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RATES OF METAZOAN MEIOFAUNAL MICROBIVORY :

A REVIEW

PAUL A. MONTAGNA
The University of Texas at Austin, Marine Science Institute, P.O. Box 1267, Port Aransas, Texas 78373 U.S.A.
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RÉSUMÉ - La méiofaune consomme des Bactéries, des microalgues, des Proto¬
zoaires, du matériel détritique et d'autres méiobenthontes. Elle peut également ab¬
sorber de la matière organique dissoute. L'objet de cet article de synthèse concerne
la méiofaune microphage, et en particulier la prédation sur les Bactéries et les
microalgues par les Nématodes et les Harpacticoïdes. La plupart des études utilisent
les techniques radioisotopiques. Elles se divisent en deux catégories : celles qui
envisagent d'élucider la biologie de la nutrition de la méiofaune, et celles qui
cherchent à évaluer l'impact de l'importance de la méiofaune dans le recyclage
du carbone. La méiofaune broute (sélectionne) les petites particules de la biomasse
microbienne. Le taux de broutage de la méiofaune augmente lorsque l'abondance
de la nourriture bactérienne disponible s'accroit. C'est une réponse fonctionnelle
que les modèles d'optimisation prédisent. La méiofaune présente également des
taux de consommation différents selon les sources de nourriture. Il existe des dif¬
férences ontogénétiques du taux de broutage et de sélection. Ces différences in-
tragénériques sont faibles. Les modes de nutrition varient avec les diverses phases
du cycle de vie. En dépis d'une forte variabilité d'un point à l'autre du globe, le
taux moyen de broutage de la méiofaune est de 0,01 • h1, ce qui représente 1%
par heure de la biomasse des hétérotrophes et des autotrophes. Ainsi, la méiofaune
a un impact global significatif sur tous les processus faisant intervenir des micro-
bionthes.

ABSTRACT - Metazoan meiofauna eat bacteria, microalgae, protozoans, detritus,
and other meiofauna. They also have the ability to absorb dissolved organic matter.
The focus of this review is on meiofaunal microbivory, particularly the use of
bacteria and microalgae by nematodes and harpacticoids. Most of the studies utilize
radioisotope techniques. The studies fall into two categories : those done to elu¬
cidate meiofaunal feeding biology, and those done to assess the impact and im¬
portance of meiofauna in carbon cycling. Meiofauna graze on (i.e., select) small
particles of microbial biomass. Meiofaunal grazing rates increase when offered
increased abundances of microbial food. This is a functional response predicted
by optimization models. Meiofauna also have different grazing rates on different
species of food. Ontogenetic grazing rate and selection differences exist. The evi¬
dence for intrageneric differences in grazing rates is weak. Differences of feeding
modes exist with different life history stages. There is much variability from site
to site worldwide, but on average meiofauna graze at a rate of 0.01 • h"1, or 1 %
of the standing stock of both heterotrophs and autotrophs per hour. Therefore,
meiofauna have a significant global impact on microbially mediated processes.

INTRODUCTION

During the 1970's, little was known about how,
what, and how much meiofauna consumed
(Fenchel, 1978; Coull and Bell, 1979). A lot has
changed. The kinematics of meiofaunal feeding
has been defined. There are four harpacticoid
feeding groups : point feeders that are selective
epistrate pickers, line feeders that scrape edges of
particles, plane sweepers that sweep food into
their mouths from two-dimensional surfaces, and

solid feeders that either eat or clean whole parti¬
cles (Marcotte, B.M. 1977, Ph.D. Thesis,
Dalhousie University, 212 pp., described in Hicks
and Coull, 1983). There are also four nematode
feeding groups : deposit feeders, epistrate feeders,
scavengers and predators (Jensen, 1987). Al¬
though some nematodes (as well as meiofaunal
sized annelids) are deposit feeders, most metazoan
meiofauna behavior is adapted to pick specific mi¬
crobial food items, e.g., microalgae, bacteria, and
protozoans. Some workers have referred to this
feeding habit as «grazing,» and have measured
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how much microbial biomass is consumed by
meiofauna (Montagna, 1984; Decho, 1988; Blan¬
chard, 1991). Whereas macrofaunal (and pre¬
sumably meiofaunal) deposit feeders have
adaptations to acquire food by ingesting large
volumes of sediment (Lopez and Levinton, 1987),
meiofaunal grazers have adaptations to pick out
specific microbial particles (Marcotte, 1977 in
Hicks and Coull, 1983; Jensen, 1987).

One of the most successful areas of study
during the 1980's was to measure how much
meiofauna eat in the field. It was found that meio¬
fauna can vary their ingestion rates of microbes
in response to changes in food quality or quantity
(Deco, 1988; Montagna and Yoon, 1991). These
results suggest that meiofaunal grazing rates are
a functional response to changes in the environ¬
ment. I use this term in the same way that Taghon
and Green (1990) defined functional response :
«how any animal changes its feeding rate in re¬
sponse to changes in abundance of its food. »
Meiofauna, particularly harpacticoids, can ex¬
ponentially increase feeding rates as a function of
increased microphytobenthos (Montagna, et al,
1995). More information is needed on how to
apply models to meiofauna feeding, but we need
a reliable and easy way to obtain feeding rate
measurements. The current radioisotope tech¬
niques are neither well understood, nor easy to
use (Montagna, 1993).

Together nematodes and harpacticoids usually
make up 90-98 % of the meiofaunal community
(Mclntyre, 1969; Coull and Bell, 1979; Dye and
Furstenburg, 1981; Piatt, 1981). This paper fo¬
cuses on nematodes and harpacticoids because
they dominate the community. So, when I refer
to metazoan meiofauna, I am referring to mainly
nematodes and harpacticoids and exclude benthic
microfauna (flagellates, ciliates and foraminifera).
There is no doubt that microfauna are important,
but they may have different behavior and meta¬
bolism than metazoan meiofauna (Rivkin and De
Laca, 1990). Meiofauna can utilize organic matter
in diverse forms, but this review is focusing on
the utilization of the microflora : bacteria and mi¬

crophytobenthos. The main purpose of this paper
is to review the current literature on meiofaunal

feeding rates, so that the role of meiofauna in
transferring microbial carbon into food webs can
be better appreciated.

algae (Deco, 1988), and one study used fluores¬
cence-labeled bacteria to measure grazing on bac¬
teria (Epstein and Shiaris, 1992). Both of these
fluorescence techniques are very powerful and
have advantages for studies specific to bacteria or
microalgae. The radioisotope approach has prob¬
lems, but it is currently the only way to measure
grazing on both bacteria and microalgae. There¬
fore, this review will mostly cover radioisotope
tracer studies. There are two techniques for em¬
ploying radioactive tracers to measure the inverte¬
brate feeding via grazing. Microbial food is either
pre-labeled (Haney, 1971) or labeled while it is
being grazed (Daro, 1978). Both techniques have
advantages and disadvantages that limit their use
to either laboratory or field studies. The pre-label-
ing technique requires growing microbes with a
radioactive tracer, introducing the labeled microbe
to the existing microbial community and knowing
the specific activity of the food source. Such con¬
ditions are best achieved in laboratory studies.
The synoptic labeling technique is more amenable
to in situ studies, because only the radioactive
tracer is introduced and microbial uptake of the
tracer and meiofaunal grazing can be measured at
the same time.

It is difficult to review the literature and de¬
termine the comparative quantitative differences
in meiofaunal microbivory, because of differences
in approach to measuring feeding rates and diffe¬
rences in reporting the rates measured. In large
part, the differences exist because different end-
points are desired. Studies on carbon flow might
report rates on a biomass specific basis (e.g., jig
C • ind • h_1), whereas studies on the impact of
meiofauna grazing on microbial populations might
report the flow rate (e.g., lr1). The focus of this
review is on assessing the latter issue, therefore
I have reported flow rates. This requires that the
amount of food (e.g., carbon, chlorophyll, or num¬
ber of cells) offered or available for eating is
known and reported. In this case it is simple to
calculate the flow rate, i.e., the percent grazed per
unit time. An advantage to reporting the flow rate
is that the inverse is the turnover time required
for the microbial population to maintain itself
under the grazing pressure of meiofauna. Turnover
time is an interesting number, because if the graz¬
ing rate is near the prey population growth rate
then there is a tight linkage between predator and
prey.

TECHNIQUES

Most meiofaunal grazing rate studies have em¬
ployed radioisotopic tracers. There are two notable
exceptions. One study used chlorophyll-pigment
gut-content analysis to measure grazing on micro-

MEIOFAUNAL GRAZING RATE STUDIES
IN THE LABORATORY

The earliest study on nematodes was performed
by Duncan et al. (1974). They pre-labelled bac¬
teria, Acinetobacter sp., with 14C-glucose and fed
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them to a freshwater nematode, Plectus palustris,
in hanging drops on slides. Although the grazing
rate was low (Table I), the amount of bacteria con¬
sumed was 650% of the nematode body weight
d"1. Another early study on the marine nematode,
Adoncholaimus thalassophygas, demonstrated that
this predator could take up dissolved organic mat¬
ter (DOM) in the form of l4C-glucose, but did not
eat pre-labelled bacteria (Lopez et al., 1979).

Admiraal et al. (1983) fed the nematode Eudi-
plogaster pararmatus l4C-labelled algae, Navicula
pygmaea. They used an interesting technique. The
diatoms were solidified in agar and nematodes in¬
troduced to the agar drops. This is one of the most
complete studies in terms of measuring functional
responses, since they used three concentrations of
food, two ages of nematodes, and two species of
food. Feeding rates increased with increasing food
concentration. In two of the three experiments,
there appears to be a saturation of the feeding rate.
Feeding rates doubled with doubled nematode age,

but the weight specific grazing rate decreased
nearly an order of magnitude. One experiment was
performed with the diatom N. salinarum, and the
feeding rate was four times higher on this dia¬
tom, indicating that selection of food species
exists.

Herman and Vranken (1988) fed the nematode
Monohystera disjuncta with the bacterium Altero-
monas haloplanktis in bacto-agar. Feeding rates
increased with age, but females had greater feed¬
ing rates than males (Table I). They also measured
defecation rates and used a model to calculate as¬

similation efficiency. The assimilation efficiency
was low : 18 % for juveniles, 27 % for adult males,
and 26% for adult females.

Diatom ingestion rates increase with age and
size for the nematode Chromadorita tenuis (Jen¬
sen, 1984). The nematode body weight increases
about 20 times during its life cycle, and the in¬
gestion rate increases from about 1 to 3 fig algae
d"1.

Table I. - Meiofaunal grazing rates using prelabelled food. The grazing rate was calculated as the fraction of radio¬
activity incorporated per individual. Units are in x 10~4 h"\ which is equivalent to% x 100 h1.

Taxa Bacteria Microalgae Reference

Nematodes

Plectus palustris
Adonchholaimus thalassophygas

Eudiplogaster pararmatus

Monohystera disjuncta (Juvenile)

Monohystera disjuncta (Male)

Monohystera disjuncta (Female)

Harpacticoids
Tisbe californicus

Tisbe holothuriae

Tisbe holothuriae (sand)

Tisbe holothuriae (suspension)
Tisbe battagliai

Tisbe furcata

Pararrphiacella vararensis (sand)

Paranphiacella vararensis (suspension)

3.2

0.016

17.8

15.3

53.1

19.7

0.059

0.059

0.0049

- Duncan et al. (1974)

Lopez et al. (1979)
0.02 Admiraal et al.

(1983)

Herman and Vranken

(1988)

Herman and Vranken

(1988)

Herman and Vranken

(1988)

1.6 Lear & Cppenheimer

(1962)

1.2 Vanden Berghe &

Bergmans, (1981)

Rieper (1978)

Rieper (1978)
1.2 Vanden Berghe &

Bergmans, (1981)
0.51 Vanden Berghe &

Bergmans, (1981)

Rieper (1978)

Rieper (1978)
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It appears that all aspects of nematode biology
is strongly influenced by the amount of food
available. Schiemer (1982) measured respiration,
growth, and reproduction of Caenorhabditis
briggsae as a function of different concentrations
of the bacterium, Escherichia coli. Nematode
body length and weight increased concordantly
when grown with increasing concentrations of
bacteria. Nematode respiration increased with in¬
creasing food. Growth rates increased with in¬
creasing food to a threshold value, and maturation
was earlier at higher food densities. Fecundity,
egg size, and egg production also increased with
increasing food. The nematode Plectus palustris
showed a similar response (Shiemer et al., 1980).
Both species have increased assimilation, growth,
and population rate with an increase in bacterial
food density (Schiemer, 1983). These studies de¬
monstrate the tight linkage between nematodes
and the amount of bacterial food available.

The first study on harpacticoids was performed
by labelling the green alga, Platymonas subcordi-
formis, with 90Sr and 90Y (Lear and Oppenheimer,
1962). However, they used Tigriopus californicus,
a harpacticoid that is not benthic. Tigriopus is a
littoral tide pool species. Syvitski and Lewis
(1980) studied sediment ingestion and mineral
transformation by T. californicus. They found that
ingestion rate was dependent on suspension con¬
centration.

Rieper (1978) performed one of the first studies
feeding bacteria to harpacticoids. She used a
planktonic species, Tisbe holothuriae, and a ben¬
thic species, Paramphiascella vararensis. She pre-
labelled five different strains of bacteria with

3H-glucose or 3H-leucine, and offered the harpac¬
ticoids a sand-paste consisting of pelleted bacteria
in sterilized beach sand and bacteria in suspen¬
sion. We don't know in which experiments glu¬
cose or leucine were used, and this could have
affected the results. Both species had higher graz¬
ing rates when offered bacteria in a sand paste
over bacteria in suspension. Unexpectedly, the
planktonic species grazing rate was three orders
of magnitude greater on sand than suspension, but
the difference was only one order of magnitude
for the benthic species (Table I). This suggests
that even planktonic harpacticoids are episubstrate
feeders. Rieper obtained three other results : the
planktonic species ate more than the benthic spe¬
cies, both species had different rates on different
species of bacteria, and both species had higher
grazing rates when the cell concentration were in¬
creased.

