P.S.Z.N.I: Marine Ecology, 14 (2): 159-173 (1993) Accepted: April 2, 1992
© 1993 Paul Parey Scientific Publishers, Berlin and Hamburg
ISSN 0173-9565

A Simulation Model of a Deep
Meiobenthic Compartment:
A Preliminary Approach

F. pE BoVeg! & J. PH. LABAT?

! Observatoire océanologique de Banyuls-sur-Mer, Laboratoire Arago,
University P. M. Curie-Paris VI; URA CNRS 117, F-66650 Banyuls-sur-Mer, France.
2 Observatoire océanologique de Villefranche-sur-Mer, Laboratoire d’Océanographie
Biochimique et Ecologie, University P. M. Curie-Paris VI; EP CNRS 017, BP 28,
F-06230 Villefranche-sur-Mer, France.

With 6 figures and 1 table
Key words: Simulation model, deep sea, Nematoda, meiofauna.

Abstract. On the basis of data obtained during the ECOMARGE programme and during an annual
survey of a deep station (910m), a first attempt at modelling the carbon flux through a simplified
benthic system is presented. Three compartments are simulated: organic matter, bacteria,
nematodes. Several hypotheses are proposed by the present simulation: constant or seasonal input
of organic matter, intra-compartmental control or lack thereof. The pulses related to the seasonal
input of organic matter and to the internal kinetics of the system are described. Nine to 11mg C - m—2
- d-! are necessary to equilibrate the carbon budget of this simplified deep-sea benthic system.

Problem

During the last few years, considerable interest has been focused on studying
the dynamics of energy transfer to the deep sea and the utilization of food
resources by the deep-sea benthos (Rowe, 1983, 1987). To this end, a multi-
disciplinary programme was developed to investigate the ECOsystem of conti-
nental MARgins (ECOMARGE) in the north-western Mediterranean (DE
BoVEE et al., 1990). An attempt is made here to simulate the transfer of energy
through a simplified deep-sea benthic chain: organic matter, bacteria,
meiofauna. This last compartment is evaluated based on the nematodes, which
are the dominant group of metazoan meiofauna (THIEL, 1983; HEIp ef al., 1985).
The environment is characterized by a lack of organic material production and
constant temperature (13 °C).

Following CHArDY (1987), our simulation model is defined in terms of the
management of resources. The purpose of the present simulation is to estimate
the amount of energy transfers which could equilibrate the needs of a deep
nematode community in the course of time. Two hypotheses, a temporal
stability of supply and a seasonality in vertical flux, are tested.
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Material and Methods
1. General framework of the model

The continental margin of the Gulf of Lions presents different morphological structures (Gor &
Avroisi, 1990; STANLEY et al., 1976). Biological research has been carried out in five canyons. Studies
by DE BovEek et al. (1990) have attempted to elucidate the distribution of the metazoan meiofauna on
the continental slope. A decrease of meiofaunal densities, largely explained by the decrease of
available resources (see THIEL, 1983), was observed after a multifactorial analysis of the results. The
multivariate method also highlighted the relationship between faunal fluctuations and seasonal and
organic matter variations. The limits for the biological values for the simulated station were
obtained from the statistical limits imposed by a factorial analysis (LEBART et al., 1984) of the results
from the continental margin.

In addition, the simulation model is based on the results obtained from a reference station
located at 910m depth in the Lacaze Duthiers canyon. The parameters of the biological compart-
ments (BuscaiL ez al., 1990) and the flux of organic matter were sampled seasonally (MoNaco et al.,
1990).

The simulated station is located in a canyon at 1000m depth. The sediment consists of a
terrigeneous mud containing 86 % clay and 10 % sand. The hydrological conditions are specific to
the north-western Mediterranean and are characterized by a constant bottom temperature above
13°C.

2. Model structure

In the mathematical formulation of a simulated ecosystem, it is first necessary to define the state
variables and the flux functions for the variables (GranT, 1986). Obviously, some of the control
functions are supported by theoretical considerations. The goal in solving a simulation model is to
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Fig. 1. Conceptual diagram of the simulation model showing the energy flow through the simplified
deep-sea benthic system.
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Fig.2. Mathematical formulation of relations between the different compartments of the model and
for the input of organic matter.

synthesize, in a few parameters, a great number of factors, some of which may be unknown
(DEANGELIS, 1988). A part of the challenge is to find “the simplest model capable of generating an
observed pattern” (CASWELL, 1988).

