mudflat. Corr. farms = multiplicative correction factor for bioMetachromadoroides, Ptycholaimellus,
mass values on oyster cultures (Sauriau 1989)
Sabatieria and Tershellingia make
up 57% of the total (Rzeznik et al.
Compartment
Total
Biomass Corr. Source
unpubl.). Observations from a study
and species
biomass fraction farms
on the influence of oyster beds on spe(mg C m–2)a
(%)
cies assemblages in Arcachon Bay,
Suspension feeders (bff)
75
(4.7)
0.9
1–7, 11, 15,
France (Castel et al. 1989) were used
Cerastoderma edule
1.87
19–21,
to estimate the meiofauna biomass per
Tapes philippinarum
1.20
23, 24
m2 under oyster beds. The meiofauna
Parvicardium ovale
0.27
consisted of 20% strict bacterivores
Facultative suspension feeders (bfs) 696
(44.0)
0.006 8, 9, 22
and 45% strict herbivores (Reznik
Macoma balthica
23.3
Scobicularia plana
20.6
et al. unpubl.), and these feeding
habits were used as forcing functions
Deposit feeders (bdp)
576
(36.4)
0.18
6, 4, 10–13,
Hydrobia ulvae
16
15, 25
(Table 3, Ineqs. 22 & 23). Consumption
Abra nitida
6.90
of microphytobenthos by meiofauna at
Sternapsis scutata
4.96
Brouage ranges from 58 to 189 mg C
Abra tenuis
2.54
m–2 d–1 during springtime (Montagna
Euclymene oers
1.33
Pseudopolydora antennata
1.27
et al. 1995), when it is probably at a
Corophium volutator
1.18
maximum (Table 3, Ineq. 9). P/B rates
Clymenura tricirrata
0.79
vary in the literature from 3 to 31 yr–1
Predators (omnivore and
234
(14.8)
0.8
4, 6, 14–18
for muddy substrates (Giere 1993)
carnivore) (bpr)
(Table 3, Ineqs. 24 & 25). RespiraHediste diversicolor (omnivore)
2.35
tion/biomass rates vary from 40 to
Carcinus maenas (omnivore)
2.32
Nephtys hombergii
3.18
54 yr–1 (Dame & Patten 1981, Pace
Nemerts sp.
2.75
et al. 1984, Chardy & Dauvin 1992,
Glycera sp.
2.02
Chardy et al. 1993, Giere 1993) (Table 3,
Ocenebra erinacea
0.72
Ineqs. 26 & 27).
Sum (19 species)
95–96
Benthic macrofauna: Macrofauna
Total
1581
100
were divided into 4 compartments aca
Data on total biomass from Kang (1999), converted from mg AFDW m–2
cording to trophic regime (Table 4).
using C/AFDW = 0.4 (Steele 1974 in Kang 1999).
The gastropod Hydrobia ulvae and
(1) Cranford et al. 1985, (2) Bachelet 1982, (3) Sukhotin 1992, (4) Chardy et
the bivalves Scrobicularia plana, Abra
al. 1993, (5) Asmus 1987, (6) Dame & Patten 1981, (7) Guillou et al. 1990, (8)
nitida, and Macoma balthica are the
Banse & Mosher 1980, (9) Chambers & Milne 1975, (10) Asmus & Asmus
most abundant species on the mud1993, (11) Blanchard et al. 2000, (12) Franchesch & Lopez Jamar 1991, (13)
Gerdol & Hughes 1994, (14) Pace et al. 1984, (15) Warwick & Price 1975, (16)
flats. The non-cultivated macrofaunal
Medernach & Grémare 1999, (17) Raffaeli et al. 1989, (18) Riisgard 1991, (19)
biomass was evaluated in MOB in
Deslous-Paoli et al. 1983, 1990, (20) Bayne et al. 1987, (21) Bayne & Worall
1985 (Sauriau 1987, Sauriau et al.
1980, (22) Beukema & Cadée 1991, (23) Langdon & Newell 1990, (24) A. J. S.
1989), and again in 1995 on the
Hawkins et al. 1990, 1996, 1998, (25) C. M. Hawkins 1985
Brouage mudflat outside the oyster
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cultures (Kang 1999, Table 4). A correction was
applied to the latter values to calculate a weighted
mean biomass per average m2 taking into account that
16% of the surface is occupied by oyster farms. At
steady state, consumption equals pseudo-faeces production plus faeces production plus respiration plus
tissue production. Pseudo-faeces production does not
appear in the present model because it does not participate in the carrying capacity, so we only take
ingestion into account in the present model.
Nekton: The main species on the Brouage mudflat are:
Solea vulgaris (405 t sold in 2001 in La Cotinière Harbour), Crangon crangon (30 t), Merlangius merlangus
(180 t), Dicentrarchus labrax (181 t), Sepia officinalis
(441 t), Mullus surmuletus (76 t), Alloteuthis and Liza
ramada (33 t) (Nadeau pers. comm.). There are few
quantitative biomass and production data on the pelagic
macrofauna. The only numerical values are from local
reports (on the ‘Pertuis d’Antioche’, Guérault et al. 1996;
and on coastal nurseries, Guérault & Désaunay 2001)
and cannot be extrapolated to the Brouage mudflat, particularly in the case of juvenile fish.
Birds: Shorebirds consume large portions of a region’s annual macrofauna production (Baird & Milne
1981, Baird et al. 1985) and may negatively impact
local invertebrate populations. At Brouage they have
become increasingly numerous since the establishment of a bird sanctuary. The main species on the
mudflat are dunlins Calidris alpina, and knots C. canutus; these 2 species represent 68% of the total number
of birds feeding on the mudflat. Their food consumption was evaluated on the basis of physiological rates
found in the literature (Piersma & Davidson 1992a,b,
Moreira 1996, Turpie & Hockey 1996) (Table 3,
Ineqs. 60 & 61).
Inverse analysis and flow estimates. Trophic-web
inverse analysis (Vézina & Platt 1988, Vézina 1989) is a
numerical method for developing complete, steadystate food-web models. The method uses field estimates and other data sources as input to a network of
equations and inequalities in order to build the best
estimates of food-web flows. The solution selected is
the minimum of a norm (‘parsimony principle’). Descriptions of the method and the equations used are
given in Appendix 1. The algorithm of resolution from
Vézina & Platt (1988) was programmed by G. A. Jackson using the software Matlab©.
Benthic and pelagic systems are strongly coupled in
intertidal ecosystems such as the Brouage mudflats,
and with our approach the inverse analysis method
can be applied to both systems in the same model.
The conceptual model consists of 16 compartments
(Table 1): 2 non-living factors (benthic and suspended
detritus), and 14 categories of organisms. The choice of
aggregation level for the compartments was based on