Harpacticoids also may have intrageneric
differences in feeding rates and preferences. Three
species of the planktonic genus Tisbe were fed
pre-labelled algae (Dunaliella tertiolecta) and un¬
labeled bacteria (Vanden Berghe and Bergmans,
1981). One species had a low feeding rate on

algae and preferred the bacteria, and two had the
same rate and preferred the algae (Table I). How¬
ever, I think that Vanden Berghe and Bergmans
may have misinterpreted the results. They per¬
formed seven experiments, but the experiments
usually contained different amounts of added
algae and bacteria for different replicates. Within
the experiments, there are trends of increasing
grazing rates with increasing added algae (Fig. 1).
Although, T. furcata had an average grazing rate
four times lower than the other two species, the
experiments also contained an average of 40%
less food in each replicate. Rather than an in¬
trageneric effect, they may have simply observed
a functional response to the amount of added food
(Fig. 1).

Ontongenetic feeding shifts also occur within
the harpacticoids (Decho and Fleeger, 1988). Ni-
tocra lacustris feed on diatoms only from the sec¬
ond or third copepodite stage. Nauplii and early
copepodite stages ingest bacteria by scraping the
outer surface of diatoms. Adults ingest bacteria
coincidently with ingested diatoms.

Food quality, as measured by C:N ratios, does
not affect ingestion rates of Tisbe cucumariae.
Guidi (1984) fed T. cucumariae seven pre-labelled
foods with varying C:N ratios and protein content.
Whereas nitrogen, protein level, and C:N ratios
significantly correlated with survival and develop¬
ment times, ingestion rates were not greatly af¬
fected.

2.0

1.5

x

a 1.0
CO
a:
o>
c

s
o

0.5

0.0

Carbon Added (pg)

Fig. 1. - Functional response of Tisbe spp. to added
food. Data from Vanden Berghe and Bergmans (1981)
is fit to exponential model, G=Gmax (l-e(k c)), suggested
by Montagna et al. (1995).
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One measure of food quality is egg production.
The harpacticoid copepod, Heteropsyllus pseudo-
nunni, produced more eggs when fed detritus from
Juncus roemerianus than when fed the microalga,
Dunaliella sp. (Ustach, 1982). The copepod also
produced more eggs when fed Juncus detritus and
bacteria than when fed the microalga Nitzschia sp.
(Ustach, 1982). These results suggest that detritus
and the associated bacteria are important to H.
pseudonunni. However, the copepod Scottolana
canadenensis produced more eggs on a mixed diet
of algae and bacteria than either diet alone (Heinle
et al., 1977).

IN SITU GRAZING RATE STUDIES

Microbial prey can also be labeled while they
are being grazed (Daro, 1978). I have adapted this
technique for use in sediments to measure meio-
faunal grazing rates (Montagna, 1984; Montagna
and Bauer, 1988; Montagna, 1993). This allows
for in situ studies to be performed. Meiofaunal
grazing rates on bacteria and microalgae are cal¬
culated using a model proposed by Daro (1978).
The meiofaunal grazing rate (G) is the proportion
of material flowing from the donor (or prey) com¬
partment to the recipient (or grazer) compartment
per unit time. The model assumes that label is in
excess and that during the incubation period label
does not become limiting, prey uptake is linear,
and grazer label recycling is zero. In this case, G
is expressed in units of h1 and is calculated as
follows :

G = 2FIt (1)

F = M/B (2)

where F is the fraction of label uptake in the
grazer, M (in this case meiofauna), relative to the
prey, B (bacteria or microalgae), at time, t in
hours. M and B are in units of disintegrations per
minute (DPM). Since 2It is a constant, variability
in G is due to variability in F, i.e., M and B. In
situ grazing studies require controls, because
meiofauna may absorb DOM (Montagna and

Bauer, 1988), or adsorb dissolved inorganic carb¬
on (Montagna, 1983). A properly designed in situ
meiofaunal grazing experiment must consider and
correct for isotopic uptake by microbes, meio¬
fauna, and macrofauna via non-grazing processes.
This requires parallel incubations to obtain experi¬
mental and control values.

Carman and Thistle (1985) used this technique
to study species interactions and feeding strate¬
gies. They injected 14C-bicarbonate or 14C-acetate
into undisturbed sediment cores and incubated for
4 and 8 hours. They found that three co-occurring
species had three different feeding strategies.
Thompsonula hyaenae preferred microalgae,
Halicyclops coulli preferred bacteria, and Zau-
sodes arenicolus did not exhibit preferences
(Table II). In general, the grazing rates from field
studies (Table II) are much lower than the grazing
rates obtained from laboratory studies (Table I).
This could be explained in two ways. There may
be methodological problems with the in situ tech¬
nique, or the lower rates may be a response to
lower amounts of food. It is more likely that food
is added in excess in laboratory culture experi¬
ments than is available in the natural sediments

during field studies. Therefore, it is possible (and
perhaps likely) that the lower grazing rates are re¬
flecting lower amounts of available food.

Recently, Carman (1990) has suggested that
these differences in grazing rates among the three
species were due to label uptake by epicuticular
bacteria, and not grazing on labeled bacteria. Male
copepods do not feed while clasping females, but
the females continue to feed. No bacteria as¬

sociated label was seen in copepod guts by auto¬
radiography, and non-feeding males still
incorporated label on their cuticle. Carman (1990)
concluded that differences in feeding rates on bac¬
teria among the harpacticoids listed in Table II is
due to differences in uptake by epicuticular bac¬
teria, not grazing on labeled bacteria. This study
illustrates the importance of using live controls to
subtract label uptake by non-grazing processes.

Most authors have used the in situ technique
to measure carbon flow, and not individual species
responses to environmental factors. The goal in
these types of studies is to determine the impact

Table II. - Copepoda grazing rates from studies that label food while grazing occurs. Grazing rate was calculated
as two times the fraction of radioactivity incorporated per unit time (Daro, 1978). Units are in x 10"4 h"', which is
equivalent to % x 100 h1.

Taxa Bacteria Microalgae Reference

Thompsonula hyaenae 0.002 0.056 Carman & Thistle (1985)

Halicyclops coulli 0.016 0.002 Carman & Thistle (1985)

Zausodes arenicolus 0.008 0.007 Carman & Thistle (1985)
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of meiofauna on benthic microbial productivity,
and the flow of carbon from microbes to meio¬
fauna. I have performed five such studies
(Table III).

The community grazing rates on bacteria range
only within one order of magnitude, from 0.003
to 0.03 h1. The range on microalgae is fives times
greater, i.e. a 50 fold difference, from 0.0008 to
0.04. The range on both grazing rates reflects the
range of environmental conditions, e.g., tempera¬
ture, season, and food quality. In my studies, the
differences can be explained by temperature and
organic carbon content of the sediment (Montagna
and Yoon, 1991). In each study, different taxa
dominate the grazing process, reflecting differ¬
ences in community structure in each locale and
experiment. The average grazing rate over all stu¬
dies is the same for both bacteria and microalgae :
0.01 h"1. This suggests, that on average the meio-
faunal community is removing 1 % of the (heter¬
otrophic and autotrophic) microbial standing stock
per hour worldwide (in shallow ecosystems).

The mesocosm study by Nilsson et al. (1991)
was the only experimental study. They were in¬
vestigating the effect of increased nitrogen (N)
and phosphorous (P) loading on the lower trophic
levels of a sand system. Additions of N and P in¬

creased primary production within 2-3 weeks, and
this lead to increases in meiofaunal grazing rates.
During the four week experiment, bacterial pro¬
duction was not stimulated, and grazing rates on
bacteria did not change. This study shows that
meiofaunal communities can respond to changes
in the quantity of food abundance with changes
in ingestion rates.

Only one study has come to the conclusion that
meiofauna grazing has no impact on bacterial dy¬
namics (Epstein and Shiaris, 1992). They con¬
cluded that meiofauna consumption only
accounted for about 0.03 % of the bacterial stand¬
ing stock per day. This is equivalent to a meio¬
faunal grazing rate of 0.0000125 h"1, which is
about three orders of magnitude lower than all
other estimates reported in the literature
(Table III). In fact, the estimate is comparable to
rates of individual organisms, and not communi¬
ties (Tables I and II). This result is at odds with
most published literature. The difference must be
attributed to one or more unique circumstances,
e.g., the use of a different technique, the specific
location, or the bacteria used. The technique,
fluorescence-labeled bacteria, appears to be a very
powerful method. However, rather than staining a
broad natural community, four strains of coliform

Table III. - Meiofaunal community grazing rates from studies that label food while grazing occurs. Grazing rate was
calculated as two times the fraction of radioactivity incorporated per unit time (Daro, 1978). Units are in h \ which
is equivalent to % x 100 h"1.

Habitat Location Bacteria Microalgae Reference

Salt marsh North Inlet, SC 0.0337 0.0065 Montagna I;i984)

Beach San Francisco Bay, CA 0.0028 0.0008 Montagna 5. Bauer (1988)

Subtidal San Antonio Bay, TX 0.0099 0.0411 Montagna s, Yoon (1991)

Ocean 18m Santa Barbara, CA 0.0058 0.0018 Montagna et al. (1994)

Oyster pond La Rochelle, France - 0.0070 Blanchard (1991)

Mesocosm Tjärnö, Sweden 0.003 0.004 Nilsson et: al. (1991)

Mud flat Ems-Dollard, - 0.003a Admiraal et al. (1983)

Netherlands

Mud flat Marennes-Oléron Bay, - 0.0014 Montagna et al. (1995)

France

Mud flat Boston Harbor, MA 0.00001b Epstein &

(1992)

Shiaris

aDifferent technique: estimate based on laboratory cultures
^Different technique: estimate based on fluorescence-labeled-
bacteria



MEIOFAUNAL MICROBIVORY 7

bacteria were used, two extracted from sewage
treatment plant effluent. The natural community
was reported to be dominated by rod-shaped bac¬
teria. There are one of two possibilities that must
be explored in future research : technology and
spatial variability. Perhaps grazing rate results are
a function of the technique used and one technique
(or the application of it) may be flawed. Alterna¬
tively, grazing rate results are always unique to
the study area and not general (in this case Boston
Harbor just represents the low end of the spec¬
trum). In either case, much more work is needed.

Results from freshwater studies are in the same

ranges as those found in marine studies. Attheyella
sp. in freshwater streams ingest bacterial carbon
at rates of 0.03-0.47 jag • ind1 • d1 (Perlmutter
and Meyer, 1991). This is comparable to rates of
0.05-0.12 jag • ind1 • d1 that is reported for Tisbe
sp. (Vanden Berghe and Bergmans, 1981). The
total stream community is grazing bacteria at rates
that range from 0.0004 to 0.0092 h1, which is in
the low range for marine meiofauna (Table III).
The lower rates are concordant with the densities
of meiofauna in streams, which is about an order
of magnitude lower than in marine sediments. The
comparability of these rates indicate that the con¬
clusions drawn from marine habitats have gener¬
ality to all aquatic habitats that support meiofauna
communities.

Metazoan meiofauna are not the only grazers
in the benthos (Lee et al., 1966). Protozoans are
also important in some environments (Fenchel,
1977 ; Epstein and Shiraris, 1992), but perhaps not
others (Kemp, 1988). Temporary meiofauna, and
taxa other than harpacticoids and nematodes can
also be important grazers. For example, poly-
chaetes (Montagna, 1984), mollusks (Montagna
and Yoon, 1991), and oligochaetes and turbellar-
ians (Meyer-Reil and Faubel, 1980) have been
shown to be dominant grazers in some ecosys¬
tems. The total impact of meiofauna on microbes
is a complex issue.

CONCLUSIONS

Metazoan meiofaunal grazing rates appear to be
functional responses to available food. Grazing
rates increase when meiofauna are offered in¬
creased abundances of microbial food as predicted
by optimization models. Since ingestion varies as
a function of food, it is imperative that all future
studies measure and report the total amount of
food available in the experiment or the concen¬
tration of food available in the field. Meiofauna
taxa apparently have different grazing rates on
different food, as well as different selectivity of
different foods. Ontogenetic grazing rate differ¬

ences also exist. Intrageneric grazing rates may
exist, but more work is needed on this issue. It
is possible that most bacteria ingested by meio¬
fauna in shallow water, is coincidental ingestion.
There is much variability from site to site world¬
wide, because of differing amounts of food avail¬
able due to different environmental conditions and
meiofauna community structure differences.
Despite this variability, grazing rates only vary by
an order of magnitude, and on average meiofauna
graze at a rate of 0.01 • h*1, or 1 % of the standing
stock of both heterotrophic bacteria and auto¬
trophic microalgae. As long as the average global
microbial turnover time is about 4 days or less,
meiofauna grazing will be roughly in equilibrium
with microbial production. This suggests that
meiofaunal communities are tightly coupled to mi¬
crobial communities. This coupling implies that
meiofauna have a significant global impact on mi-
crobially mediated processes by allowing micro¬
bial growth rates to be maintained in log phase.
Acknowldgements - I am grateful to the anony¬
mous reviewers who gave me many helpful sug¬
gestions. This is University of Texas Marine
Science Institue Contribution number 919.
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INGESTION RATES OF BATHYAL DEEP-SEA MEIOBENTHOS
COLLECTED FROM SURUGA BAY, CENTRAL JAPAN

Ocean Research Institute, University of Tokyo, 1-15-1, Minami-dai, Nakano-Ku, Tokyo 164, Japan

MEIOBENTHOS
INGESTION RATE

DEEP SEA

ENERGY BUDGET

MEIOBENTHOS

TAUX D'INGESTION

ZONE BENTHIQUE PROFONDE
BUDGET ÉNERGÉTIQUE

ABSTRACT - Ingestion rates of bathyal deep-sea meiobenthos collected from
Suruga Bay, central Japan, were measured using either 14C-amino acid mixture
or 3H-thymidine as radioactive tracers. When l4C-amino acid mixture was used,
active incorporation of the tracer by the meiofauna was not detectable. On the
other hand, if 3H-thymidine was used, labels of specimen in control were constant,
whereas those in feeding experiments increased with the meiofaunal body mass.
Ingestion rate of a meiofaunal individual of 1 nl in body mass was estimated as
3.51 nl of sediment/hr assuming non-selective deposit feeding. This result is en¬
igmatic because it means the animal feeds on 3.5 times more volume of sediment
than its own body mass every hour. Assuming selective feeding on bacteria, the
ingestion rate was estimated as 18,900 cells/hr, or 0.378 ng of C/hr. This value
is close to the estimated energy consumption through respiration by the deep-sea
meiofauna.