The process flow diagram on which the model is based is shown in Fig. 1. In the present study the
state variables are the biomass of 3 compartments: organic matter, bacteria, meiofauna. The
respired CO; is a sink compartment. Three different kinds of fluxes are formulated:

(1) a driving function which describes the input of organic matter to this compartment, (2) the
flux among the compartments, and (3) the flux of physiological processes.

The general equations (Fig.2) developed by WIEGERT ef al. (1981), PacE et al. (1984), and
CHARDY (1987) were used to simulate the biological processes and the interactions between
compartments according to three fundamental relationships: (1) utilization of a resource or prey by
a compartment; (2) utilization of a compartment by its predators; (3) loss due to physiological
functions (mortality, respiration, excretion).

Control of the flux between compartments was accomplished by: ingestion rate, feeding
preference, scarcity of resource, and scarcity of space. The rates of faecal production determined the
amount of the flux not assimilated by a compartment.

3. Model functioning

Two different methods were employed to simulate the input of organic matter (U): (1) a mean
constant flux; (2) a variable flux obtained from a polynomial fitting of the seasonally observed data
(Fig. 3). The ingestion rate (Tj) is the maximal rate for a compartment under optimal conditions,
when the amount of food is in excess and no intra-compartmental competition occurs. The feeding
preference (S;;) describes the importance of each kind of resource for a predator. From the (S3)
ratio, new values (P;;) are computed each time to account for the scarcity of resources (fij). For a user
(j), the sum of P; is always equal to 1.
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Fig. 3. Seasonal input of organic matter (mg C - m~2 - d~): observed values at station P 10 in the
Lacaze Duthiers canyon (from BuscaiL et al., 1990) and polynomial fitting.

Control by scarcity of resource f;; simulates the hypothesis that the use of resources is a function
of abundance. Below the minimum threshold abundance a;; the resource is not utilized. Above the
maximum threshold (g;) the resource is utilized at the maximum rate. Between the two thresholds
the rate of utilization changes linearly.

Similarly, control by scarcity of space (f;) simulates the hypothesis of intra-compartmental
competition, as the increase of a compartment is a function of its own density. Below the minimum
treshold biomass (a;;) there is no competition between individuals. Above the maximum treshold
(g;), the maximal biomass is reached and ingestion is equal to maintenance costs. Between these
tresholds, values change linearly.

In coastal areas, control by scarcity of space can be ecologically consistent with field observa-
tions; in the deep sea, its importance should not be as marked. This control allows the simulation of
the gradual impact on higher trophic levels which, however, is not directly part of the model. This
hypothesis is tested by several model simulations including the optional use of the scarcity of space
control function.

The metabolic functions are mortality, excretion, and respiration. Mortality is the biomass which
returns to the organic matter compartment. Excretion is a soluble waste product. Respiration is a
flux of carbon to the CO, compartment sink. M;, E;, and R; are the rates of mortality, excretion, and
respiration, respectively.

First-order differential equations provide a flexible format for ecological modelling. The fourth-

order Runge-Kutta method with a time step of io day was used to integrate the simultaneous
equations.

4. Units

All the data are converted to organic carbon equivalents. The biomass is expressed in mg C - m~2 for
a sedimentary layer 2cm thick. The highest meiofauna concentrations are found in the surface and
subsurface levels to a depth of 2 cm (DINET & VIVIER, 1979; THIEL, 1983; THISTLE & SHERMAN, 1985).
Flux values are expressed in mg C - m~2 - d-'. The rates of physiological functions (mortality,
excretion, respiration) are expressed in mg C - mg C (of biomass) ~* - d~'.
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Results
1. Parameterization

One of the most important steps in simulating an ecosystem is to parameterize
the variables of the model. Parameter values (Table 1) are mainly obtained from
oceanographic data recorded during the ECOMARGE programme (DE BOVEE
et al., 1990) and the seasonal survey (Fig.3) in the Lacaze Duthiers canyon
(BuscAlL et al., 1990) or collected as part of the present study (Fig.4). The
unknown values are derived from the literature or empirically estimated
(CHARDY, 1987; PACE et al., 1984).

a. Organic matter

The organic carbon concentrations are computed from the statistically analyzed
ECOMARGE programme data (DE BOVEE et al., 1990). They range from
0.50 % (67,000 mg C - m~2) to 0.56 % of the sediment dry weight (75,000 mg C -
m~2). The average for continental margin samples is thus: 0.53 % (71,000mg C -
m~2). Using sequential sediment traps, BuscaIL et al. (1990) calculated a mean
constant flux of 33g C - m~2 - y~! (Fig. 3). This figure is converted to 90mg C -
m~2 - d-! for the present study.