size class, habitat (benthic/pelagic), and feeding behaviour. In this study, the term ‘detritus’ refers to dissolved and particulate organic carbon, aggregated into
a single compartment in each compartment (benthic or
pelagic).
Inputs (Table 5) consist of 2 types of primary production (phytoplanktonic and microphytobenthic) plus the
suspended detritus supplied by rivers and tidal currents. Carbon exports (Table 5) included: respiratory
losses, material exports (human consumption of oysters, fish and bird production, advection of suspended
detritus), and burial. The quantitatively non-negligible
flows linking the compartments are determined on the
basis of the animals’ biology, feeding habits, and habitats (Table 6). The flow values for the Brouage mudflat
are reported in Tables 5 & 6.
Sensitivity analysis. Sensitivity analyses were conducted to assess the robustness of the solution to
changes in the data and to constraints. Biomass and
other data (including results of equations and inequalities) were varied by ±10% and the inverse analysis

Table 5. Inputs and outputs in the coupled benthic-pelagic
system of the Brouage food web (numerical results of inverse
analysis). A priori flows are indicated by flow numbers corresponding to the sensitivity analyses (see Figs. 4 & 5)

Inputs
Microphytobenthos
Phytoplankton
Suspended detritus

Flow
no.

Flow values
(g C m–2 yr–1)

01
02
3

391
75
0

Total
Exports
Phytoplankton
Benthic detritus
Suspended detritus
Cultured oysters
Nekton
Birds

466
76
77
78
79
80
81

Total
Respiration
Microphytobenthos
Phytoplankton
Benthic bacteria
Pelagic bacteria
Meiofauna
Pelagic protozoa
Zooplankton
Deposit feeders
Facultative suspension feeders
Suspension feeders
Cultured oysters
Benthic predators
Nekton
Birds
Total