RÉSUMÉ - Les taux d'ingestion du méiobenthos de la zone bathyale profonde
récolté dans la Baie de Suruga, Japon Central, ont été mesurés à l'aide de mélanges
Cl4-amino-acide ou de H3-thymidine comme traceurs radioactifs. L'utilisation de
mélanges C,4-amino-acide ne permet pas de détecter l'incorporation active du mar¬
queur. D'autre part, avec la thymidine H3, le marquage des spécimens témoins
reste constant, tandis que celui de la méiofaune en expérience croit avec le poids
du corps. Le taux d'ingestion par individu de la méiofaune d'un poids du corps
de 1 nl est estimé à 3,51 nl de sédiment à l'heure pour des mangeurs de dépôts
non sélectifs. Ce résultat est énigmatique car il signifie que l'animal se nourrit
d'un volume de sédiment égal à plus de 3,5 fois son poids à l'heure. Si la nutrition
est sélective chez les Bactéries, le taux d'ingestion peut être estimé à 18 900
cellules/heure ou 0,378 ng C à l'heure. Cette valeur est proche de la consommation
d'énergie due à la respiration par la méiofaune profonde.

INTRODUCTION

The deep sea is an energy-limited environment
(Thiel, 1975, 1979; Shirayama, 1983, 1984). Thus
one of the most important subjects in the deep-sea
biology is understanding how the organisms have
adapted to such a severe environment. Extremely
low respiration rates of deep-sea fishes suggest
that conserving energy by reducing metabolic ac¬
tivities is one way to adapt to the deep-sea con¬
dition (Smith and Hessler, 1974; Smith and
Brown, 1983). The reported respiration rates of
meiofauna are, however, similar to those of shal¬
low-water relatives (Shirayama, 1992). These re¬
sults make it questionable as to whether or not
deep-sea meiofauna ingest foods as actively as
their shallow-water counterparts even though the
former inhabit an energy-limited environment.

The technique of measuring ingestion rates of
meiofauna using radioactive tracers was developed
by Montagna (1984 a, b), and has been applied
in several studies of shallow-water meiofauna

(Carman, 1990 a, b; Carman and Thistle, 1985).
Shirayama (1991) used the technique to measure
the ingestion rate of a single species of deep-sea
nematode, and emphasized the importance of dis¬
solved organic matter in addition to the particulate
organic matter as an energy source for the nema¬
tode. The study involved only one species of ne¬
matode, but in this study, ingestion rates were
measured for not only nematodes but also harpac-
ticoid copepods and polychaetes. In addition, the
size range of organisms was extended from an
order of 0.1 ng to more than 100 |0.g. On the basis
of the results, energy balance of deep-sea meio¬
fauna will be discussed.
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MATERIALS AND METHODS

Deep-sea sediment was collected using a box
corer of USNEL type (Hessler and Jumars, 1974)
modified to collect 1/10 m2 of the sediment (Rigo-
sha Co., Tokyo). The sampling was carried out
once on November 1, 1986 at station A3 of R/V
Tansei Maru cruise KT8601. The sampling station
was established at the bay head of Suruga Bay,
Central Japan (35°00.96'N 138°41.18' E) at a
depth of 1214 m (Fig. 1).

Immediately after hauling up the corer on the
board, five subcores were taken by inserting plex¬
iglass tubes (34 mm inner diameter and 300 mm
long) into the sediment. The topmost 1 cm layers
of the sediment in these subcores were transferred
into glass vials separately and 10 ml of the over¬
lying water was added into each vials gently such
that the disturbance of the sediment is minimal.

One of these vials was used to determine the
abundance of bacteria in the sediment. To fix bac¬
teria, 20 ml of 10% V/V neutralized formalin was
added into the vial on board, and kept refrigerated
(5°C). In the laboratory on land, six replicates of
1 ml of the material in the vial were taken out,
diluted 10 to 10 000 times with filtered seawater

and 0.1 ml of the material was filtered using nu-

cleopore filter of 0.2 (J.m opening, which had been
stained using Irgalan Black. The filter was then
stained using DAPI, and the number of bacteria
on the filter was counted under a fluorescent mi¬
croscope.

The sediments in the other glass vials were kept
refrigerated at ambient temperature (5°C), and
transferred to the radioisotope laboratory on land.
Tracer experiments were carried out 48 hours after
the collection. I basically followed the method de¬
scribed in Montagna (1984 a) with several mod¬
ifications. Followings are the brief description of
the present method. Into the glass vials which con¬
tain the deep-sea sediment, [U-14C] L-amino acid
mixture (ICN Radiochemicals, specific activity :
65 mCi/mmole) or [Methyl-3H] Thymidine (ICN
Radiochemicals, specific activity : 1.89 mCi/mg)
was inoculated so as the radioactivities will be
0.526 and 9.85 |aCi/ml, respectively, and the over¬
lying water was stirred so gently as to avoid dis¬
turbance of the sediment surface. After culturing
at ambient temperature (5°C) for 4.5 hours, 20 ml
of 10% V/V neutralized formalin in seawater was

added into each vial and stirred vigorously so as
to make the content of the vial uniform in order
to stop the experiment. In the control experiments,
addition of formalin was done immediately after
the inoculation of radioactive tracer.

Fig. 1. - Map of sampling station.
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To measure the radioactivity of the sediment,
nine replicates of 10 |J.l of the fixed material were
taken out from each vial and filtered using milli-
pore filters of 0.2 |am opening. Each filter was
washed with seawater, air dried, and placed in a
vial for liquid scintillation counting. By adding
the liquid scintillator (Aquasol II, Packard) into
the vial, the filter became translucent, and the
radioactivity of the filter was measured using a
liquid scintillation counter (LKB 1215).

The rest of the sediment which had been used
for the tracer and the control experiments was
washed in a sieve of 63 |am opening, and from
the material retained on the sieve, meiofaunal or¬

ganisms were sorted out under a dissecting mi-
crosocope. Each meiofaunal individual was
washed with seawater, and its body volume was
measured following the method of Warwick and
Price (1979). Then it was placed in a vial for li¬
quid scientillation counting, dissolved using 1 ml
of Soluence 100s (Packard), and its radioactivity
was measured using the liquid scintillation
counter (LKB 1215).

RESULTS

The surface sediment was mud, but at the layer
of about 3 cm deep, it suddenly changed to coarse
sand, suggesting that the area may have been af¬
fected by a turbidity current recently. Even though
the environment seems to be unstable, a variety
of meiofauna was present, and like other meio¬
faunal communities, nematodes were the most
dominant whereas polychaetes and harpacticoids
were the subdominant taxonomic groups. In the
present study, the ingestion rates of these three
major taxonomic groups were measured.

The results of tracer experiments differed de¬
pending on the species of tracer. When 14C-amino
acid mixture was used as a tracer, label of meio¬
fauna increased with body mass of meiofauna in
both control and feeding experiments (Fig. 2A). In
this case, regressions for control and experiments
were not significantly different, and active inges¬
tion of meiofauna on sediment was not detectable.

In the 3H-thymidine experiment, the radioac¬
tivities of meiofauna were constant regardless of
body size in the control experiment (Fig. 2B). On
the other hand, the label increased significantly
with increase of body weight in the feeding ex¬
periment. Thus, the average of all results obtained
in the control experiments was considered as
spontaneous absorption of 3H-thymidine by meio¬
fauna. After substituting this average value from
all the experimental results, the following signif¬
icant regression (r = 0.64, n = 26, p < 0.001) was
obtained.

log DPM = 0.144 log Wt + 0.051 (1)

where DPM denotes the label of meiofauna
(Decay/min) and Wt the weight of meiofauna (|J.g).
Assuming that the specific density of meiofauna
is 1.13, the above equation was converted to

log DPM = 0.144 log V + 0.059 (2)

where V (nl) denotes body mass of meiofauna.

Log Weight (£g)

Fig. 2. - Relationships between label of meiofauna and
body weight. Two species of radioactive material (A :
14C-amino acid mixture ; B : 3H-thymidine) were used
as tracer. Filled and open symbols denote experimental
and control data, respectively. Circle, square and tri¬
angle symbols denote nematode, copepod and poly-
chaete data, respectively.



14 Y. SHIRAYAMA

After the 4.5-hour experiment, the sediment
used for the feeding experiment incorporated 3H-
thymidine significantly more than that for the con¬
trol one (Table I), suggesting active growth of
microbes in the present sediment, even though
they experienced rapid decompression when
sampled from the deep sea.

Ingestion rates of meiofauna on sediment, Is (nl
of sediment/hr), were calculated based on the
label of 3H in sedimentary particles (see Table I)
using the formula described in Montagna (1984
a). If the animals fed on the sediment non-selec-
tively, the equation to calculate the ingestion rate
of meiofauna of given body mass (V nl) is

log Is = 0.144 log V + 0.545 (3)

The abundance of bacteria was counted as high
as 3.0 x 109 cells/ml of sediment. Assuming that
all the net label of the sediment (see Table I) was
due to the incorporation of 3H-thymidine by mi¬
crobes, this result means the average radioactivity
of 3H in a single bacterium cell was 2.7 x 10~5
DPM at the end of experiment. Based on this
datum, the selective ingestion rate of meiofauna
on bacteria, lb (cells/hr) was calculated using
another equation,

log lb = 0.144 log V + 4.276 (4)

DISCUSSION

The experiment using 14C-amino acid mixture
as a tracer was not successful in the present study.
The radioactivities of meiofaunal organisms in
control experiments were similar regardless of the
tracer species, though the initial concentration of
the radioactivity was 18 times higher in the 3H-
thymidine experiments than in 14C-amino acids
ones. This fact suggests that spontaneous absorp¬
tion by meiofauna is more vigorous on amino
acids than on thymidine. Such a high affinity of
amino acids to meiofauna in physico-chemical
processes might obscure the active ingestion by

Table I. - Label of sediment after the 4.5-hour experi¬
ment using 3H-thymidine as a tracer.

Label of sediment

(DPM/ul of sediment

± s .D. )

Control 64.56 + 6.76

Feeding Experiment 145.48 + 20.85

Net incorporation 80.92 + 21.92

the meiofauna on the particulate matter labelled
by !4C-amino acids.

The equation (3) indicates that a meiofaunal in¬
dividual of 1 nl in body mass ingests 3.51 times
more volume of sediment than its own per hour.
Such an enigmatic result was obtained because
non-selective deposit feeding was supposed. In the
deep sea, flux of particulate organic matter is
limited, and most sedimentary particles are not
valuable as food. In such environment, non-selec¬
tive deposit feeding would be not a suitable feed¬
ing strategy, because the animals will waste
energy by ingesting sedimentary particles that do
not contain any nutrients.

According to the equation (4), 18,900 cells of
bacteria per hour were ingested by a meiofauna
of 1 nl in body volume. Taking the general size
of the marine bacteria (3.6 - 7.3 x 10 8 nl : Lee
and Fuhrman, 1987) into account, the volume of
food ingested is reasonably small compared with
the body size of meiofauna. This ingestion rate is
equivalent to 0.378 ng of C/hr, assuming a bac¬
terium cell contains 2 x 10"14 g of C (Lee and
Fuhrman, 1987). This value is distinctively lower
than those reported for shallow-water nematode
species (6 - 17 ng of C/hr; Tietjen, 1980).

Assuming respiration of 1 ni O2 is equivalent
to the energy consumption of 0.4 ng of C (Heip
et al., 1985), an individual of deep-sea nematode
and meiofauna other than nematodes (i.e. harpac-
ticoid copepods, polychaetes and aplacophorans)
of 1 nl in body volume will consume 0.304 and
0.159 ng of C/hr by respiration, respectively
(Shirayama, 1992). Based on these values as well
as ingestion rates obtained in the present study,
budget of energy in deep-sea meiofauna seems to
be just balanced. However, it should be noted that
all the matter ingested will not necessarily be
assimilated by the organisms. Tietjen (1980) re¬
viewed that assimilation efficiency of ingested
bacteria is 18.3 - 25.8% in nematodes, and even
lower for algae (Tietjen et al., 1970).

It also should be noted that the ingestion rate
estimated here is the maximal one, and several
factors can be pointed out as a reason for over-
estimation. It is impossible for organisms to per¬
fectly discriminate bacteria from inorganic
sedimentary particle. A part of the label of meio¬
fauna thus should come from ingesting inorganic
particles that absorbed 3H-thymidine through
physico-chemical processes.