Table 1. Parameter values used. See text and Fig. 2 for explanations of parameters.
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Fig. 4. Observed seasonal variations of the nematode biomass (mg C - m~2) at station P 10 in the
Lacaze Duthiers canyon; simulated nematode biomass with space control function and 11 % organic
matter flux; simulated nematode biomass without space control function and 9% organic matter
flux.

b. Bacteria

The mean bacteria density is 108 bacteria - ml~! sediment (direct counts;
D. DELILLE, pers. comm.). On the basis of an average of 11.3- 102 mg C -
bacteria—! in a muddy sediment (MEYER-REIL et al., 1987), the mean bacterial
biomass is approximated to 30mg C - m~2. When the bacterial biomass is equal
to or lower than Vio of its mean value (3mg C - m~2) this compartment is no
longer utilized by the meiofauna. Respiration (R = 0.6 mg C - mg C (bact) ~! -
d-1), excretion (E = 0.173 - d-1), and ingestion rates (T = 6.26 - d') are taken
from PACE et al. (1984) and CHARDY (1987).

c. Meiofauna

Nematodes are suggested as a possible tool for simulating the metazoan
meiofauna energetics as they possess important characteristics such as numerical
dominance, high species diversity, and trophic diversity.

Nematodes are probably the most abundant metazoans in subtidal and deep
sediments (HEmP et al., 1985; JENSEN, 1988). In the western Mediterranean
continental margin, they represent 92.4 % of total meiofauna numbers. Biomass
values are lower and range from 28 % (HANsoN et al., 1981) to 82 % (RACHOR,
1975). Values are generally close to 50 %: 37 % (WIGLEY & MCINTYRE, 1964);
48.7% (DE BOVEE, 1981); 46 % (SHIRAYAMA, 1984). In the deep sea, however,
they could gain in importance due to the lower energetic content of the
harpacticoid copepods (3090 cal - mg~!) found by DINET (1980).
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Following PETERs (1983), we assume that the size structure is an efficient
indicator of metabolic activity. The individual biomass values are obtained from
biometrical analysis of the nematode community (DE BOVEE, 1987 a, b) using the
following equation:

Log (D.W. pg) = 2.470848 - Log (L pm) — 7.96632
A 51.03 % carbon equivalent facilitates the expression of individual biomass in
terms of organic carbon (DE Bovekg, 1987b).

The two linear regressions:

Log (N - 10cm—2) = —0.0006629 - Z (m) + 3.2605

Log (B pg C - 10cm~—2) = —0.0006260 - Z (m) + 2.1955
express quantitatively the nematode distribution along the margin (DE BOVEE,
1988): numbers (N), biomass (B), bathymetry (Z).

The computed density value for a theoretical station located at 1000 m is 396
indiv. - 10cm~2, biomass is 37.03mg C - m~2. The mean individual biomass is
0.0934 pg C - indiv.~!. The densities computed from the statistical analysis range
from 16—592 indiv. - 10cm~2. The corresponding biomass values are 1.495 and
55mg C - m—2.

A linear regression:

Log (R pg C - d-1) = 0.8544 - Log (D.W. pg C) —1.3477
relating the respiration (R) to the body weight (D.W.) was obtained from the
multispecific values given by WIESErR & KANwisHER (1960, 1961), TeaL &
WIESER (1966), SCHIEMER & DUNCAN (1974), WIESER et al. (1974), WARWICK &
Pricke (1979), TIETJEN (1980); see also OTT & ScHIEMER (1973), HEIP et al. (1982,
1985), and ScHiEMER (1987). The Respiratory Quotient = 0.85 (HARGRAVE,
1973; SmitH, 1978).The in situ respiration (0.039mg C - mg C-' - d~!) is
computed for a Q9 = 2 (PrICE & WARWICK, 1980); the related coefficient is 1.62
at 13°C.

The coefficient of mortality (0.022) is obtained from the data of bE BOVEEE
(1981) for the sublittoral nematode community from Banyuls-sur-Mer (North-
west Mediterranean). This coefficient supports the hypothesis of a regular and
constant mortality and a low predation.

From the values reviewed by HErp er al. (1985) and ScHIEMER (1987), a
maximum ingestion rate of 0.5mg C - mg C~' - d~!is adopted. The assimilation is
60 % of the ingestion. Excretion and faeces therefore account for 0.4 mg C - mg
C-1 ingested (MARCHANT & NicHOLAS, 1974). From the data of MONTAGNA
(1984), an estimate of the ingestion rate (bacteria plus diatoms) would range
from 2.02 to 0.57 mg C - mg C (of nematode)~! - d—!. The problems of ingestion
rates in bacteria-feeding nematodes have been discussed by HERMAN & VRAN-
KEN (1988); they calculated an ingestion rate exceeding 1.5mg C - mg C~! - d~!
with an assimilation rate of 25 %.