63
26
17
3.3
46
1.3
156.6

82
83
84
85
86
87
88
89
90
91
92
93
94
95

18.6
3.6
79.0
53.7
29.7
31.4
18
5.5
7
0.8
12.8
1.8
45.9
1.3
309.1

Leguerrier et al.: Food web of an intertidal mudflat

was recalculated. We evaluated the equations for
microphytobenthic production, zooplankton production, and zooplankton respiration, as the remaining
equations were combinations of flows with a null
result. The sensitivity of the results to elevated biomasses were also investigated. The most influential
biomasses, equations, and inequalities were determined on the basis of the scope (number of varied
flows), and intensity (average variation of flows) of
their influence.
Network analysis. The ‘Netwrk 4.2’© program (Ulanowicz 1999: www.cbl.umces.edu/~ulan/) was used for
calculation of network analysis indices of the food web
derived from inverse analysis. The vector of every flow
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is composed of 4 parts: input, export, respiration, and
internal flows. The flux of matter through a compartment is its individual throughput. Since the system is at
equilibrium, throughput is either equal to the sum of
inputs to a compartment or the sum of the outputs from
a compartment. The throughput quantifies the relative
activity of each compartment in the system, and the
Total System Throughput (TST), i.e. the sum of all
flows, is an indicator of ecosystem activity (Ulanowicz
1986). The cycling throughput of each compartment is
the quantity of carbon that cycles through the individual compartments and is a measure of its participation
in the cycling of carbon through the ecosystem. The
cycling activity of a compartment is defined as the
fraction of its throughput involved in
cycling (Fasham 1985) and is considTable 6. Numerical results of inverse analysis of the Brouage food web (internal
ered to be a measure of its depen–2
–1
flows in g C m yr ). From = compartment of origin; To = destination compartdence on the carbon cycling in the
ment; Flow no. = a priori flows from sensitivity analyses in Figs. 4 & 5. See
ecosystem. The Finn cycling index
Table 1 for abbreviations
(FCI) (Finn 1976) represents the proportion of the carbon flows involved in
From
To
Flow no.
From
To
Flow no.
cycling for the whole system.
bph 391
pph 136.88
4
bmi 100
bdt 53.53
42
Coupling the benthic and pelagic
bdt 101.03
5
bpr
0.00
43
systems. Separate pelagic and benthic
bmi 47.51
6
pnk 17.04
44
food webs were constructed to assess
bdp
4.16
7
ppz 58
pdt 13.90
45
the linking of the benthic and pelagic
bfs
1.64
8
pzp 13.10
46
bpr
0.00
9
systems in the same inverse analysis
bfs
0.00
47
pnk 81.24
10
bff
0.00
48
computation and to test the usefulness
pph 211
pdt 45.06
11
bco
0.00
49
of having a food web model on one
ppz 31.17
12
pzp 43
pdt 15.58
50
particular zone of the MOB. We conpzp 29.49
13
bfs
0.00
51
structed the benthic and pelagic subbfs
6.25
14
bff
0.00
52
systems in 2 ways: (1) we extracted the
bff
1.84
15
bco
3.63
53
bco 14.90
16
expected values of hypothetical benbpr
0.00
54
pnk 16.64
17
pnk
5.37
55
thic and pelagic subsystems from the
bdt 205
pdt
8.63
18
bdp 14
bdt
6.10
56
‘coupled’ result, and (2) we computed
bbc 170.43
19
bpr
0.93
57
an inverse analysis on 2 systems sepabmi
0.00
20
pnk
0.00
58
rated a priori. The benthic conceptual
bdp
0.00
21
pbd
1.07
59
bfs
0.00
22
model consisted of 10 compartments
bfs 17
bdt
7.67
60
pnk
0.00
23
(microphytobenthos, benthic detritus,
bpr
1.12
61
pdt 148
bdt
0.00
24
benthic bacteria, meiofauna, deposit
pnk
0.00
62
pbc 130.35
25
pbd
1.30
63
feeders, facultative suspension feeders,
ppz
0.00
26
bff
1.8
bdt
0.83
64
suspension feeders, cultured oysters,
pzp
0.00
27
bpr
0.12
65
benthic predators, and birds) and 55
bfs
0.00
28
pnk
0.00
66
bff
0.00
29
a priori flows linked by 24 equations
pbd
0.14
67
bco
0.00
30
and 51 inequalities. The pelagic conbco 29.45
bdt 13.25
68
pnk
0.00
31
ceptual model consisted of 7 compartbpr
0.03
69
bbc 170
bdt 22.04
32
ments (phytoplankton, suspended debpr 2.5
bdt
0.25
70
bmi 52.75
33
tritus, pelagic bacteria, pelagic protopnk
0.00
71
bdp
9.40
34
zoa, zooplankton, nekton and birds)
pbd
0.44
72
bfs
6.88
35
bpr
0.32
36
and 34 a priori flows linked by 12
pnk 120
pbd
0.09
73
pdt 28.42
74
pbc 130
pdt 36.24
37
equations and 13 inequalities. The
ppz 27.20
38
pbd 3.0
bdt
0.46
75
network analysis was repeated on
bfs
2.28
39
each of the 4 food webs (2 from the
bff
0.00
40
‘coupled result’ and 2 from a priori
bco 10.93
41
separated systems) for comparison.
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Fig. 2. Food web obtained by inverse analysis of the coupled benthic and pelagic systems on the Brouage mudflat. The following compartments were aggregated: non-cultivated macrofauna (suspension-feeders, mixotrophic feeders, deposit feeders, predators); and pelagic protozoa with zooplankton. Boxes depict measured biomasses
(details in Table 1). Flows are in g C m–2 yr–1 (details in Tables 5 & 6)
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Fig. 3. Influence of a 10% variation in the data on the result of inverse analysis of the Brouage food web (number of flows influenced, and mean deviation induced). Equation parameters: (1) production of microphytobenthos, (2) production of zooplankton,
(3) respiration of zooplankton. Inequality parameters: (4) minimal resuspension of microphytobenthos, (5) minimal production of
phytoplankton, (6) minimal production of pelagic protozoa, (7) minimal production of benthic bacteria, (8) minimal respiration of
benthic bacteria, (9) minimal production of pelagic bacteria, (10) maximum production of meiofauna, (11) maximum respiration
of meiofauna, (12) maximum respiration of deposit feeders, (13) maximum production of suspension feeders, (14) maximum respiration of suspension feeders, (15) maximum respiration of facultative suspension feeders, (16) maximum respiration of predators, (17) maximum production of predators, (18) maximum production of oysters, (19) maximum metabolism of oysters. Biomass
parameters: (20) phytoplankton, (21) pelagic bacteria, (22) benthic bacteria, (23) pelagic protozoa, (24) zooplankton, (25) meiofauna, (26) deposit feeders, (27) facultative suspension feeders, (28) suspension feeders, (29) oysters, (30) predators

RESULTS
Annual food web model
The modelled trophic network had a total primary
production of 466 g C m–2 yr–1, of which 84% was by
microphytobenthos and 16% by phytoplankton (Fig. 2,
Table 5). There was no import of detritus. The exports
amounted to 157 g C m–2 yr–1, which was 34% of the
total output. The most important exports were those of
phytoplankton and suspended microphytobenthos
(40% of exports), nekton (29%) and the burial of benthic detritus (17%). The export of material via suspended detritus was less (11%). The exported oyster
and bird production were relatively small (2 and 0.8%,
respectively). The total respiratory loss of the system
was twice as high as the material exports (Table 5).
The internal flows were all associated with consumption, detritus formation, or resuspension (Table 6). The
9 largest flows were: benthic and planktonic bacteria
consuming detritus (170 and 130 g C m–2 yr–1, respectively), resuspension of microphytobenthos (136 g C
m–2 yr–1), microphytobenthos created benthic detritus
(101 g C m–2 yr–1), nekton consuming microphytobenthos (81 g C m–2 yr–1), benthic and pelagic bacterial

respiration (79 and 54 g C m–2 yr–1), and meiofauna
consumption of benthic bacteria (53 g C m–2 yr–1) and
egestion to detritus (54 g C m–2 yr–1).
Of the allowed 95 flows in the conceptual model,
25 equalled zero. Although detritus utilization by organisms other than bacteria (protozoa, zooplankton,
macrofauna, nekton, meiofauna) was allowed, it did
not occur in this system. According to the model, suspension feeders did not ingest protozoa, bacteria, or
zooplankton, but ingested exclusively phytoplankton
and microphytobenthos. Nekton did not feed on benthic macrofauna in the final result.