Another possible reason for overestimation is
direct absorption of dissolved radioactive tracer
by the meiofauna. Meiofauna may take up ^-thy¬
midine dissolved in seawater by means of active
absorption through its body surface, though
Shirayama (1991) argued it is less likely. Meio¬
fauna also might actively drink interstitial water
which contained radioactive tracer (Lopez et al.,
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1979), though Carman (1990 a) reported negative
results using an autoradiography technique that
uptake of 14C-acetate by shallow-water copepods
was entirely due to activity by epibiotic bacteria,
and no radioactivity was detected inside of
copepods. Some workers tried to overcome the
problem related to the direct uptake of dissolved
tracer by meiofauna using food items labelled sep¬
arately before the ingestion experiment (Epstein
and Shiaris, 1992; Taylor and Sullivan, 1984).
This method however is not possible to use in the
study of deep-sea meiofauna, because it is diffi¬
cult to prepare the labelled deep-sea bacteria
before the collection of deep-sea meiofauna.

Carman et al. (1989) showed that disturbance
of sediment integrity alters grazing rates of ben-
thic copepods significantly. If one plans to do ex¬
periments using the deep-sea sediment on board
the ship or in the laboratory on land, it is not
possible to carry out it without any disturbing of
the sediment. Decompression also may affect on
physiology of either meiofauna or microbes.
Taking these potential artifacts into account, it is
desired to develop a novel method that can be car¬
ried out in situ at depth in the future study re¬
garding energy uptake of deep-sea meiofauna.
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ABSTRACT - The Isla Vista, California, hydrocarbon seep is an organically en¬
riched environment. Microbial biomass and production are enhanced relative to
non-seep sediments in the Santa Barbara Channel. This study was performed to
determine the rate at which microbial carbon is transferred to higher trophic levels
in natural seep sediments. Grazing rates of meiofauna on microbes were studied
at three coastal stations representing a gradient of natural hydrocarbon seepage,
from very active, to moderate, to none. Sampling was performed in April, July,
and December, 1986 to examine possible seasonal differences between the three
major océanographie seasons (upwelling, mixed and Davidson respectively). Sam¬
ples were limited to the top 1 cm of the sediment, where photosynthesis and most
of the meiofauna occur. Meiofaunal community grazing rates were dominated by
small polychaetes, and were slightly higher in July. There were no differences in
grazing rates between stations, indicating that petroleum exposure had no effect
on the feeding behavior of meiofauna. On average, meiofauna grazing rates were
0.0058 • Ir1 on bacteria and 0.0018 • h 1 on microalgae in the sandy, subtidal en¬
vironment. The higher rates on bacteria reflect the importance of heterotrophic
processes in the seep environment. Since, the biomass of microalgae is much higher
than that of bacteria, the consumption of microalgae (4 mg C • m2 ■ h1) is higher
than on bacteria (0.04 mg C ■ m 2 ■ h1), indicating the importance of benthic pri¬
mary production in shallow marine ecosystems. The rates in coastal sediments are
comparable to those found in estuarine sediments.

RESUME - La zone de suintements d'hydrocarbure de l'Isla Vista en Californie
est un milieu enrichi organiquement. La biomasse et la production des microor¬
ganismes sont augmentées par rapport aux sédiments non situés dans la zone d'é¬
manation du détroit de Santa Barbara. Cette étude a été menée pour déterminer à
quel taux le carbone des microorganismes est transféré aux niveaux trophiques
supérieurs dans les sédiments infiltrés d'hydrocarbure. Le broutage des microor¬
ganismes par la méiofaune a été étudié dans trois stations de la côte montrant un
gradient d'infiltration d'hydrocarbure naturel, à partir d'un site très actif, vers un
site modérément actif, jusqu'à une station inactive. L'échantillonnage a eu lieu en
avril, juillet et décembre 1986 en vue d'examiner d'éventuelles différences sai¬
sonnières entre les trois saisons océanographiques majeures (upwelling, mixte et
Davidson, respectivement). Les prélèvements étaient limités au centimètre supé¬
rieur de sédiment où se localisent la photosynthèse et la plus grande partie de la
méiofaune. Le taux de broutage par la communauté méiofaunique est dominé par
les petites Polychètes et est légèrement plus élevé en juillet. Il n'y a pas de dif¬
férence de consommation entre les stations, ce qui indique que l'exposition au
pétrole n'a aucun effet sur le comportement de nutrition de la méiofaune. En
moyenne, le taux de broutage de la méiofaune est de 0,0058 • h"1 sur les bactéries
et 0,0018 • h"1 sur les microalgues dans les sables de la zone subtidale. La consom¬
mation plus élevée des bactéries reflète l'importance des processus hétérotrophi-
ques dans le milieu d'émanation. La biomasse des microalgues étant beaucoup
plus élevée que celle des bactéries, la consommation des microalgues (4 mg C •
m 2 • h1) est plus importante que celle des bactéries (0,04 mg C • m"2 • h"1), ce qui
montre l'importance de la production primaire benthique dans les écosystèmes ma¬
rins peu profonds. Les taux des sédiments côtiers sont comparables à ceux des
sédiments des estuaires.
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INTRODUCTION

The Isla Vista, California hydrocarbon seep is
an organically enriched environment (Spies and
Davis, 1979; Spies and DesMarais, 1983;
Montagna et al., 1986, 1989). The seep lies in
18 m of water, off Coal Oil Point in the Santa
Barbara Channel. Seeping hydrocarbons enrich
the coastal sediments with carbon (Spies et al.,
1980). This carbon is utilized by seep microbes,
and there are very high rates of heterotrophic me¬
tabolism in these sediments (Montagna et al.,
1986; Bauer et al., 1988). The carbon metabolized
by microbes is also incorporated into the benthic
food web (Spies and DesMarais, 1983). The high
carbon content and heterotrophic activity of seep
sediments correlate with high abundances of ma-
crofauna (Spies and Davis, 1979) and meiofauna
(Montagna et al., 1987; 1989). The high amount
of microbial biomass in seep sediments is fueling
an active benthic food web.

Organic matter deposited in sediments is
decomposed by heterotrophic bacteria. These bac¬
teria form the basis of a detrital food chain with
benthic invertebrates and epibenthic fish at the
top. The hydrocarbon seep may simply represent
an "upside down benthos," where organic matter
comes from below to the surface. In addition to

heterotrophy there are two forms of autotrophy
present in seep sediments. Benthic microalgae are
present, as are chemosynthetic bacteria (Spies and
DesMarais, 1983; Montagna and Spies, 1985).
Chemoautotrophic production by bacteria and pri¬
mary production by microphytobenthos forms the
basis of the grazing food chain. Together, the
detrital and grazing food chains can fuel second¬
ary production by benthic invertebrates.

Benthic bacteria (Zobell and Feltham, 1935)
and microalgae (Leach, 1970) have long been hy¬
pothesized as major food and carbon sources for
benthic invertebrates. Diatoms and bacteria are

eaten by meiofaunal taxa such as nematodes (Jen¬
sen, 1982; Romeyn and Bouwman, 1983) and
harpacticoid copepods (Sellner, 1976; Rieper,
1978, 1982, 1984). Previous work in estuaries, has
shown that meiofauna grazing rates on bacteria
and microalgae are close to the natural growth
rates of those populations (Montagna, 1984).
Thus, meiofauna can maintain microbial popula¬
tions in log phase growth by their grazing pres¬
sure. Meiofauna should not be limited by food
abundance, but by food production. If this hy¬
pothesis is true, then there should be concomi¬
tantly high rates of meiofaunal grazing when
turnover times are high.

The purpose of this study was to examine meio-
fauna-microbial trophic interactions in a shallow,
coastal, hydrocarbon seep. The seep is a good en¬

vironment to study benthic trophic dynamics, be¬
cause it is an organically enriched environment.
The rate at which microbial carbon was being
passed to higher trophic levels was assessed by
measuring microbial productivity and meiofaunal
grazing rates on microbial populations. These data
can be used to test if meiofauna are having an
important impact on the growth rates of microbes,
by comparing meiofaunal grazing rates and mi¬
crobial turnover times. The relative importance of
the grazing and detrital food chains in seep sedi¬
ments can also be determined.

The current study was performed at the same
time as two other studies. One examining the bi-
ogeochemical relationships within vertical profiles
of sediments was performed at the same time as
this study (Bauer et al., 1988), and the other ex¬
amining vertical profiles of meiofaunal and mi¬
crobial biomass (Montagna, et al., 1989). The data
on microbial biomass and productivity presented
in the present study are derived from these two
studies.

MATERIALS AND METHODS

The hydrocarbon seep is in the Santa Barbara
Channel between Coal Oil Point and Goleta Point
about 800 m offshore of Isla Vista, California,
USA (Fig. 1). We sampled three stations with
different rates of petroleum seepage. Station A is
within the Isla Vista seep and in the center of large
quantities of fresh oil and natural gas are seeping
from the sediments. In our previous studies, we
sampled at the edge of station A, where there was
less fresh petroleum in the samples (Montagna et
al., 1986; 1987). In the current study we sampled
the center of the seep with concentrations of total
extractable hydrocarbons (TEH) averaging 2.2
mg • cm-3 at the surface and increasing to 25
mg • cm-3 at 7 cm below the surface (Bauer et al.,
1988). Station B, about 20 m north of A, has much
less fresh oil seepage but has large quantities of
weathered asphalt-like tar 4-12 cm below the sedi¬
ment surface. The average TEH concentration of
sediments at station B was 0.4 mg • cm 3 at the
surface and increased to 3.5 mg • cm 3 (Bauer et
al., 1988) at 5 cm depth. Station C is about 1.4
km east of the Isla Vista seep and has about 4.8
times less weathered tar than station B (Stuermer
et al., 1982). Station C averaged only about 0.1
mg • cm-3 over the entire top 7 cm of sediment
(Bauer et al., 1988). Stations B and C have similar
granulometry with a median grain size of about
160 |0.m (Spies & Davis, 1979; Palmer et al.,
1988). Stations A and B are within the Isla Vista
seep but station C is not (Fig. 1). All stations were
at a depth of 18 m in fine-sand sediments.
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Fig. 1. - Location of sampling sites. The seep stations (A and B) are located east of Coal Oil Point. The comparison
station (C) is located south of the University of Santa Barbara (U.C.S.B.) campus. Inset shows location of Santa
Barbara in California, USA.

Three sampling periods were chosen to ex¬
amine different environmental conditions. The
average bottom water temperatures during April,
July and December 1986 were 13.5 °C, 14.6 °C,
and 17.0 °C respectively. During the December
sampling period there was a very unusual storm.
Although the skies were very clear, wave height
was around 3 m and there was a great deal of
storm surge at the bottom of the sampling sites.
Sand ripples were also greatly pronounced relative
to other times.

In situ meiofaunal grazing rates on bacteria and
microalgae were measured by incubating sediment
slurries with two radiolabeled substrates, tritiated
thymidine (3HTdR) and 14C-bicarbonate (H14CO)
(Montagna and Bauer, 1988). The top 1 cm
(~5.5 cm3) of 60-cm3 sediment cores were placed
in 60 cm3 clear centrifuge tubes. Two (iCi of
3HTdR and 2 |j,Ci of H14CC>3 were added to the
slurries and samples were incubated for 2 h at in
situ temperature and light conditions.

Live controls were used to assess label uptake
in meiofauna not due to grazing on microbes. A
saturated solution of nalidixic acid (200 |xg ml-1)
plus 5'-deoxythymidine (2 (xg ml"1) (hereafter re¬
ferred to as ND) was used to inhibit prokaryotic
uptake of thymidine (Findlay et al., 1984;
Montagna and Bauer, 1988). The live controls for

this experiment consisted of 3 replicate slurries
with H14COj, 3HTdR and ND added. These were
incubated in the dark to inhibit photosynthetic
fixation of CO2.

After 2 h, incubations were terminated by
adding 2% formalin. A 1-ml subsample was with¬
drawn from the slurries. The subsample was fil¬
tered onto a 0.2 (xm Millipore filter and rinsed 3
times with filtered seawater to estimate uptake of
H14C03 by microalgae and 3HTdR by bacteria. The
subsample was dispersed and suspended in 5 ml
distilled water and 15 ml Insta-Gel for dual-label
liquid scintillation counting. Meiofauna were se¬
parated from sediments by diluting samples with
2 % formalin, swirling to suspend the animals, and
decanting them and the supernate onto 63 |im
Nitex screen filters. Meiofauna were then rinsed
into jars and kept in refrigerated 2% formalin
until sorting (1 to 2 d).

Sorting was performed using a dissecting mi¬
croscope. Meiofauna were sorted by major taxa
into the following groups : Harpacticoida, Ne-
matoda, Polychaeta, and other meiofauna taxa.
The sorted organisms were placed into scintilla¬
tion vials containing 1 ml distilled water. After
sorting, meiofauna were dried at 60 °C to evapo¬
rate the water and solubilized by adding 100 (j.1
Soluene tissue solubilizer for 24 h. Samples were
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counted by dual-label liquid scintillation spectro¬
photometry in 15 ml Insta-Gel.

Meiofaunal grazing rates on bacteria and mi-
croalgae were estimated by the model proposed
by Daro (1978) and modified by Roman and
Rublee (1981) and Montagna (1984). The meio¬
faunal grazing rate (G) is the proportion of mate¬
rial flowing from the donor (or food) compartment
to the recipient (or predator) compartment per
hour. G is expressed in units of h 1 and is calcu¬
lated as follows (Montagna, 1984) :

G = 2FIt and F = M/B

where F is the fraction of radioactivity taken
up by meiofauna (M) relative to bacteria or mi-
croalgae (B) at time t.