Our chosen value (60 % assimilation rate, i.e., 0.5mg C - mg C~' - d~') is
justified by the lower quantities of trophic resources in the deep sea versus
coastal areas or under supoptimal experimental conditions. The present simula-
tion model makes the assumption — taking into account the range of data for the
continental margin — that the ingestion rate is food-dependent. When little
energy is available in the environment, only a small quantity of food can be
ingested by the organisms and, consequently, the ingestion rate is small
(SCHIEMER, 1987; RoMEYN & BouwMaN, 1983). Under conditions of lower food
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abundance, the assimilation efficiency would increase, thus producing a high
assimilation rate (see the detailed analysis of ScHIEMER, 1987, for Plectus
palustris).

The nematode community sampled at the P 10 station in the Lacaze Duthiers
canyon is highly diversified (SHANNON index = 5.5). The species association is
similar to that described by VimieLLo (1969; 1976) for the bathyal mud off
Marseilles. Dominant species are mostly members of the Comesomatidae
(Sabatieria conicauda, S. hilarula, Hopperia massiliensis), which can contain up
to 40 % of sampled individuals. In terms of the feeding types defined by WiESER
(1953), the deposit feeders, (“1 A” and “1B”) contain 64.2% of the total
individuals, (8.2 and 56 %, respectively). The predatory and omnivorous
nematodes (“2B”), with a wide and armed buccal cavity (20.3 % of individuals),
are dominated by the Sphaerolaimidae. The epistrate feeders (“2 A”) only occur
in small numbers (8.4 % of organisms). Of particular interest is the presence of a
mouthless species containing up to 7.1% of all individuals. In the deep sea,
JENSEN (1988) estimated that the bacteriophageous nematodes constituted 90 %
or more of the fauna. Our observations indicate slightly lower values. According
to the feeding structure proposed by JENSEN (1987, 1988), our model assumes
that 70 % of the individuals (the deposit feeders and the epistrate feeders) are
mainly bacteria-feeders. The remaining (30 %) utilize the non-bacterial organic
matter. Obviously, this latter group is extremely heterogeneous and contains
predators, scavengers, omnivores, and gutless nematodes.

2. Simulation

Several trials were done with different proportions of the organic matter flux
available to the organisms, with and without the scarcity of space function. Step
by step, all the simulations were examined. We retained the runs for which the
simulated mean meiofauna biomass was the nearest to the observed biomass.

The results of the retained simulations are illustrated by Figs. 5 and 6. Both a
mean constant input of organic matter and a seasonal flux are simulated.

a) with the scarcity of space function, the needs of the benthic system are
10 % of the organic matter input flux;

b) without this function the needs are 9 % of the input flux.

The fluxes are expressed in mg C - m~2 - d~!, the biomasses of bacteria and
nematodes in mg C - m—2.

a. With the scarcity of space control function

Constant flux (Fig. 5 A). When the rate of utilization of the input flux is lower
than 8%, the results are inconsistent and the values of nematode biomass
sharply decline. At 10% (9mg C - m~2 - d-!), the system is linear without any
pulse. For this step, the maximum values reached by the bacteria (9mg C - m~2)
and nematodes (40mg C - m~2) are lower than the control values. At 12%
(11mg C - m~2 - d-!), some fluctuations begin to appear. Above a 15 % rate of
utilization (13.5mg C - m~2 - d~!), nematode biomass varies between the mean
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Fig.5. Results of the simulations with space control.

A: 10 % mean constant flux.
B: 10 % seasonal flux.
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1: influx of organic matter (mg C - m~2 - d-1); 2: bacteria biomass (mg C - m~2); 3: nematode biomass

(mg C - m~2).

and maximum values. For the higher rates, the magnitude of pulses decreases
and the mean biomass approaches the theoretical maximum value (55mg C -

m—2).

Examining the mean constant input of organic matter allows us to describe
the functioning of the simulation model. When the trophic resources are at a low
level (<8%), the bacteria compartment is maintained but the meiobenthic
compartment disappears. The bacteria compartment is then only limited by the
abundance of organic matter (scarcity of resource). When the flux increases, the
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bacteria and meiofauna compartments are present. Bacteria abundance is then
regulated by meiofauna predation. The nematode compartment is regulated by
the scarcity of resource and by its own growth (scarcity of space). The fluctu-
ations at fluxes greater than 10 % result from the control functions of the model.