Sensitivity analyses
Among the most influential parameters (Fig. 3), in
terms of relative amount of variation produced, were
the suspension feeders (biomass and production, nos.
28 and 13), the microphytobenthos production (no. 1),
the minimal benthic bacterial production (no. 7), the
minimal pelagic bacterial production (no. 9) and the
pelagic bacterial biomass (no. 21). Some of the most
affected flows (Fig. 4) were those linked to: nekton
consumption of primary producers and of zooplankton,
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Fig. 4. Flows impacted by a 10% variation in the data for sensitivity analysis of the Brouage food web (number of data influencing each flow by more than 10%, and mean deviation induced). Flow numbers are listed in Tables 5 & 6

exportation of material and respiration (nos. 10, 17, 55,
80 & 94), diet of facultative deposit feeders (nos. 8, 35 &
39), consumption of microphytobenthos (nos. 5 to 10),
and flows involving benthic and suspended detritus
(nos. 18, 70, 77, 78, 50, 42 & 5).
In absolute values, nekton production was the most
sensitive of the 3 types of production in the system
(Fig. 5). The flows in the nekton compartment were not
constrained by data or direct inequalities. Bird production was influenced by data on filter feeders and benthic predators. Oyster production was only influenced
by the variables that described them directly (oyster
biomass and maximal production).

Sensitivity analysis showed that enhancing zooplankton respiration or production had very weak consequences for the system, in comparison to the effect of
a 10% increase in microphytobenthic production. This
increase had no influence on macrofaunal production
(nos. 56 to 72), even though their diet would have
changed. As a whole, 23 flows were changed, i.e. 33%
of the non-null flows.
Sensitivity analysis of the inequalities showed that
the most influential ones were: microphytobenthos
resuspension (parameter 4) and maximal metabolism
of cultivated oysters (no. 19) (Fig. 3). The maximal respiration and production of predators (nos. 16 & 17) and

Fig. 5. Influence of data parameters on the variation of exports of C from the compartments for cultivated oysters, nekton, and
birds in the Brouage food web. Parameters are the same as in Fig. 3

Leguerrier et al.: Food web of an intertidal mudflat
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Fig. 6. Compartmental throughputs in the Brouage food web (amount of material entering or exiting the compartment during one
year). Data from Table 5

the maximal production of suspension feeders (parameter 13) had an influence on macrofauna, nekton and
bird productions (Fig. 5). In contrast, the flows most
subject to influences were: consumption of microphytobenthos by the meiofauna (no. 6), resuspension of
benthic detritus (no. 18), flows linked to the nekton
(production of detritus, export and respiration) (nos.
10, 17, 55, 74, 80 & 94) and advection or sedimentation
of detritus (nos. 77 & 78), which were influenced by all
inequalities (results not shown).
The flows that were influenced most by biomasses
were: resuspension of benthic detritus (no. 4), export of
detritus (nos. 77 & 78), all flows linked to the nekton
(nos. 10, 17, 55, 74, 80 & 94), consumption of zooplankton by oysters (no. 53), and consumption of microphytobenthos by facultative deposit feeders (no. 8).

Network analysis
The total system throughput was 2111 g C m–2 yr–1.
Primary producers had the most important throughput
(Fig. 6), with a predominance of benthic over pelagic
primary producers. Benthic detritus and benthic bacteria had a greater throughput than suspended detritus
and pelagic bacteria. Meiofauna and nekton made an
important contribution, higher than protozoa or zooplankton. The total macrofauna (cultivated or uncultivated) throughput was 65 g C m–2 yr–1.
Among the 37 pathways of carbon cycling, 20 involved
both benthic and suspended detritus, 4 involved sus-

pended detritus only, and 13 involved benthic detritus
only. Carbon cycled mainly through the benthic and suspended detritus, benthic and pelagic bacteria, meiofauna, protozoa, and zooplankton (Fig. 7). Nearly onethird (29%) of the benthic detritus and bacterial
throughputs were involved in cycling: 58 and 48 g C m–2
yr–1, respectively. For the suspended detritus and bacterial throughputs, 31% of the throughputs (46 and
40 g C m–2 yr—1) were involved in cycling. The cycling
activity of the cultivated oysters and nekton was 0.4%
and 0.3% of their throughputs, respectively. Of the total
flows of carbon through the food web, 21% (Finn Cycling Index) participated in cycling pathways (Table 7).

Coupling the benthic and pelagic systems
Out of 33 possible flows for the pelagic system, 7
were zero in the non-coupled computation (instead of
3 expected from the coupled computation), 21 flows
were smaller than expected and 11 were greater, with
a mean 172% decrease. Among the 55 possible flows
for the benthic system, 12 were null and 1 flow expected to be null was positive; 20 flows were smaller
than expected and 14 greater, with a mean 15.5%
decrease. All the expected cycles were obtained with
separated computations (Table 7). Both benthic and
pelagic FCI were higher than expected from the
coupled system (19 and 38 vs 18 and 17%). The values
for the inputs and outflows of the coupled systems
were greater than values obtained by modelling each
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Fig. 7. Cycling throughput (contribution of the compartment to the cycling activity of the entire system) and cycling activity (fraction of the compartment throughput involved) for each compartment in the Brouage food web. Cycling throughput represents the
importance of the compartment for the cycling in the system, and the cycling activity represents the importance of cycling for the
compartment

system separately. This difference was greater for the
pelagic system (Table 7).