The biomass of meiofauna was also measured.
Individuals were combined into higher taxa cate¬
gories, i.e., Harpacticoida, Nematoda, and others.
Samples were dried for 24 h at 55 °C, and
weighed using an electrobalance. The dried tissues
were also analyzed for total organic carbon (TOC)
and nitrogen (N). They were ground into a fine
powder with a mortar and pestle to homogenize
the sample. A Perkin-Elmer 240B elemental ana¬
lyzer was used to measure carbon and nitrogen
content.

Statistical analyses were performed using 2-
way analysis of variance (ANOVA) where stations
and seasons were the two main treatment effects.
Tukey multiple comparison tests were performed
to find post hoc differences among sampling means.

RESULTS

Meiofaunal grazing on both bacteria and micro-
algae was dominated by small annelid polychaetes
(Table I). Juvenile polychaetes were responsible
for 87 % of the bacteria, and 55 % of the micro-
algae consumed by meiofauna. Although juvenile
polychaetes are only temporary meiofauna, that is
they will grow out of the meiofaunal size class,
they apparently have a great energetic impact on
microbes. Of the permanent meiofauna, nema¬
todes were the dominant grazers, responsible for
5 % of the bacteria and 27 % of the microalgae
consumed by meiofauna.

The overall mean grazing rate for the total
meiofaunal community 0.00584 h"1 on bacteria
and 0.00181 h1 on microalgae (Table I). There¬
fore, 0.584% of the bacteria were removed by
meiofauna in 1 h, and the turnover time (i.e., the
inverse of the grazing rate) that bacteria would
require to maintain their population size is 7.1
days. For microalgae, 0.181% were removed by
meiofauna in 1 h, and that the turnover time mi¬
croalgae would require to maintain their popula¬
tion size is 23 days.

Table I. - Average grazing rates (h1) of meiofaunal taxa
on microbes for all months and stations, and contribu¬
tion of each taxa to total grazing rate (%).

Taxa Bacteria Microalgae

(h') % (h ') %

Annelida 0.00509 87 0.00099 55

Harpacticoida 0.00021 4 0.00015 8

Nematoda 0.00032 5 0.00049 27

Others 0.00022 4 0.00018 10

Total Meiofauna 0.00584 100 0.00181 100

The grazing rates on bacteria varied over two
orders of magnitude (Fig. 1). However, there were
no significant differences between months or sta¬
tions for the grazing rates on bacteria by the total
community or any taxa, except harpacticoids (2-
way ANOVA). For harpacticoids, there was no
difference in grazing rates between stations, but
the April rate was 10 times higher than in July
and December. For nematodes, the rate was

highest in April but it was not significant (2-way
ANOVA, Tukey test).

The grazing rates on microalgae also varied
over two orders of magnitude (Fig. 3A). Again,
there were no differences in grazing rates on mi¬
croalgae for either stations or months for the com¬

munity as a whole. Harpacticoids and nematodes
had different grazing rates in different months.
Both had higher grazing rates in July than in April
and December. The nematode grazing rate on mi¬
croalgae at station A was 5 times higher than at
B and C. This was the only taxa that had signif¬
icantly different grazing rates among stations for
either bacteria or microalgae.

The total amount of microbial biomass con¬

sumed per hour is calculated by the product of
the microbial biomass and the meiofaunal grazing
rate. These rates varied considerably. Consump¬
tion of bacterial biomass varied over 2 orders
of magnitude (Fig. 2B), averaging 41.2 |j,g
C • m 2 • h1. The total amount of microalgal bi¬
omass consumed by meiofauna varied over 3
orders of magnitude (Fig. 3B). The average con¬
sumption of microalgal biomass by meiofauna was
3840 |^g C m 2 - h1.

Total meiofaunal biomass was always highest
at station A (Table II). This was caused by the
large amount of nematodes at station A, which
dominated community biomass. There was always
higher amounts of harpacticoid biomass at station
C. There was not a large difference in meiofaunal
biomass among the three months (Table II).

The carbon content of the harpacticoid
copepods was 57.7%, nematodes 49.2% and the
other meiofauna 38.6%.
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Fig. 2. - Grazing rate of the total meiofauna community
on bacteria. A. The clearance rate (% of bacteria re¬
moved h~'). The overall mean grazing rate was 0.520%
h"1, and the C.V. was 333 %. B. The amount of bacterial
biomass consumed by the total meiofauna community
(|ig C • m2 • h1)- The overall mean grazing rate was
41.2 ng C m-2 h '.
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Fig. 3. - Grazing rate of the total meiofauna community
on benthic microalgae. A. The clearance rate (% of mi¬
croalgae removed h'). The overall mean grazing rate
was 0.262% h"\ and the C.V. was 180%. B. The amount
of microalgal biomass consumed by the total meiofauna
community (|Xg C ■ m 2 • h1)- The overall mean grazing
rate was 3840 (^g C • m 2 ■ h1)-

DISCUSSION

Microbial biomass and productivity

Many aspects of microbial biomass and produc¬
tivity were previously studied. These studies in¬
clude Beggiatoa mats (Montagna and Spies,

1985), benthic metabolism (Montagna et al.,
1986), microbial biomass (Montagna et al., 1987 ;
1989), and microbial production (Montagna et al.,
1989; Bauer et al., 1988). A review of these stu¬
dies and other published studies allows us to com¬
pare meiofaunal feeding behavior with microbial
dynamics. This is required to assess the dynamics
of the "small benthic food web," i.e., trophyc dy-
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namic interactions among meiofauna and their mi¬
crobial prey.

Bacteria and microalgae biomass in the top
1 cm of sediment was highest in July (Table II).
Bacterial biomass was generally greater at sta¬
tion A, while microalgal biomass was greater at
station C (Table II). The trophic structure of the
community demonstrates that on average there is
12 mg C • nr2 of bacteria, 1006 mg C • m~2 of
microalgae, and 365 mg C • m 2 of meiofauna
(Table II).

Bacterial biomass estimates in the study area,
which averaged 11.7 mg • m 2 in the top 1 cm of
sediment, are about 50-100 times lower than those
reported for similar sediments (Dale, 1974;
Rublee and Dornseif, 1978; Rublee, 1981). This
is a result of having both fewer and smaller bac¬

teria in the study area than reported on elsewhere
(Montagna et al., 1989).

Microalgal biomass in the study area is about
30% lower than previously reported for similar
sediments and depths in southern California (Har¬
twig, 1978). But a review of 20 studies indicate
that the values found in this study are typical of
those found in other sandy subtidal environments,
which are generally lower than muddy or inter-
tidal environments (Colijn and de Jonge, 1984).

Bacterial productivity, as measured by 3HTdR
uptake in this study averaged 0.073 jitg C • m 2 • h"1
over all months and stations. During the same
week that the 3HTdR uptake experiments were
performed, we also measured sediment oxygen up¬
take (Bauer et al., 1988), and bacterial productiv¬
ity by microscopical techniques (Montagna et al.,
1989). Bacterial productivity measured in the top

Meiofauna Microbes

Month Station NEM HAR OTH Total Bact Chl-a Microalgae

APR A 354 6 10 370 7.6 5.6 248

JUL A 887 36 21 944 18.4 37.6 681

DEC A 395 6 23 423 18.5 1.0 44

Mean 579 15 658

APR B 124 16 15 155 4.5 4.3 192

JUL B 91 35 23 148 12.2 31.3 1397

DEC B 265 28 35 328 20.4 21.9 977

Mean 210 12 855

APR C 190 27 22 239 3.1 6.2 275

JUL C 211 140 30 381 15.5 51.9 2322

DEC C 212 58 33 302 5.2 43.0 1920

Mean 307 8 307

Overall Mean 365 12 1006

Heterotrophy Chemoautotrophy Photoautotrophy

Month Station Mean STD Mean STD Mean STD

Table II. - Trophic structure of the small
benthic community. Biomass in mg C • m2
from the top 1 cm of sediment. Meio-
faunal biomass (abbreviations : NEM =

Nematoda, HAR = Harpacticoid
copepods, OTH = Other meiofauna), mi¬
crobial biomass of sediment. Bacteria,
Chlorophyll-a (mg Chl-a • m~2), and mi¬
croalgal biomass from Montagna, et al.
(1989).

APR A 2085 2275 4.13 3.10 2.93 5.53

APR B 3847 2914 1.45 0.60 0.85 1.09

APR C 964 1454 1.73 1.42 0.08 1.70

JUL A 4718 3879 36.77 2.63 0.07 5.85

JUL B 1776 2270 2.00 1.01 26.50 2.12

JUL C 1449 2167 2.54 0.51 2.02 0.98

DEC A 8620 5109 2.61 3.02 7.76 3.22

DEC B 32794 9512 5.32 4.05 7.43 7.73

DEC C 13241 5351 1.63 1.77 8.08 5.78

Table III. - Microbial productivity in
the top 1 cm of sediment at the three
stations for three months. Bacterial sec¬

ondary production (pg C • m2 • h1)
measured by the FDC technique
(Montagna et al., 1989). Chemoautotrophic
production (pg C • m 2 • h1) and micro¬
algal production (pg C • m 2 • h1) was
measured by uptake of bicarbonate (Bauer
et al. 1988).
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1 cm of sediment by the microscopical frequency
of dividing cells (FDC) technique averaged 7.7
mg C • m 2 • h"1, 5 orders of magnitude larger than
the 3HTdR technique. When oxygen uptake is con¬
verted to carbon consumption equivalents, assum¬
ing a respiratory quotient of 1.0 (Strickland and
Parsons, 1972), calculated total benthic production
was on average 42.6 mg C • nr2 • h1. Based on
oxygen measurements, bacterial production esti¬
mates based on FDC seem much more reasonable
than the estimates based on 3HTdR uptake and are
used for the present study. This is in contrast to
Atlantic Ocean estimates, where 3HTdR estimates
agreed with oxygen uptake, and FDC was to high
(Fallon et al., 1983).

Bacterial production (as measured by the FDC
technique) varied over one order of magnitude and
increased throughout the study period (Table III).
There were differences in bacterial production be¬
tween months and stations. Production was higher
in December (18.2 mg C • nr2 • h1) than in July
(2.65 mg C • nr2 • h1) or April (2.30 mg C • nr
2

• h"1) which were the same (Tukey multiple com¬
parison test).

By dividing the standing stock (p.g C • nr2) by
the production rate (|ig C • nr2 • h"1), we can cal¬
culate the turnover time (h). The turnover time for
the FDC technique is 1.5 h. The FDC rates appear
to be high. Other studies indicate that bacterial
turnover times range from .75 to 21 days (Mori-
arty and Pollard, 1982; Riemann et al., 1984).

Autotrophic production was calculated from
bicarbonate uptake rates (Bauer et al., 1988).
Samples were incubated in the dark and under
simulated in situ light conditions (180 |0.E • nr2 •

s-1)- It is assumed that dark uptake is by hetero¬
trophic and chemosynthetic bacteria, and light me¬
diated uptake is by photosynthetic microalgae.

Chemosynthetic production was generally
around 3 |J.g C • nr2 • h1, except for one large
value in July at station A (37 |0.g C • nr2 • h1)
(Table III). Station A had the highest production
rate. Chemoautotrophic production averaged 6.46
|itg C • m 2 • h-1 over all months and stations.

Primary production by benthic microalgae
varied over three orders of magnitude during the
study period (Table III). There were significant in¬
teractions between months and stations (2-way
ANOVA, P = 0.0001). Production was highest at
station A in April, but lowest at A in July. In
December all three stations were the same. Pro¬
duction averaged 2.01|og C • nr2 ■ h1 over all months
and stations.

Microalgal productivity in the seep, measured
by the 14C technique, is yielding rates about 3
orders of magnitude lower than those found in 20
other studies referred to by Colijn and de Jonge
(1984). Microalgae can fix CO2 in the dark, and
this process is correlated with nitrogen limitation
(Goldman and Dennett, 1986). Since the C:N ratio
increases from stations C to B to A (Bauer et al.,
1988), the large amount of dark bicarbonate up¬
take at the seep may actually be due to microalgae
and not to chemosynthetic bacteria. In fact, dark
productivity averaged 3 times higher than light
productivity. In either case, the grazing technique
measures grazing on all autotrophs, i.e., anything
that will take up CO2. If the two are combined,
then total autotrophic productivity is only about
one order of magnitude lower than previous stu¬
dies in similar sediments (Colijn and de Jonge,
1984).

To examine the impact of meiofauna on auto¬
trophs, we combine autotrophic production as
measured in light and dark incubations. The aver¬
age standing stock of (1.01 g C ■ nr2) divided by
the average productivity (8.47 |J.g C • m2 ■ h"1)
suggests that the microalgal turnover time is 13.6
years. This is slow. At this rate the meiofauna
would soon strip the sediment of all algae.
Measurement of photosynthesis in the study area
based on oxygen production suggest that the cor¬
rect values are in the range of 36 mg C • nr2 • h1
(Montagna et al., 1986). A summary of trophic
interactions (Table IV) suggests seep meiofauna
could be limited by autotrophic food sources, even
though there is an obvious dependence upon he¬
terotrophic food sources.

Station
Component Process Average

A B C

Heterotrophy Production 5141 12806 5218 7722

Grazing 51 63 9 41

Chemoautotrophy Production 15 3 2 6

Photoautotrophy Production 4 12 3 6

Total autotrophy Production 19 15 5 12

Grazing 6195 3707 1620 3841

Table IV. - Trophic interactions of the small
benthic community. Meiofaunal grazing
rates, heterotrophic production, and auto¬
trophic production (|0.g C • nr2 • h~')- Aver¬
age at stations for the top 1 cm of sediment
from April, July, and December 1986.
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Meiofaunal grazing rates

There are two ways to assess the impact of
meiofauna grazing on microbial populations, one
is to look at the actual amount of carbon being
removed, and the other is to compare meiofaunal
grazing rates with microbial turnover times. Com¬
paring the microbial biomass consumed to the
amount of biomass available is intrinsically inter¬
esting. However, biomass consumed is a function
of the amount of biomass available. Comparing
the grazing rate to production rates may be more
valid, since both measures are arrived at inde¬
pendently.