Seasonal flux (Fig.5B). When the rate of utilization of the input flux is lower
than 8 %, the results of the simulation are inconsistent and the low fluctuations
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of nematodes decrease rapidly. Above 10 %, the dynamics of compartments are
characterized by periodic fluctuations related to seasonality in the food supply.
The amplitude of pulses in nematodes ranges between the theoretical minimum
and maximum values. Some secondary oscillations related to the inter- and
intra-compartment control functions are also observed. The simulated periods
of maximum and minimum nematode biomass values are obtained during
April-May and September—October, respectively. These periods correspond
well with the observed data (Fig. 4). The mean time lag between the maximum
flux of organic matter and the simulated maximum biomass is 60 days. The
observed time lag is slightly greater than 80 days, implying that the simulated
kinetics of the utilization of organic matter is slightly faster than the observed
kinetics. However, the observed time lag gives only an indicative value because
the sampling strategy does not allow the estimation of the true date of the peak.
Above a 12% rate of utilization of the seasonal flux of organic matter, the
maximum nematode biomass values level out. The minimum and mean
nematode biomass increases to the maximum theoretical value.

Our model is most valuable in suggesting the general qualitative and mean
characteristics of the dynamics of the nematode compartment. However, the
smallest simulated values are lower than those observed. This indicates that part
of the processes regulating the populations, or the fluxes, may have been
ignored.

b. Without the scarcity of space control function

Constant input flux (Fig. 6 A). When the rate of utilization of the input flux is
lower than 7 %, the meiofauna disappears. At 9% (8.1mg C - m=2 - d—'), the
meiofauna compartment is maintained close to the mean observed level (42 mg
C - m2; Fig.6A). Up to and above 10%, the simulated biomass shows
unrealistic constant values.

Seasonal input flux (Fig. 6 B). The most realistic mean value is obtained with a
9% rate of utilization of the input flux. Nevertheless, the meiofauna biomass
values fluctuate widely and reach 88 mg C - m~2.

Discussion

According to several authors (see THIEL, 1983; PFANNKUCHE, 1985; ALONGI &
PicHoN, 1988; DE BOVEE et al., 1990), food availability is very important in
explaining the quantitative distribution of meiofauna along the continental
margins. This specificity suggests an ecosystem in which the energetic transfers
are food-limited. The present model simulates a three compartment system.
The source compartment is the input of organic matter. The trophic resources
are utilized by two other compartments. The first user is the bacteria compart-
ment, which is mainly controlled by available resources and predation. The
importance of the meiobenthic compartment in the ecosystem depends on its
initial biomass and resource availability. Meiofauna mainly feed on the bacteria
compartment, and low bacterial abundance may be a limiting factor.
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In the deep sea, global metabolic experiments (SMITH & BALDWIN, 1984) as
well as benthic animal observations (see TYLER, 1988) suggest a biological
seasonality related to a seasonal influx of organic matter (Rowe, 1987). Similar
conclusion are obtained in the Lacaze Duthiers canyon at 910m from the
comparative analysis of the particulate matter flux (Fig.3) and quantitative
meiofauna distribution (Fig.4). According to the two concepts of temporal
stability and predictable annual periodicity, the present model simulates four
hypotheses: mean constant flux or seasonal influx of organic matter, controlled
or uncontrolled by the scarcity of space.

For the constant flux model, regular pulses related to the control functions
can be obtained under the scarcity of space control hypothesis.

A more realistic representation of the observed data is obtained from the
seasonal simulation (Fig.4), both with or without the scarcity of space
hypothesis function. When this function is omitted, the simulated meiofauna
variations are in phase with the observed fluctuations. For each hypothesis the
simulated values of the mean level are close to the observed mean.

Our biological model is a simplification of a real ecosystem: only the bacterial
compartment and roughly 50 % of the biomass of the metazoan meiofauna are
included. Consequently, the simulated amount (9-11mg C - m~=2 - d~!) of organic
matter which appears to be necessary to equilibrate the energy requirements
must be considered only as a minimum value. This result does not reach the high
value (31g C - m=2 - a~') obtained by pE BovEe & LaBAT (1989) from the
Sediment Community Oxygen Consumption experiments. Their value may be
an overestimate due to the technique used in shipboard experiments at sea bed
temperature. The actual amount of organic matter used at the sediment-water
interface remains difficult to determine. On the basis of the hypothesis of
sedimentation developed by Courp & MoNaco (1990), BuscaiL et al. (1990)
used two different methods to estimate the carbon budgets in the superficial
layer. Using “C radiocarbon dating these authors considered the vertical flux at
the bottom to be only 1g C - m=2 - a~1, of which 40 % would be buried and 60 %
consumed (0.6g C - m~2 - a~1); this latter value is only 2 % of the flux measured
with sediment traps. The 21°Pb dating would indicate a vertical input of 23.7g C -
m—2-a-1;122gC-m2-a! (51 %) would be buried and 11.5g C - m=2 - a~!
would be consumed. This last result is comparable with the value computed with
the proposed compartmental model.