DISCUSSION
We characterized the properties and functioning of
the Brouage Mudflat ecosystem by computing an inverse analysis using a consistent and unified approach
based on all the available compartmental information.

Methodological choices
We describe the trophic network
over a whole year, because such a time
period averages seasonal blooms and
most populations have the same
patterns year after year (Hily 1976,
Sauriau 1987, Sauriau et al. 1989,
Sauriau & Bacher 1991, Kang, 1999).
Studies in other European estuaries
have shown that some species decline
or increase in abundance over the
course of a year (Desprez et al. 1991,
Essink et al. 1991); however, the small

variations are balanced over the course of an average
year. Therefore, we assume that the system is at equilibrium. The 2 most important invasive species in MOB
(Crepidula fornicata: Deslous-Paoli et al. 1983, Sauriau
et al. 1998; and Ocinebrellus inornatus: Pigeot et al.
2000) were poorly represented on the Brouage mudflat; only small patches exist under oyster beds in the
south-western part.
Our second assumption was the parsimony principle,
a mathematical criterion (here, the least squares condi-

Table 7. Network analyses of the benthic and pelagic systems of the Brouage
food web. Coupled: calculation based on the coupled system (far right column);
non coupled: results of inverse analysis of the separate systems. Coupled
system flows are shown in Tables 5 & 6
Estimates

—— Benthic —— ——Pelagic ——
Total
NonNonCoupled
coupled
Coupled
coupled
coupled

431
Total inputs (g C m–2 yr–1)
Total exports (g C m–2 yr–1)
275
Total respiration (g C m–2 yr–1)
156
Total throughput (g C m–2 yr–1) 1365
Number of cycles
12
Finn Cycling Index (%)
18

404
261
143
1350
12
19

321
167
154
1035
4
17

93
29
64
520
4
38

466
157
309
2111
37
21

Leguerrier et al.: Food web of an intertidal mudflat

tion). It has a theoretical basis: the Ockham razor, ‘multiplicity ought not to be posited without necessity’
(Legendre & Legendre 1998). The principal consequences of this approach are: (1) the shortest pathway
of carbon from one compartment to another is
favoured; (2) when several pathways are of the same
length, the solution is the most evenly distributed;
(3) when an element is not required to satisfy the
constraints of the system (through the equations and
inequalities), it will disappear from the system (Niquil
1998). In practical terms this means that many flows
can be underestimated or overestimated (those that
exit the system quickly). Even if inverse analysis is
an ideal means for obtaining new information about
poorly defined systems, it still requires a good set of
constraints. The substitution of data from other ecosystems to define some constraints can be an acceptable
alternative to a lack of data. Sensitivity analyses then
highlight the less reliable results and help to avoid
unreasonable conclusions.
Despite the added constraints, some flows are still
zero in the result of inverse analysis. This is due to the
lack of data: when a flow is not necessary for the system of equations and inequalities, it is set to zero. For
example, in our system there is no minimal constraint
on the detritus input; thus, the method would have led
to a positive inflow of material only if there had not
been sufficient primary production to sustain the production in downstream flows. In addition, many of
those downstream flows have reached the maximum
values allowed by the constraints. Thus, the flows of
detrital materials towards organisms other than bacteria was null. This was an unexpected result, as it had
been assumed previously that detrital materials are
consumed by macrofauna in non-negligible amounts
(McLusky 1989, Mees & Hamerlynck 1992, Azeitero &
Marques 1999, Mucha & Costa 1999). In our system,
each intermediate step between primary producers
and predators is circumvented.
The network obtained here does not show pseudofaeces production; the results presented in this study
are ingestion flows, and not consumption flows. Particle uptake and release as pseudo-faeces only slightly
alters the particle composition, so that particles remain
available to the other components of the ecosystem
(Feuillet-Girard et al. 1994). The released fraction of
consumed energy comprises between 62 and 92%
(Héral et al. 1983, Deslous-Paoli et al. 1987, 1992,
Soletchnick et al. 1996), of which 50 to 90% are
pseudo-faeces (Deslous-Paoli et al. 1992, Soletchnik et
al. 1993). However, these particles can enrich benthic
exchanges in comparison to the pelagic ones. Pseudofaeces production by oysters has been evaluated in
Feuillet-Girard et al. (1994). An inverse analysis computed with this data showed that an inclusion of the
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pseudo-faeces production obscures most of the other
processes. Moreover, suspension feeders use pseudofaeces to enrich the organic fraction of their diet
(Deslous-Paoli et al. 1992, Iglesias et al. 1992, Bayne et
al. 1993, Barillé et al. 1997) and suspension feeding is
a ‘highly selective’ process (Shumway et al. 1985, Graf
& Rosenberg 1997). For example, Crassostrea gigas
feeds selectively upon the microphytobenthic food
supply (Cognie et al. 2001) and the pearl oyster Pinctada margaritifera selects its prey on both size and taxonomic criteria (Loret et al. 2000). Considering that
filter feeders may actively select living material for
ingestion, the limited uptake of detritus in our results
should be realistic.
The coupling between benthic and pelagic systems
is strong in coastal habitats (Zeitzschel 1980, Niquil et
al. 2001). Hydrodynamic processes play an important
role in the MOB food web of molluscan assemblages
(Sauriau et al. 1989, Gouleau et al. 2000). However, the
Brouage mudflat is mainly a benthic system with regular tidal imports and exports of material to and from the
water column. The small difference between the 2
benthic simulations obtained (Table 7) is largely due to
the availability of reliable data on the ecosystem.
Coupling the benthic and pelagic subsystems means
that the mudflat dynamics can be incorporated into
models of the entire MOB. The Brouage system can be
represented as a ‘heart’ that promotes the cycling of
carbon (Fig. 8). External forcing provides for the supply of raw materials and the removal of detritus.