On average, the total meiofaunal grazing rate
on bacteria is 0.00584 h1. This would require bac¬
teria to have turnover times of 7.1 d to maintain
their populations in equilibrium under this grazing
pressure. If we use the bacterial turnover times
suggested by the FDC technique and literature
values (reviewed above), then it is certain that
meiofauna will not run out of food. Bacterial pro¬
duction and turnover is more than sufficient to

satisfy the demands of the meiofaunal population.
Meiofauna are on average removing microalgae

at a rate of 0.00181 h_1 (i.e., about 0.2% per h)
suggesting that the algae must turnover every 23
days to maintain their populations under the graz¬
ing pressure. In contrast, turnover times for ben-
thic algae fall around 16 hours (Colijn and de
Jonge, 1984). Microalgal production estimates,
based on oxygen production and consumption, in¬
dicate that meiofauna are not grazing so fast that
they are limited by microalgal food.

Meiofauna consumed bacteria biomass at a rate

of about 2 orders of magnitude less than bacterial
carbon is being produced by heterotrophy and
chemoautotrophy (Table IV). In contrast, Meio¬
fauna consumed microalgal biomass at a rate that
was about 2 orders of magnitute larger than the
production rate of microalgal carbon (Table IV).
Together, these results indicate that in the organi¬
cally enriched hydrocarbon seep, there is more
than enough bacterial production to maintain
meiofaunal populations. However, meiofauna ap¬
pear to have an insatiable appetite for microalgal
carbon.

There are large seasonal differences. In pre¬
vious seep studies it was noted that April, during
the upwelling season, has the lowest bottom
temperatures, July has the highest chlorophyll and
meiofaunal densities, and December has the
lowest chlorophyll and meiofaunal densities
(Montagna et al., 1987). Harpacticoids and nema¬
todes had highest grazing rates on microalgae in
July. This trend suggests that harpacticoids and
perhaps nematodes switch food sources sea¬
sonally, selecting for microalgae during blooms in
July, and preferring bacteria when microalgae are

not abundant. In support of this hypothesis,
harapacticoids and nematodes had their highest
grazing rate on bacteria during April.

The interactions among meiofauna and the mi¬
crobial community demonstrate the dichotomy of
strategies that are used among organisms in the
two different food webs. The heterotrophic food
web relies on small, rapidly turning over popula¬
tions of bacteria. These populations are enhanced
at the seep. The autotrophic food web is based on
large, slowly turning over populations of micro¬
algae. Regardless, of the importance of heterotro¬
phy at the seep, autotrophy is still an important
energy source for meiobenthos in shallow benthic
ecosystems where light is sufficient. Even though
chemoautotrophy is not important in the top 1 cm
of sediment (Table IV), it is probably very impor¬
tant in deeper layers of the sediment, where au¬
totrophy is limited by light. The meiofauna
community (about 4 mg C • m 2, Table II) is sup¬
ported by a flow of carbon from microalgae (about
4 mg C • nr2, Table IV) and bacteria (about 0.04
mg C • m 2, Table IV).
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RÉSUMÉ - Le Flagellé hétérotrophe Oxyrrhis marina a été proposé au Copépode
Harpacticoïde Tisbe holothuriae comme complément de différents régimes alimen¬
taires tels que du Tétramin (nourriture pour Poissons d'aquarium), de la matière
organique dissoute ou de la levure. Les paramètres pris en considération ont été :
la mortalité, le sex ratio, la proportion de femelles ovigères, la production d'œufs
et la vitesse de développement des Copépodes. Les résultats montrent que la valeur
alimentaire de O. marina n'est pas identique pour les Harpacticoïdes et d'autres
organismes signalés dans la littérature ; dans certains cas le Dinoflagellé apparaît
défavorable pour Tisbe. La valeur alimentaire de O. marina semble varier selon
la souche utilisée et les techniques de culture employées.

ABSTRACT - Experiments are described in which the heterotrophic dinoflagellate
Oxyrrhis marina was offered as food organism to the harpacticoid copepod Tisbe
holothuriae under different dietary conditions such as the addition of the pet fish
food TetraMin, dissolved organic matter and yeast. Variables measured were the
mortality, sex ratio, proportion of ovigerous females, production of eggs and de¬
velopment rate of the copepods. Results indicate that O. marina does not have
the same food value for harpacticoids, as for other organisms reported in the li¬
terature, and in some cases may even be detrimental. The possible influence of
different sources and culture techniques of O. marina on the outcome of feeding
experiments is discussed.
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DINOFLAGELLÉS
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INTRODUCTION

The trophic relations of copepods are important
first from an ecological point of view, as they play
an essential role in the food web in nature, and
secondly for maricultural purposes, as food in the
rearing of young fish.

Because of their benthic way of life, the diet
of numerous species of harpacticoids will most
likely include detritus with its attached microflora
as well as the surface growth on other substrates,
consisting of bacteria, protozoans and diatoms. A
detailed summary of our knowledge on the trophic
relations of meiobenthic copepods has been com¬
piled by Hicks and Coull (1983). While evidence
has been growing that planktonic copepods may
supplement their phytoplankton diets with proto¬
zoans, in particular ciliates (Berk et al., 1977 ;
Stoecker & Egloff, 1987; Gifford & Dagg, 1988,
1991; White & Roman, 1992; Sanders & Wick-
ham, 1993; Fessenden & Cowles, 1994), there is

still little known about protozoan-harpacticoid re¬
lations. Tisbe furcata is capable of consuming the
flagellates Monas sp. and Parabodo attenuatus
(Kopylov et al., 1981) and the ciliate Uronema
was taken up by Tisbe holothuriae and Paramphi-
ascella vararensis in laboratory experiments
(Rieper & Flotow, 1981 ; Rieper, 1985). The wide¬
spread dinoflagellate Oxyrrhis marina has often
been observed in healthy cultures of harpacticoid
copepods (Kirchner, unpubl.). Klein Breteler et al.
(1990) showed that the main food requirements
of second copepodid and later stages of the ca-
lanoid copepod Temora longicornis could be sup¬
ported by Oxyrrhis.

The experiments described in this paper are de¬
signed to show the influence of different strains
of non-axenic dinoflagellate Oxyrrhis marina Du-
jardin cultures on the development of Tisbe holo¬
thuriae Humes, particularly on the mortality, sex
ratio, proportion of ovigerous females and produc¬
tion of eggs, under different dietary conditions.
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MATERIAL AND METHODS

This section is divided into two parts, accord¬
ing to the sources of O. marina strains used in
the experiments : in Part One, from the maceration
of organic material with Mediterranean seawater,
and in Part Two, with a pure culture originating
from the North Sea.

Part one

Experiments

The cultivation techniques of T. holothuriae
were those described by Gaudy and Guérin
(1977). The copepods were cultivated in small,
air-tight containers at a temperature of 19-20°C
in natural seawater (S = 38 %o) under natural il¬
lumination. Three successive experiments were
performed. For each experiment, several females
with large eggsacs, issued from a population fed
TetraMin (a commercial pet fish food) in 1 liter
aerated seawater, were selected. Each ovigerous
female was isolated into a small glass vessel with
small pieces of TetraMin. As soon as possible
after hatching, the offspring were divided into
three (Expt. 1 and 2) or four (Expt. 3) groups in
small glass vessels containing filtered (0.45 (im)
seawater. Three (Expt. 1 and 2) or four (Expt. 3)
series were thus obtained, each series containing
1/3 or 1/4 of the nauplii of each female. Thus,
series differed by diet and not by genetical origin,
which is an important factor in harpacticoids (Bat-
taglia, 1970).

An overview of the experiments with the diffe¬
rent diets is given in Table 1. In each experiment,
a series of nauplii was put into 50 ml filtered sea¬
water and fed TetraMin, as control. This food was
added at the beginning of an experiment and later
whenever necessary to prevent a food deficit.
From the fifth day of the experiment, each vessel
was observed daily.

Each experiment was ended when the develop¬
ment of eggsacs obtained in the experimental
generation was adequate in order to dissect them
easily. The first females developing an eggsac

were isolated and sacrificed ; each vessel was ob¬
served during 48 hours to remove each ovigerous
female with an eggsac in suitable development.
After this period of time, females without eggsacs
were regarded as sterile and animals remaining in
each vessel were fixed. Females, males and the
number of eggs in each eggsac of the ovigerous
females were counted.

Cultivation and preparation of Oxyrrhis marina

Cultures of O. marina were obtained from
different sources and offered to the copepods in
different diet combinations. Thus the influence of
the dinoflagellates could be examined under
different conditions (e.g., presence of bacteria,
dissolved organic matter).

For Expt. 1, O. marina were obtained by mace¬
ration of a handful of seagrass (Zostera sp.) in
10 1 seawater collected simultaneously near Mar¬
seille. For this purpose fresh Zostera were col¬
lected and kept without water in a closed bucket
48 hours before incubation in seawater. Within a

few hours bacteria developed; some days later a
population (250 individuals ml1) of O. marina
was obtained. Before being placed with nauplii of
T. holothuriae, O. marina were filtered through a
10 |0,m gauze, to remove other large protists, and
eventually diluted. Under these conditions, there
were very few protists accompanying O. marina,
including organic matter issued from the exuda¬
tion of Zostera, with numerous and varied bac¬
teria.

For Expt. 2.1 and 2.2, O. marina were obtained
by maceration of 5 g ground TetraMin in 10 liters
of gently aerated seawater. In this case O. marina
were also filtered as above.

For Expt. 3, a new maceration of Zostera was
performed under the same conditions as Expt. 1
and filtered before use. For this purpose, the sus¬
pension was filtered over a 5 (xm pore filter. The
filtrate was without O. marina, but with bacteria
and organic material.

Experimental conditions (Table I)

In Expt. 1, a series ("Diet 1") received 10 ml
of an O. marina culture at an approximate density

Table I. - Part One. Overview of the experimental conditions for Tisbe holothuriae diets in experiments 1-3.

N. of females Control Diet 1 Diet 2 Diet 3

Expt. 1 12 TetraMin 19 O. marina/ml 19 O. marina/ml + Tet

Expt. 2.1 12 TetraMin 27 O. marina/ml 54 O. marina/ml

Expt. 2.2 9 TetraMin 42 O. marina/ml 85 O. marina/ml

Expt. 3 7 TetraMin Zostera filtrate + Tet Yeast Zostera filtrate + Yeast
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of 93 ind.ml"1' to which 40 ml filtered seawater

was added. The concentration of dinoflagellates
was thus about 18.6 ml"1 in the vessels. The third
series ("Diet 2") received the same amount of O.
marina and also TetraMin, which was renewed
under the same conditions as the control.

Expt. 2.1 and 2.2 began on two successive
days, from two different populations of Tisbe and
fed with two different cultures of Oxyrrhis issued
from the maceration of TetraMin. In each case

"Diet 1" and "Diet 2" received only O. marina,
but the density in Diet 2 was twice that of Diet
1 (10 ml O. marina plus 40 ml filtered seawater
in Diet 1, 20 ml O. marina plus 30 ml seawater
in Diet 2, respectively). The concentration of
dinoflagellates in the vessels were thus 26.8 and
53.6 ind.ml"1 in Expt. 2.1. and 42.4 and 84.8
ind.ml"1 in Expt. 2.2.

In Expt. 3, two comparisons were made : first,
between two diets, TetraMin as control and yeast
(dried Saccharomyces cerevisiae) as Diet 2, each
used alone ; secondly, a comparison between these
two diets after enrichment of each with 10 ml of
a filtered suspension of Zostera maceration (Diets
1 and 3). After the fifth day, 10 ml from the vessels
with Diets 1 and 3 were withdrawn and replaced
with freshly prepared juice.

Part two

Organisms and experimental conditions

Five additional experiments were performed
with organisms originating from the North Sea.
T. holothuriae, non-axenic but free of protozoans,
was cultivated over many generations in the
laboratory with a mixture of TetraMin and a fish
food preparation described in Rieper (1978). O.
marina was obtained from the Culture Collection
of Algae and Protozoa CCAP, Scotland, UK
(N° 1133/2). The O. marina culture was main¬
tained on rice grains and contained unspecified
bacteria only. The individual O. marina cells were
counted directly under a microscope, after suitable
dilution of a concentrated suspension.

Experiments were performed in the laboratory
in covered glass vessels containing 50 ml auto-
claved, 0.45 |i,m-filtered seawater, S = 30 %c. The
temperature was 20 ± 1.5 °C, with a natural
light:dark cycle of 18:6 hours, that of a northern
European summer. No aeration or stirring of the
vessels took place. The variables measured were
development time of T. holothuriae to the first
copepodid stage, life cycle from nauplius to first
new nauplius, sex ratio (defined as total number
of females to total number of adults and
copepodids at the end of the experiment) and mor¬
tality (copepods which died during the experiment
excluding nauplii). All vessels were examined

daily under a dissecting microscope. Food con¬
sisted of a mixture of TetraMin and fish food pre¬
paration (except in Expt. 3, with TetraMin alone)
and was added as necessary so no deficit occurred.