SmitH (1987) concluded there is a deficiency in energy input to the sea bed if
the vertical POC flux is the unique source. We suggest that the carbon budget of
the meiofauna community could be equilibrated by additional horizontal advec-
tion of food supply (TYLER, 1988).

Summary

A simulation model is used to estimate the importance of energy transfers which
could equilibrate the needs of a deep nematode community in the course of
time.

The observed values for the compartments are obtained from the annual
survey of a deep station (910m) of the ECOMARGE programme. Surface
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sediment organic matter concentrations ranged from 0.50 % to 0.56 % sediment
dry weight (or 67,000 mg C - m~2 to 75,000 mg C - m~2, respectively), for a mean
near-bottom flux input of 33g C - m=2 - a=! (90mg - m~2 - d~!). The mean
organismal biomass approximated to 30 mg C - m~2 for the bacteria and 37mg C
- m~2 for the meiofauna.

In the simulations, when 9-11% of the input flux are used by the system
(9-10mg C - m~2 - d— '), the meiofauna compartment is maintained close to the
osberved level, while bacterial biomass (9 mg C - m~2) is lower than the observed
value. At lower rates (<8%), the meiobenthic compartment disappears, at
higher rates (> 12 %) the simulated biomasses show unrealistic values. With a
seasonal input flux, the periods of the meiofauna biomass pulses correspond
well with the observed data. The mean time lag between the maximum values of
the organic matter input and the simulated maximum biomass is 60 days, slightly
smaller than the observed value.

Acknowledgements

This work was supported by the ECOMARGE programme and the project EUMELI. Contribution
of the Laboratoire Arago (URA with CNRS 117 and Univ. P. M. Curie Paris VI). The authors
acknowledge all the participants of the ECOMARGE experiments who have provided a part of the
original data. Thanks are also given to two anonymous reviewers for their fruitful comments and to
A. GreHAN for his help in finalizing the manuscript.

References

ALongi, D. M. & M. PicHoN, 1988: Bathyal meiobenthos of the western Coral Sea: Distribution and
abundance in relation to microbial standing stocks and environmental factors. Deep-Sea Res.,
35: 491-503.

Boveg, F. pE, 1981: Ecologie et dynamique des Nématodes d’une vase sublittorale (Banyuls-sur-
Mer). These, Univ. P. M. Curie, Paris; 194 pp.

——, 1987 a: Biomasse et équivalents énergétiques des Nématodes libres marins. Cah. Biol. Mar.,
28: 367-372.

——, 1987b: Dynamique des Nématodes profonds: structures quantitatives et dimensionnelles. In:
Colloque International d’Océanologie: Ecosystemes des Marges Continentales. Perpignan,
23-26 Juin, 1987. CIESM, Monaco; 69 pp.

——, 1988: Energetical requirement of freeliving nematodes from the mediterranean continental
margin In: 5th Deep-Sea Biology Symposium, Brest. IFREMER; 169 pp.

——, L.Gum1 & J. Sover, 1990: Quantitative distribution of Deep-Sea Meiobenthos in the North-
western Mediterranean (Gulf of Lions). Cont. Shelf Res., 10: 1123-1145.

—— & J.Pu. LaBaT, 1989: Modelling of the biological benthic compartment. In: V. ANDERSEN &
V.GargoN (Eds.), Modélisation dans les cycles biogéochimiques, Programme Flux Océani-
ques, 6: 65-68.

BuscaiL, R., R. POcKLINGTON, R. Daumas & L. Guipi, 1990: Fluxes and budget of organic matter in
the boundary layer over the northwestern Mediterranean margin. Cont. Shelf Res., 10:
1089-1122.

CasweLL, H., 1988: Theory and models in ecology: a different perspective. Ecol. Model., 43: 33-44.

CHARDY, P., 1987: Modele de simulation du systéme benthique des sédiments grossiers du golfe
normando-breton. Oceanol. Acta, 10 (4): 421-434.

Coure, T. & A.MoNaco, 1990: Sediment dispersal and accumulation on the continental margin of
the gulf of Lions: sedimentary budget. Cont. Shelf Res., 10: 1063-1088.



172 BoVEE & LABAT

DeANGELIS, D. L., 1988: Strategies and difficulties of applying models to aquatic populations and
food webs. Ecol. Model., 43: 57-73.