Ecological properties
Flows calculated by the model cannot be validated
directly, but sensitivity analyses highlight the most
responsive flows, and comparisons with other systems
can be used to evaluate whether the order of magnitude of a computation is reasonable (Chardy & Dauvin
1992).

Microphytobenthos dominates primary production
The microphytobenthos is the most important compartment of the system, in terms of activity (throughputs) and influence (sensitivity analyses), and its relative importance may be even higher, because phytoplankton production may have been overestimated in
our study. The microphytobenthos influences the
entire system as a determinant input from the bottom
of the food web. This is a particularity of the Brouage
ecosystem.
At Peck’s Cove (Bay of Fundy, New Brunswick,
Canada), Schwinghamer et al. (1986) calculated that
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Fig. 8. Carbon budget in the benthic system of the Brouage
food web

the microalgal production of 778 kcal m–2 yr–1
(58.5 g C m–2 yr–1, Vollenveider 1965 in Rosenberg &
Loo 1983) was not sufficient to support the downstream production by other benthic organisms. An
additional source of carbon was available from the
fringing Spartina alterniflora in the Peck’s Cove
ecosystem. In comparison, on the mid-Atlantic coast
of the US at Narragansett, Delaware, and Chesapeake Bay, Monaco & Ulanowicz (1997) reported a
net primary production of 403, 381, and 333 g C m–2
yr–1, respectively. Production is mostly phytoplankton;
the Chesapeake Bay production is supplemented by
the import of detrital material. In the western Wadden
Sea an evaluation of primary production found that
pelagic primary production dominated (microphytobenthic production was 118 g C m–2 yr–1), whether
evaluated with model calculations (Baretta & Ruardij
1989) or field measurements (deWilde & Beukema
1984 in Baretta & Ruardij 1989). In the Bay of Saint
Brieuc (France), primary production of the benthic
system was estimated at 12 g C m–2 yr–1 with a biomass of 1.6 g C m–2 (Chardy et al. 1993) using a nonlinear inverse model by Mercier 1986); the supply of
detritus to the benthic system of Saint Brieuc Bay was
328 g C m–2 yr–1, mostly through imports and pelagic
primary production, raising the total food supply to
350 g C m–2 yr—1, similar to that contributed by the
microphytobenthos on the Brouage mudflat. In the
Bay of Morlaix, France, Chardy & Dauvin (1992)
assessed phytoplankton production at 209, import
of POC at 110, and microphytobenthic production at
10 g C m–2 yr–1. The benthic systems of the bays
of Saint Brieuc and Morlaix are typical detritusdominated systems. The Brouage ecosystem, however, is microphytobenthos-dominated; this is consistent with a comparison between Marennes-Oléron

Bay and 10 other coastal and estuarine ecosystems
(Dame & Prins 1998).

High throughput and cycling activity of meiofauna
Meiofauna represents 10% of total macrofaunal biomass, but its throughput is 1.6 times higher and its
production is twice the macrofaunal production
(including oysters); a similar observation has been
made in other ecosystems. A 1967 study at Long
Island showed that the metabolism of macrofauna
accounted for only a small part of the oxygen uptake,
and meiofauna and bacteria utilized the major portion
of the energy consumed by the bottom ecosystem
(Carey 1967 in Kuipers et al. 1981). In the western
Wadden Sea, Kuipers et al. (1981) reported that a
nematode had a weight specific metabolic rate 21
times higher than a macrobenthic individual. In the
Bay of Saint Brieuc, Chardy et al. (1993) obtained an
annual P/B rate of 11 yr–1 for the meiofauna, lower
than our P/B rate of 31 yr–1. In the Bay of Saint Brieuc,
meiofauna and macrofauna production are equal,
although the meiofauna is only 8% of the macrofauna
biomass. In Morlaix Bay, Chardy & Dauvin (1992)
obtained a P/B rate of 13.4 yr–1, and a meiofauna production equivalent to the macrofauna production with
18% of its biomass.
The meiofauna in Brouage was initially thought to
consist mostly of carnivorous species, thus constituting
an isolated compartment. However, recent studies
(Rzeznik pers. comm.) have shown that the fraction of
carnivorous meiofauna is only 5%, which implies that
this compartment exchanges material with other compartments and the meiofauna have a role in system
functioning.

Leguerrier et al.: Food web of an intertidal mudflat

High throughput and cycling activities of bacteria
The biomass of pelagic bacteria at Brouage is
unknown. Since the flows linked to this compartment
have a significant influence on the result of the present
computations, the model cannot be validated without
additional measurements. Nonetheless, the relative
activities of the benthic and pelagic bacterial compartments can be examined.
On the Brouage mudflat, benthic bacterial production is temperature dependent, and a wide range of
values has been reported (Garet 1996). For example,
benthic bacterial production can attain 3 g C m–2 d–1 in
summer, compared to only 0.19 g C m–2 d–1 in winter
(the lower boundary in our computations). In situ measurements of bacterial production are based on indirect measurements, and therefore values of bacterial
production depend on the method and conversion
factors used (Ducklow 2000 in Anderson & Ducklow
2001). Thus, while benthic and pelagic bacteria were
among the most active compartments, our model may
still underestimate benthic bacterial activity on the
mudflat.
The bacterial production/net primary production
ratio (BP/NPP) is a normalized value of bacterial
activity that can be compared with other ecosystems.
In our system, the average value for BP/NPP was 38%,
higher than the values of 20 to 30% reported for
pelagic systems (Cole et al. 1988 in Anderson & Ducklow 2001). Schwingamer et al. (1986) found a BP/NPP
ratio ranging from 25.5 to 257%, depending on the
number of active bacteria in the system, and Newell
& Linley 1984 gave a value of 19% for the English
Channel.
In Saint Brieuc Bay the value of BP/benthic NPP
obtained for the benthic system is 700% (calculated
from Chardy et al. 1993), but there is also an input of
phytoplankton and detritus from the water column,
decreasing the adjusted value of BP/(imports+benthic
PP) to 12%. Our value of 37% in the pelagic system is
higher and is consistent with an important cycling of
carbon in the bacterial compartment (Fig. 7).