The experiments performed were as follows :
Expt. 1 : 2 ovigerous females of different ages,
from a stock culture, were placed into each vessel,
then removed as soon as their eggs hatched. Two
replicates contained the copepods alone, and two
others received O. marina, at an initial concen¬
tration in the vessels of 65 ind.ml"1.
Expt. 2 : was performed with the first females to
become ovigerous, arising from the progeny of
Expt. 1. The initial numbers of mother females in
each vessel varied, and were removed as soon as
sufficient new nauplii appeared. Thus here all
mother females were of the same age. Four rep¬
licates contained copepods alone, and four with
copepods and O. marina added. The concentration
of O. marina was not determined.
Expt. 3 : 12 healthy ovigerous females of different
ages were taken from the stock culture and added
singly to each experimental vessel. Six replicates
were with copepods alone, six others received O.
marina added at an initial concentration of 15.6
ind.ml"1 per vessel. The nauplii at time zero were
thus the offspring of the same eggsac in each ves¬
sel.

Expt. 4 : For this experiment, only young mother
females arising from the progeny of Expt. 3 were
used which carried their first or, at most, their se¬
cond eggsac. As in Expt. 3, the ovigerous females
were placed singly into each vessel. Six replicates
received no O. marina, and six replicates received
them. Since the concentration of O. marina at time
zero was so low (< CO. 10 ind.m-1 per vessel), one
rice grain was added to promote its growth in each
of 3 replicates, and also to 3 control replicates
without O. marina.

Expt. 5 : Here the progeny of Expt. 4 were used :
as soon as the first new nauplii appeared in all
vessels (with the exception of N° 2), all other
copepods present were immediately removed and
the same vessels retained for Expt. 5. This became
the new time zero for Expt. 5. The initial concen¬
tration of O. marina was not determined ; instead,
it was determined at the end of Expt. 5 in each
vessel, as soon as new nauplii hatched again. Bac¬
teria counts were also made from an aliquot of
seawater from each vessel at the end of the ex¬

periment, after suitable dilution. The spread plate
method was used with ZoBell 2216E medium for
marine bacteria.

Statistics

Comparisons on percent of mortality, sex ratio
and proportions of ovigerous females under differ¬
ent conditions were performed with the %2 test
using the Brandt-Snedecor formula for the entire
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data in each experiment. When a significant
difference was shown, a 2 x 2 test was used to
compare the different groups of data (with the
Yates' correction).

Comparisons on the number of adults obtained
under different conditions and the mean number
of eggs observed were performed with the
ANOVA test.

RESULTS

Part one

Experiment 1 (Tables II, III and V) : Compa¬
rison of effect on copepods of O. marina
alone and O. marina + TetraMin to
controls with TetraMin alone

Mortality. At first view, the mortality appears very
important (Table III). With 636 nauplii at the
beginning of the experiment, the adults obtained
were only 508 : the average mortality rate was
thus 20%. The mortality was greatest with Tet¬
raMin alone (29.7 %), less with O. marina + Tet¬
raMin (19.3%) and lowest with O. marina alone
(11.3%). These differences were very highly sig¬
nificant (x2 = 22.44***). Between TetraMin alone
and O. marina + TetraMin, the difference was

very significant (x2 = 5.61**). The difference be¬
tween O. marina and O. marina + TetraMin was

significant (%2 = 4.65*), and very highly signifi¬
cant (x2 = 20.88***) between O. marina and Tet¬
raMin alone. The 100% mortality with the nauplii
of female D fed TetraMin alone, as well as only
one surviving adult from female H (fed O. marina
+ TetraMin) and female J (fed TetraMin) are the
possible result of contamination of the vessels
which cannot be further explained.

Sex ratio. Among results obtained with the
different groups of nauplii it can be seen (Table II)
that, among the 10 groups of the control con¬
sidered, only 6 gave more females than males;
with O. marina alone, 6 groups gave more females
than males, one gave as many females as males
(group H); with O. marina + TetraMin (11 groups
considered), 8 groups gave more females than
males, 2 gave the same number of each (C and
L). Sex ratio (number of females/number of
adults) was disadvantageous to females with Tet¬
raMin (0.48), better for females with O. marina
(0.53) and very good with O. marina + TetraMin
(0.65). In Table III one can see that these differ¬
ences were highly significant (%2 = 10.61**). Be¬
tween TetraMin and O. marina, differences were
too little to be significant. On the other hand,
differences between TetraMin and O. marina +

TetraMin were highly significant (x2 = 8.28**),

Table II. - Part One. Results of experiment 1. The letters
A-L represent the 12 females used, as stated in Table
1. In each rectangle with data :
— on the upper left : number of females ; middle : num¬
ber of males ; right : number of adults (surviving from
the original nauplii in each treatment, column 2) ;
— on the lower left : number of ovigerous females ;
middle : total number of eggs ; right : mean number of
eggs per ovigerous female.
In the three rectangles "Z", sums of the data A-L ac¬
cording to the same order.

o Nauplii per Control Diet 1 Diet 2
-+- treatment TetraMin 19 0. m./ml 19 O.m./ml + Tet

A 16X3 6 9 15 8 7 15 12 3 15

2 116 58 1 67 67 11 1011 91.9

B 17X3 6 10 16 5 12 17 5 8 13
6 374 62.3 3 188 62.7 2 163 81.5

C 25X3 0 19 19 1 16 17 12 12 24

0 0 0 1 67 67 8 725 90.6

D 18X3 0 0 0 13 4 17 12 3 15

0 0 0 5 284 56.8 10 785 78.5

E 15X3 12 2 14 8 4 12 8 6 14

3 107 35.7 7 376 53.7 6 344 57.3

F 15X3 8 6 14 6 8 14 9 6 15

2 128 64 3 178 59.3 3 288 96

G 18X3 8 6 14 13 4 17 5 2 7

3 132 44 0 0 0 5 314 62.8

H 18X3 6 12 18 7 7 14 0 1 1

0 0 0 0 0 0 0 0 0

1 15X3 9 1 10 11 2 13 14 0 14

0 0 0 2 120 60 0 0 0

J 18X3 1 0 1 12 6 18 14 4 18

0 0 0 5 282 56.4 14 1010 72.1

K 17X3 7 6 13 6 9 15 11 6 17

4 213 53.3 6 544 90.7 10 875 87.5

L 20X3 9 6 15 9 10 19 9 9 18

7 494 70.6 9 807 90.1 5 504 100.8

2 212X3 72 77 149 99 89 188 111 60 171

27 1564 57.9 42 2913 69.4 74 6019 81.3

differences between O. marina and O. marina +

TetraMin were significant (x2 = 5.04*).
Proportions of ovigerous females. Among the

adult females, only a part became ovigerous. On
the whole, with 282 females, only 143 - i.e.
50.7 % - reproduced. Among these, group I, fed
O. marina + TetraMin, gave 14 females and no
males. Three of these females became ovigerous ;
they were not counted, since, without fecundation,
development would be impossible. It is interesting
to note the delay observed in the development of
females fed O. marina compared with females fed
TetraMin or O. marina + TetraMin. Indeed, egg-
sacs appeared the eighth day after the beginning
of the experiment for the series fed TetraMin and
O. marina + TetraMin, whereas two additional
days were required to obtain reproduction with O.
marina only.

In Table III, the proportions of ovigerous
females show very significant differences between
the three dietary conditions (x2 = 18.59***). Pro-
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Table III. - Part One. Summary of results of experiment 1. Meaning of statistical symbols :
df : degree of freedom. N.S. : non significant. * : significant. ** : highly significant. *** : very highly significant.

Control Diet 1 Diet 2

TetraMin 19 0. m./ ml 19 0. m. /ml + Tet Means Statistics

N. of adults 148 188 170 168.7 F = 0.25 N.S. (df: 2; 30)
% mortality 29.7-«- 20.88*** -+-11.3*+— 4.65* ^19.3 20.1 x 2 = 22.44*** (df: 2)

5.61** 1

Sex ratio 0.48-« N.S. -0.53-« 5.04* "-0.65 0.55 x 2 = 10.61** (df: 2)
8.28** J

. ovi. females 38.0-« N.S. »~42.4-— 11.48*** —»- 66.7 50.7 x 2 = 18.59*** (df: 2)
13.24*** I

N. of eggs 1564 2913 6019 3498.7
m/ovi.female 57.9±17.1 69.4±19.2-*- 8.56** -»-81,3±23.4 69.5 F = 13.15*** (df: 2; 140)

-U— 17.74*** (Diet! + Diet 2) '

portions were almost similar with TetraMin and
O. marina (38.0 and 42.4% respectively, (%2 =
0.24, N.S.) and very highly significantly different
in regard to TetraMin vs O. marina + TetraMin
diet (66.7%, %2 = 13.24***); differences between
O. marina and O. marina + TetraMin were also

very highly significant (%2 = 11.48***).
Production of eggs. The reproductive output of

offspring of 143 ovigerous females gave, in total,
10496 eggs, with a general mean of 73.4
eggs/ovigerous female. Table III shows that
females fed TetraMin were the less productive,
with 14.9% of the whole number of eggs, and
they exhibited the lowest mean per female ;
females fed O. marina, a little more numerous,

gave nearly twice as many eggs (28 % of the
total), with a greater mean per female (69.4).
Females fed O. marina + TetraMin gave 57 % of
the total number of eggs, with a much larger mean
per female (81.3).

Differences between total number of eggs pro¬
duced by females under the three conditions were
very highly significant : F = 13.15***. Differ¬
ences between females fed TetraMin and those fed
Diet 1 or 2, respectively, were very highly signi¬
ficant (F = 17.74***). The differences between
Diet 1 and Diet 2 were also highly significant (F
= 8.56**).

Regarding partitioning of the number of eggs
in the eggsacs, females fed TetraMin gave 87 eggs
at most ; with O. marina two eggsacs included at
least 100 eggs; with O. marina + TetraMin 13
eggsacs contained at least 100 eggs, the maximum
number being 136 (data not shown).

It is interesting to note that in the series of
copepods fed O. marina + TetraMin, two groups
(A and J) gave 1 011 and 1 010 eggs, respectively
(Table II), i.e. 1/3 of the total number of eggs in
the series. This result was obtained mainly by a

large number of ovigerous females and not by
very numerous eggs in the eggsacs. Thus two
groups fed O. marina + TetraMin (L and F) pro¬
duced a mean number of eggs per female greater
than group A (100.8 and 96 vs 91.9, respectively) ;
7 groups of ovigerous females produced a larger
mean number of eggs than J.

Experiment 2, with replicates 1 and 2 (Tables
IV A, B and V) : Comparison of effect of
two different strains of O. marina obtai¬
ned under the same conditions, on two
different populations of T. holothuriae

Mortality. In these two replicates there was no
vessel without any survivors as in Expt. 1. How¬
ever, the two groups of nauplii of female A (Expt.
2.1) fed with O. marina produced only 1 descen¬
dant each : this double result cannot be considered
an experimental mistake, but a physiological con¬
sequence of the non-adaptation of these nauplii to
the diet.

The mean result is that a fourth of the copepods
died in Expt. 2.1 (27.2% exactly) and only 1
copepod from 8 in Expt. 2.2 (12.61% exactly).
Rates of mortality appeared very highly signifi¬
cant in Expt. 2.1 (%2 = 15.91***), and highly sig¬
nificant in Expt. 2.2 (%2 = 9.83**).

In Tables IV A and B data show that rates of

mortality appeared almost identical with TetraMin
(16.8 % in Expt. 2.1 and 18.9 % in Expt. 2.2). With
O. marina, mortality increased very highly signif¬
icantly in Expt. 2.1 in comparison with the control
(X2 = 11.14***), and decreased in Expt. 2.2 (%2
= 6.71**).

Between Diet 1 and Diet 2 mortality increased
in the same manner in the two replicates, but these
increases were too little to be significant. The re¬
sult was that the difference between the control
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Table IV. A. - Part One. Summary of results of experiment 2.1. B. - Part One. Summary of results of experiment
2.2. C. - Part One. Summary of results of experiment 3. For symbols see legend to Table III.

Control

TetraMin

Diet 1

27 O.m./ml

Diet 2

54 O.m./ml Means Statistics

N. of adults

% mortality
159 130 128
16.8-*— 11.14*** -»-31.9-* N.S. "-33

I 12.61*** 1

139 F = 1.71 N.S. (df: 2; 33)
27.2 x 2 =1 5.91*** (df: 2)

Sex ratio 0.50- N.Sr -0.39-
- N.S. -

-11.30*** -0.61
I

0.50 x 2 = 12.16** (df: 2)

% ovi. females 61.3 52,.9 60.3 58.2 x 2 = 0.99 N.S. (df: 2)
N. of eggs

m/ovi.female

B

2637 1010 1792 1813

53.8±22.2 37.4±23.6*— N.S.—»-38.1 ±22.2 44.2 F = 7.41 *** (df: 2; 120)
-• 14.80*** (Diet! + Diet 2)

Control

TetraMin

Diet 1

42 O.m./ml

Diet 2

85 O.m./ml Means Statistics

N. of adults

% mortality
146

18.9- 6.71*

164

►8.9 -

5.06* -

N.S. "

162

►10

157.3 F =1.20 N.S. (df: 2; 24)
12.6 x 2 = 9.83** (df: 2)

Sex ratio 0.25 0.32 0.27 0.28 x 2 = 2.09 N.S. (df: 2)
I ovi. females 72.2- N.S. " -65.4-

-

N.S.

5.58* -88.4
I

75.3 x 2 = 6.78* (df: 2)

N. of eggs

m/ovi.female

1492

57.4±25.0
- N.S.

1826 2848 2055.3

53.7±31.&*~ 9.12** -—74.9+31.1 62.9 F = 5.17** (df: 2; 95)
(Dietl + Diet 2) !