Diner, A., 1980: Répartition quantitative et écologie du méiobenthos de la plaine abyssale
atlantique. These, Univ. Aix-Marseille II; 180 pp.

—— & M. H. VIviEr, 1979: Le méiobenthos abyssal du Golfe de Gascogne. II. Les peuplements de
Nématodes et leur diversité spécifique. Cah. Biol. Mar., 20 (1): 119-123.

Gor, H. & J.C. Avoisi, 1990: The Holocene sedimentation of the Gulf of Lions margin: a
quantitative approach. Cont. Shelf Res., 10: 841-856.

Grant, W. E., 1986: Systems analysis and simulation in wildlife and fisheries sciences. John Wiley &
Sons, New York; 338 pp.

HansoN, R.B., K. R. TeNoORE, S. BisHop, C. F. CHAMBERLAIN, M. M. PAMATMAT & J. H. TIETJEN,
1981: Benthic enrichment in the Georgia Bight related to the Gulf stream intrusions and
estuarine outwelling. J. Mar. Res., 39: 417-441.

HARGRAVE, B. T., 1973: Coupling carbon flows through some pelagic and benthic communities. J.
Fish. Res. Board Can., 30: 1317-1326.

Herp, C., M. Vincx, N.SmoL & G. VRANKEN, 1982: The systematics and ecology of free-living
marine Nematodes. Helminthol. Abstr., Ser. B, 51: 1-31.

——, M.Vinex & G. VRANKEN, 1985: The ecology of marine nematodes. Oceanogr. Mar. Biol.
Annu. Rev., 23: 399-489.

HerMAN, M.J. & G.VRANKEN, 1988: Studies of the life history and energetics of marine and
brackish-water nematodes. II. Production, respiration and food uptake by Monhystera dis-
juncta. Oecologia, 77: 457-463.

JENSEN, P., 1987: Feeding ecology of free-living aquatic nematodes. Mar. Ecol. Prog. Ser., 35:
187-196.

——, 1988: Nematode assemblages in the deep-sea benthos of the Norwegian Sea. Deep-Sea Res.,
35 (7): 1173-1184.

LeBART, L., A. MorINEAU & K. M. WARWICK, 1984: Multivariate descriptive analysis. Correspond-
ence analysis and related techniques for large matrices. John Wiley & Sons, New York; 231 pp.

MARrcHANT, R. & W.L. NicHoLAS, 1974: An energy budget for the free living nematode Pelodera
(Rhabditidae). Oecologia, 16: 237-252.

MEYER-REIL, L.-A., A. FAUBEL, G. GRAF & H. THIEL, 1987: Aspects of benthic community structure
and metabolism. In: J.RumoHRr, E.WALBERG & B.ZEemrscHEL (Eds.), Seawater-Sediment
interactions in coastal water (Lectures notes on coastal and estuarine studies; 13). Springer
Verlag, Berlin: 69-110.

Monaco, A., T. Courp, S. HEUSSNER, J. CARBONNE, S. W. FOwWLER & B. DENUAUX, 1990: Seasonal-
ity and composition of particulate fluxes during ECOMARGE-I, western Gulf of Lions. Cont.
Shelf Res., 10: 959-988.

MONTAGNA, P., 1984: In situ measurement of meiobenthic grazing rates on sediment bacteria and
edaphic diatoms. Mar. Ecol. Prog. Ser., 18: 119-130.

Orr, J. & F.ScHIEMER, 1973: Respiration and anaerobiosis of free living nematodes from marine
and limnic sediment. Neth. J. Sea Res., 7: 233-243.

Pace, M. L., J.E. Grasser & L. R. PoMmEeroy, 1984: Simulation analysis of continental shelf food
webs. Mar. Biol., 82: 47-63.

PeTERS, R. H., 1983: Ecological implications of body size. Cambridge University Press, Cambridge;
329 pp.

PFANNKUCHE, O., 1985: The deep-sea meiofauna of the Porcupine Seabight and abyssal plain (NE
Atlantic): population structure, distribution, standing stocks. Oceanol. Acta, 8: 343-353.
Price, R. & R. M. Warwick, 1980: The effect of temperature on the respiration rate of Meiofauna.

Oceologia, 44: 145-148.

RACHOR, E., 1975: Quantitative Untersuchungen iiber das Meiobenthos der Nordostantlantischen
Tiefsee. ,Meteor* Forschungsergeb., Reihe D, 21: 1-10.

RomeyN, K. & L. A. Bouwman, 1983: Food selection and consumption by estuarine nematodes.
Hydrobiol. Bull., 17: 103-109.