Low cycling for an estuarine ecosystem
Baird et al. (1991) compared 6 marine ecosystems
modelled as food webs with the same level of aggregation as we did on Brouage mudflat, and this allows a
comparison of the 2 ecosystems (Wulff & Ulanowicz
1989). The number of cycling pathways assessed for
the Brouage system is high (37) compared to other
estuaries and bays with 14 to 25 assessed pathways:
Swarktops Estuary, 14; Ems estuary, 25; Chesapeake
Bay, 20; Baltic Sea, 22. In upwelling systems, the
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number ranges from 1 (Benguela) to 15 (Peru) (Baird
et al. 1991).
The Brouage system is less dependent upon recycling than other estuaries or bays, in spite of possessing various cycling pathways. The Finn Cycling
Index (FCI = 21%, Table 7) is lower than in other
estuaries or bays: Swarktops Estuary, 43.8; Ems Estuary, 28 (Baird et al. 1991); Delaware Bay, 37.3; Narragansett Bay, 48.2 (Monaco & Ulanowicz 1997). The
Brouage FCI value is higher in comparison to
upwelling systems where the arrival of nutrients in
large quantities makes recycling unimportant (0.01%
in Benguela, 3.2% in Peru). It is closer to those
obtained in the Baltic Sea (FCI = 22%, Baird et al.
1991) and Chesapeake Bay (FCI = 24.1%, Monaco &
Ulanowicz 1997).
The 3 US mid-Atlantic estuaries compared by Monaco & Ulanowicz (1997), Delaware Bay, Narragansett
Bay, and Chesapeake Bay, were phytoplanktondominated, whereas the Brouage system is microphytobenthos dominated and the export of microphytobenthos to the water column is important. At
Brouage the ’outwelling hypothesis’ (Odum 1980)
applies, i.e. the nutrients are not utilized in situ but
exported to the surrounding region. In other words, the
mudflat produces more material than can be degraded
or stored within the system, and the surplus is exported
to the Marennes-Oléron Bay and beyond.

Production of the system
The exports can be divided into 3 categories: unused
primary production, detrital export, and secondary
production. The system’s production is characterized
by material exported through the compartments:
oyster commercial production, birds, and fish that exit
the system.
The throughput of oysters is of the same order of
magnitude as that of non-cultivated macrofauna, but
the oyster compartment has more than twice the biomass (Fig. 2). Each of these compartments reaches
maximal metabolic rates (the maximum rates allowed
by the inequalities, Table 3), suggesting that they are
not food limited. Competition for food resources between oysters and other macrofauna appears negligible in Brouage. The main competitors of oysters at
Marennes-Oléron are Cerastoderma edule, Crepidula
fornicata and Mytilus edulis (Sauriau 1987, Sauriau et
al. 1989), all of which are rare at Brouage. However,
oyster throughput represents 6.6% of the total primary
production at Brouage, versus 7.9% for the rest of
the macrofauna. The total macrofaunal activity (16%
of the total primary production) is not negligible. On
Takapoto Atoll, where the pearl oyster Pinctada mar-
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garitifera is cultured, Niquil et al. (2001) evaluated this
rate at 4.1% and thus considered that oyster farming
was not food limited.
When evaluating the carrying capacity of the system,
one must consider both phytoplanktonic and microphytobenthic production values. The primary production turnover time was computed to be 4.6 d at
Brouage. This is still greater than the upper limit for
productive ecosystems (4 d) suggested by Dame &
Prins (1998), but it is much smaller than the biomass/
throughput rates of oyster farms (47 d). The water
residence time is short in MOB (<10 d; Bacher 1989,
Bacher et al. 1998), which allows a constant renewal
of pelagic resources. Hence, for the Brouage system
we assume that the flow arriving with each tide is
renewed every 10 d on average, and consequently
there is no food limitation for oysters or competition for
food among the benthic macrofauna.
This result is paradoxical, since most earlier studies
on carrying capacities (Héral et al. 1989, Bacher
1989, 1991, Raillard et al. 1993, Raillard & Ménesguen 1994) showed an important density-dependence of oyster growth. Moreover, growth decreased
in MOB when the biomass of trophic competitors of
oysters was estimated to be 20% of oyster stocks
(Sauriau 1987, Héral et al. 1989, Bacher 1991,
Sauriau & Bacher 1991, Sauriau et al. 1998). Thus the
functioning of the entire MOB (of which Brouage is
only a part), needs to be investigated to determine
how fast food is exported from the mudflat, since
the microphytobenthos contributes to the microalgal
community in other parts of the Bay (Zurburg et al.
1994).
The major problem encountered in the evaluation of
fish-related flows is methodological: it is very difficult
to assess a moving population. At Brouage, the turbidity of the water does not permit visual detection, fish
species live both on and off the mudflat, and the access
area is too wide to allow interception-type studies, similar to those done in narrower channels, like in Mont
Saint Michel (Lefeuvre et al. 1999).
As quantitative data on nekton uptake or production
were not available for the Brouage mudflat, the nekton
compartment has not been explicitly constrained. Our
result appears high: the total throughput of nekton was
120 g C m–2 yr–1, i.e. one quarter of the entire primary
production. The main contributor to the nekton
throughput was the microphytobenthos (81 gC m–2 yr–1).
Nekton consumption and production can be overestimated, because it is 1 of the 3 shortest exit pathways
for microphytobenthos (the other 2 are phytoplankton
and benthic detritus). One of the main nektonic species
that feeds on microphytobenthos is the grey mullet
Liza ramada, and its predation on the ecosystem has
not, to our knowledge, been evaluated anywhere on