Rowe, G.T. (Ed.), 1983: The Sea, Vol.8: Deep-Sea Biology. Wiley Interscience, New York;
560 pp.

——, 1987: Seasonal growth and senescence in conti al shelf ecosy : a test of the SEEP
hypothesis. S. Afr. J. Mar. Sci., 5: 147-161.

ScHIEMER, F., 1987: Nematoda. In: T.J. PanpiaN & F.J. VERBERG (Eds.), Animal Energetics,
Vol. 1. Academic Press, Orlando: 185-215.




Model of deep meiobenthos 173

—— & A.DuncaN, 1974: The oxygen consumption of a freshwater benthic nematode, Tobrilus
gracilis (BAsTiaN). Oecologia, 15: 121-126.

SHIRAYAMA, Y., 1984: Vertical distribution of meiobenthos in the sediment profile in bathyal,
abyssal and hadal deep sea systems of the Western Pacific. Oceanol. Acta, 7: 123-129.

Smith, Jr., K.L., 1978: Benthic community respiration in the N.W. Atlantic Ocean: In situ
measurements from 40 to 5200 m. Mar. Biol., 47: 337-347.

1987 Food energy supply and demand: a discrepancy between particulate organic flux and
co y oxygen cc ption in the deep ocean. Limnol. Oceanogr., 32 (1):
201-220.

—— & R.J. BALDWIN, 1984: Seasonal fluctuations in the deep-sea sediment community oxygen
consumption: central and eastern North Pacific. Nature, 307: 624-626.

StanNLEY, D.J., H.Gor, N.KENYAN, A.MoNAco & Y.WEILEN, 1976: Catalonian, Balearic and
Eastern Betic margins: structural types and geologically recent foundering of the western basin.
Smithson. Contrib. Earth Sci., 20: 1-62.

TeAL, J. M. & W. WIESER, 1966: The distribution and ecology of nematodes in a Georgia salt marsh.
Limnol. Oceanogr., 11: 217-222.

THier, H., 1983: Meiobenthos and nanobenthos of the deep-sea. In: G.T. Rowe (Ed.), The Sea.
Vol. 8: Deep-Sea Biology. Wiley Interscience, New York: 167-230.

THisTLE, D. & K. M. SHERMAN, 1985: The nematode fauna of a deep-sea site exposed to strong near-
bottom currents. Deep-Sea Res., 32 (9): 1077-1088.

Tiewen, J.H., 1980: Microbial-meiofaunal interrelationship: a review. Microbiology (Wash.,
D.C.): 335-338.

TYLER, P. A., 1988: Seasonality in the Deep Sea. Oceanogr. Mar. Biol. Annu. Rev., 26: 227-258.

VimeLLo, P., 1969: Linhomoeidae (Nematoda) des vases profondes du Golfe du Lion. Téthys, 1:
493-527.

——, 1976: Peuplements de nématodes marins des fonds envasés de Provence: II. Fonds détritiques
envasés et vases bathyales. Ann. Inst. Océanogr., 52 (2): 283-311.

Warwick, R. M. & R. Prick, 1979: Ecological and metabolic studies on free-living nematodes from
an estuarine mudflat. Estuarine Coastal Mar. Sci., 9: 257-271.

WIEGERT, R.G., R.R. CHrisTIAN & R.L. WETZEL, 1981: A model view of the marsh. In: L.R.
Pomeroy & R.G. WikGerT (Eds.), Ecology of a salt marsh, 9. Springer Verlag, New York:
183-218.

WiEser, W., 1953: Die Beziehung zwischen Mundhohlengestalt, Erndhrungsweise und Vorkommen
bei freilebenden marinen Nematoden. Eine 6kologisch-morphologische Studie. Ark. Zool.
(Ser. IT), 4: 439-484.

—— & J.KANWISHER, 1960: Growth and metabolism in a marine nematode, Enoplus communis
BastiaN. Z. vgl. Physiol., 43: 29-36.

—— & J. KANWISHER, 1961: Ecological and physiological studies on marine nematodes from a small
salt marsh near Woods Hole, Massachusetts. Limnol. Oceanogr., 6: 262-270.

——, J.O11, F. SchieMER & E. GNAIGER, 1974: An ecophysiological study of some meiofauna species
inhabiting a sandy beach at Bermuda. Mar. Biol., 26: 253-248.

WIGLEY, R.L. & A.D. McINTYRE, 1964: Some quantitative comparisons of offshore meiobenthos
and macrobenthos south of Martha’s Vineyard. Limnol. Oceanogr., 9: 485-493.