the East Atlantic coast. In the US mid-Atlantic estuaries studied by Monaco & Ulanowicz (1997), the fish
compartment was divided into carnivorous and planktivorous fish, and grazing of benthic algae was not permitted.
Lafaille et al. (1998) estimated the contribution of fish
communities to organic matter outflows from salt
marshes into adjacent marine coastal waters at 0 to
10% in the Bay of Mont Saint Michel (France), far
lower than our result of 29%. One factor contributing
to the difference between flow estimates is that the
Mont Saint Michel Bay study site was accessible to the
fish on 43% of the tidal cycles only. At Brouage the
fish compartment is the next largest heterotrophic
compartment after bacteria in terms of throughputs
(Fig. 6); thus, validation of our estimate is crucial.
Nonetheless, this flow does not have a significant influence on the values of flows that precede it (sensitivity
analysis; data not shown); the material would just follow other pathways if we constrained it artificially. The
flow from the nekton is another outflow of ‘non-used
microphytobenthos’, such as the outflows from the
phytoplankton and suspended detritus compartments.
This is consistent with the outwelling concept (Odum
1980) evoked above.
Birds did not achieve the maximum consumption
allowed by the model, although their prey did. The
tight link between estuarine ecosystems and shorebirds (Baird & Milne 1981) is confirmed here. The
consumption efficiency of birds on the benthic
macrofauna (consumption of birds/production of
macrofauna) is 58%. That is nearly 5 times higher
than the value calculated in the Tagus Estuary (Portugal) where sea gulls were the most important
predators (Moreira 1997). At the Brouage mudflat,
gulls do not feed on the mudflat; this role is played
by knots (Calidris canutus) and dunlins (C. alpina),
which make up 68% of the total number of birds that
forage on the mudflat. Moreira (1997) suggested that
uptake of invertebrates by gulls in the Tagus estuary
may have been overestimated because of their
opportunistic diet, even though gulls do consume a
significant percentage of invertebrates (Vernon 1972,
Mudge & Ferrus 1982, Curtis et al. 1985). In addition,
gulls nip off the siphons of bivalves (Moreira 1997),
reducing the impact on bivalve mortality because
bivalves regenerate their siphons quickly (Hodgson
1982). In contrast to gulls, knots and dunlins consume M. balthica and other bivalves and snails
whole (Zwarts & Blomert 1992 and references
therein). They prefer Macoma balthica, Nereis diversicolor and Corophium volutator, all of which are
abundant on the Brouage mudflat (Kang 1999). Thus,
the bird compartment is important in the Brouage
mudflat food web.
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CONCLUSIONS
The Brouage mudflat sustains a high primary production dominated by microphytobenthos, and low
carbon cycling. The competition for food is low at the
herbivore level, but there is a risk of food depletion at
higher predator level (nekton and birds), despite high
meio- and macrofauna production. Validation of the
model cannot be completed without further field investigations of the nekton population, pelagic bacterial
and protozoan populations and metabolism, and
pelagic primary production.
Coupling benthic and pelagic systems into the same
computation yielded interesting results for the
Brouage ecosystem, where the 2 systems are closely
linked. This is a first step; the influence of the water
column on the benthic system should be addressed on
the scale of the entire bay to evaluate the impact
of hydrodynamic phenomena on carbon flows and
trophic level cycling in the ecosystem.

Appendix 1. Method of inverse analysis
The method is composed of 4 steps (Vézina & Platt 1988):
(1) Construct a conceptual model. Identify the groups of
organisms (compartments) and specify the allowable flows
of matter between them:
F = [f1 .. fi .. fN]
(1)
where F is the vector resulting from all possible flows; f is
the vector of a single flow; and N is the number of all
possible flows.
(2) Construct a linear system of equations that describes
the relationships between flows. The following criteria must
be met: (a) the flows into each compartment must balance
the flows out of the compartment, because of the steady
state assumption, and (b) measured flows provide complementary equations. The system of linear equations obtained can then be formulated as a matrix:
[A]b,N [F]N,1 = [B]b,1

(2)

where A is the matrix of linear equations; b is the number
of equations, characterised by b < N; and B is the matrix of
solutions to the linear equations.
(3) Construct a set of constraints (h, inequalities). These
ensure that all flows are positive, and constrain the assimilation efficiencies between observed minimal and maximal values, or any other rates used with observed biomasses (respiration, ingestion…).
[G]h,N [F]N,1 > [H]h,1

(3)

where G is the matrix of linear inequalities; h is the number of inequalities, characterised by b + h < N; and B is the
bounds of linear combinations of flows defined by G.
(4) Impose the parsimony principle. This final condition
ensures a unique solution; in other words, the chosen solution is the minimum of a norm.
Norm(F) is minimal

(4)

For more details on the solution of the equations see
Vézina & Platt (1988) and Vézina (1989).
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