Control Diet 1 Diet 2 Diet 3

TetraMin Zostera filtrate + Yeast Zostera filtrate + Means Statistics

TetraMin Yeast

N. of adults 126 121 115 116 119.5 F = 0.24 N.S. (df: 3; 23)
% mortality 13.1 16.6 20.7 20.0 17.6 X 2 = 4.59 N.S. (df: 3)

Sex ratio 0.67 0.66 0.67 0.75 0.69 X 2 = 2.77 N.S. (df: 3)

% ovi. females 68.2 55.0 58.4 57.5 59.8 X 2 = 3.54 N.S. (df: 3)
N. of eggs 3294 2753 942 3042 2507.8

m/ovi.female 56.8±23.5 62.6±1 5.8 20.9+11.1 60.8±24.9 50.3 F = 44.02*** (df: 3;196)
7.02* (Diet 1 + Diet H + Diet 3)

I
62.53***

and diet 2 increased in Expt. 2.1 (%2 = 12.61***)
and decreased in Expt. 2.2 (%2 = 5.06*).

Sex ratio. In Expt. 2.1 and 2.2 data obtained
about the sex ratio appeared very different : différ¬
encies were highly significant in Expt. 2.1 (%2 -

12.16**) and non-significant in Expt. 2.2 (%2 =
2.09). With TetraMin, the total number of females
and males was identical in 2.1. Conversely, in 2.2
the sex ratio was unfavourable to females : only
0.25. In Expt. 2.1, with Diet 1 the sex ratio was
lower than in the control (0.39 vs 0.50 : this
difference was not significant), with Diet 2, higher
(0.61 vs 0.50, the difference was also not signif¬

icant). Between Diet 1 and 2, the difference is
very highly significant (0.39 vs 0.61, x =
11.30***).

Both replicates contained O. marina in Diets 1
and 2, but in Expt. 2.2, variations in the sex ratio
were too little to be significant ; they were always
unfavourable to females.

Proportions of ovigerous females. In Expt. 2.1,
all the control groups included at least one oviger¬
ous female. In groups fed O. marina there were
3 groups without ovigerous females in the series
fed Diet 1, and 4 in the series fed Diet 2. In Expt.
2.2 two control groups were without females car-
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Control Diet 1 Diet 2 Diet 3

TetraMin 19 0. marina/ml 19 0. marina/ml + TetraMin

Expt 1 72 77 149 99 89 188 111 60 171
27 1564 58 42 2913 70 74 6019 81

TetraMin 27 0. marina/ml 54 0. marina/ml

Expt 2.1 80 79 159 51 79 130 78 50 128
49 2637 54 27 1010 37 47 1792 38

TetraMin 42 0. marina/mi 85 0. marina/mi

Expt 2.2 36 110 146 52 112 164 43 119 162
26 1492 57 34 1826 54 38 2848 75

TetraMin Zostera filtrate + TetraMin Yeast Zostera filtrate + Yeast

Expt 3 85 41 126 80 41 121 77 38 115 87 29 116
58 3294 57 44 2753 62 45 942 21 50 3042 61

rying eggsacs, only 1 in the series fed Diet 1, and
2 in the series fed Diet 2.

In all series the mean proportions of ovigerous
females were high ; differences between series
were not significant in Expt. 2.1 and significant
in Expt. 2.2 (%2 = 6.78*). Differences were sig¬
nificant only between Diet 1 and Diet 2 (x2 =
5.58*).

In these two replicates the mean value of pro¬
portion of ovigerous females was 58.2% in Expt.
2.1 and 75.3% in Expt. 2.2; the difference be¬
tween these proportions is very significant (%2 =
8.33**).

Production of eggs. The productivity of the 123
ovigerous females in Expt. 2.1 resulted in 5 439
eggs with a mean of 44.2 eggs per female; differ¬
ences were very highly significant (F = 7.41***).
Females fed TetraMin were the most productive,
with 48 % of the amount of eggs, and a mean of
53.8 eggs per ovigerous female. Copepods fed
Diet 1 were the least productive (18.6% of the
amount of eggs, 37.4 per female). With Diet 2,
females produced a mean number of eggs almost
identical to those fed Diet 1 (38), and gave 33 %
of the total amount. Regarding the total number
of eggs, there was only a very highly significant
difference between the control and Diet 1 (F =

14.80***).
In Expt. 2.2 the productivity of 98 ovigerous

females gave a total of 6 166 eggs, with a mean
of 63 eggs per ovigerous female ; differences were
highly significant (F = 5.17**). Table IV B shows
that females fed TetraMin were the least produc¬
tive, with 24% of the whole number of eggs, but
they did not exhibit the lowest mean per ovigerous
female (57.4). Females fed Diet 1, somewhat more
numerous, gave a few more eggs (30%), but with
a lower mean per female (53.7). Females fed Diet
2 gave the greatest amount of eggs (46%) and a
very large mean per female (75). Regarding the

total number of eggs, there was only a highly sig¬
nificant difference between Diet 1 and Diet 2 (F
= 9.12**).

Experiment 3 (Tables IV C and V) : Effect of
yeast and organic matter issued from ma¬
ceration of Zostera on reproduction of
Tisbe

Mortality. As in the two replicates of Expt. 2
there was no 100% mortality in any vessel of this
experiment. The percentage of mortality was very
low in all series; the differences between values
were not significant (%2 = 4.59).

Sex ratio. The values were remarkably constant
in all series ; thus differences were not significant
Oe2 = 2.77)

Proportions of ovigerous females. In all groups
more than half of the females became ovigerous.
The observed variations were of little importance
and were not significant (%2 = 3.54).

Production of eggs. The 197 ovigerous females
gave a total of 10 031 eggs, with a mean of 50.9
eggs per female. Table IV C shows the partitioning
of these eggs. Differences were very highly sig¬
nificant (F= 44.02***). The highest value was ob¬
tained with TetraMin alone (control) which gave
32.8 % of the amount of the eggs, the lowest with
Diet 2 (yeast alone) which gave only 9.4 % of the
eggs. Diet 1 (TetraMin + filtrate) gave 27.4% of
the eggs and Diet 4 (yeast + filtrate), 30.3 %.
Differences between TetraMin and the three other
diets were highly significant (F = 7.02**). Differ¬
ences between the three diets among themselves
were very highly significant (F = 62.53***).

Part two

The results of 5 experiments with organisms
originally isolated from the North Sea are pre-
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sented in Table VI. As described above, the ex¬

periments differed from one another mainly in the
ages of the ovigerous females used at the start and
also in the initial concentrations of O. marina
added to the vessels. The source of O. marina and
food offered were the same in all cases (except in
Expt. 3 whereby only TetraMin was offered, without
the fish food preparation). The results are sum¬
marized with regard to the following parameters :

Development of T. holothuriae. The time
elapsed between the appearance of the first
nauplius to the first copepodid stage was generally
2 to 3 days, in rare cases 4. There was no apparent
correlation with the presence or absence of O.
marina at time zero. The vessels in Expt. 4 re¬
ceived the lowest concentrations of O. marina
(< 10 ind.ml1), the highest O. marina concen¬
trations were achieved in the vessels of Expt. 4
and 5 after rice grains had been added (see
below). The length of time required to complete
one life cycle (nauplius to nauplius) varied greatly
between the five experiments and between the in¬
dividual vessels of the same experiment, ranging
from 9 to 15 days. Shorter average life cycle
development times were required where O.
marina was present in Expt. 1, 4 and 5 : 10 vs
11.5 days in Expt. 1, 11.7 vs 12.6 days in Expt.
4 and 12.2 vs 13.2 days in Expt. 5 (Table VI).
Little difference was noted in Expt. 2 (11.0 days
with O. marina, and 10.5 days without). In con¬
trast, clearly longer development times were re¬
quired for copepods with O. marina in Expt. 3
(13.5 vs 11 days without O. marina)', here no
females reached maturity in 2 out of 6 replicates
without O. marina and also in 2 out of 6 with O.
marina. These vessels were not included in the

evaluations in Table VI.

Sex ratio. With the exception of Expt. 1 and 3,
the sex ratio was higher in vessels which did not
contain the dinoflagellates. Noteworthy is the pre¬
ponderance of males particularly in Expt. 4 and
5, resulting in the relatively low sex ratios. In ves¬
sels with rice grains added to enhance the growth
of O. marina, the sex ratio was lower in Expt. 4
and higher in Expt. 5, compared to controls
without O. marina.

Proportion of ovigerous females. The numbers
of ovigerous vs non-ovigerous females are given
in Table VI. The percentage of females with egg-
sacs compared to the total number of females
varied greatly. The greatest differences were
found in Expt. 1 ; 36.8% in the controls compared
to 86.2% in vessels with O. marina added. In all
other experiments, however, lower proportions
were found in the vessels with O. marina.

Mortality. The mortality rates of copepods
(naupliar death excluded) were low in Expt. 1 and
2, in all vessels with and without O. marina. In
Expt. 4 and 5 the mortality rate ranged from 0 to
7.6% (mean values are shown in Table VI); in
only one case was it higher than 10% (Expt. 5).
Expt. 3 was an exception, with an average rate
of 11.8% in vessels without O. marina and 31.4%
with O. marina. The high mortality rates as well
as the large number of vessels in which no
females produced eggsacs indicate that the condi¬
tions for growth of Tisbe in Expt. 3 were ex¬
tremely unfavourable.

Bacteria. The numbers of heterotrophic bac¬
teria (cfu) were determined at the end of Expt. 5
only.

Table VI. - Part Two. Overview of results of 5 experiments with Tisbe holothuriae under different dietary conditions.
Symbols used : Tet : TetraMin. m : mean value. N : nauplius stage. C : copepodid. S : sum. * : 2 replicates of each
treatment were not evaluated ; see text.

Experiment Vessel Diet Days to Days to Number of animals Sex ratio %

N° number first C complete alive at end of experiment mortality
life cycle Females Males c Total

(N to N) ovi non ovi

(m) (m) (2) (2) (2) (2) (2) (m) (m)

1 2 Tet + fishfood 2.5 11.5 7 12 45 0 64 0.284 0
2 Tet + fishfood + 0. marina 2.5 10 25 4 29 0 58 0.504 0

2 4 Tet + fishfood 2.5 10.5 157 31 219 7 414 0.463 0
4 Tet + fishfood + 0. marina 2.5 11 147 76 482 13 718 0,337 0.14

3 4* Tet + fishfood 2.5 11 13 12 72 1 98 0.271 11.8

4* Tet + fishfood + 0. marina 2.75 13.5 10 11 56 0 77 0.279 31.4

4 3 Tet + fishfood 3 12 25 6 118 3 152 0.192 2.67
3 Tet + fishfood + rice 2.67 13 15 2 150 0 167 0.087 1.47

3 Tet + fishfood + 0. marina 2.67 11.7 15 13 133 7 168 0.172 2.87

3 Tet + fishfood + O.m.+rice 3 11.7 9 3 188 0 200 0.058 3.40

5 2 Tet + fishfood 3 13 65 12 270 19 366 0.198 1.25
3 Tet + fishfood + rice 3 13.3 25 14 81 3 123 0.327 5.33
3 Tet + fishfood + 0. marina 3 12.5 22 10 168 13 213 0.104 2.83
3 Tet + fishfood + O.m.+rice 3 12 19 14 124 1 158 0.247 2.67
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Results gave the following concentrations :
Replicates with TetraMin + fish food : 10.7 and
0.91xl06 ml1;
TetraMin + fish food + rice: 1.02 and 1.6xl06
ml ', and 2.3xl05 ml1;
TetraMin + fish food + O. marina : 1.1 and
0.83xl06 ml"1 (not determined in one replicate);
TetraMin + fish food + O. marina + rice : 3.6,
4.3 and 2.3xl06 ml"1.

The bacteria numbers were thus consistently
highest in the three replicates which contained O.
marina and rice grains to enhance its growth. The
extremely high bacteria counts in one of the two
replicates with TetraMin and fish food cannot be
explained; in this vessel, however, a larger num¬
ber of copepods had developed, than in all other
vessels of this experiment.

Numbers of O. marina. The concentrations of
O. marina in the 5 experiments of Part Two were
as follows :

Expt. 1 : 65 ind.ml-1 per vessel at time zero
Expt. 2 : not determined
Expt. 3 : 15.6 ind.ml-1 at time zero
Expt. 4 : < 10 ind.ml"1 at time zero
Expt. 5 : not determined at time zero ; the same
vessels used in Expt. 4 were also used for Expt.
5, after removal of the first generation of
copepods but with the O. marina left in. The num¬
bers of O. marina at the end of Expt. 5 were, in
the replicates with TetraMin + fishfood, 54, 81
and 68 ind.ml1, and in vessels with rice added to
these, 995, 778 and 617 ind.ml1.

Summary of results of Part Two. The source and
treatment of O. marina was the same in all five
experiments, so differences in results were not due
to differences in culture techniques. The accom¬
panying bacterial populations would thus not be
expected to differ widely, nor did variations in
their numbers appear to affect the parameters
measured, e.g. in Expt. 5.

The relatively higher concentrations of O.
marina used in Expt. 1 and 5 were neither of
advantage nor disadvantage to the growth and
development of Tisbe, when the parameters are
compared to vessels with low or no numbers of
O. marina present. A comparison of Expt. 4 and
5 indicates that the presence of O. marina may
have been detrimental, with regard to the percent¬
age of ovigerous females (of the total females)
and the sex ratio, under the given conditions.

Considering all five experiments as a whole,
only in one case were positive results obtained
in the presence of the flagellates. In the other
cases, a tendency to a negative influence on the
copepods cannot be excluded, whether O. marina
here were actually ingested or rejected as food
organisms. The different ages of the mother fema¬
les used were not a determining factor in the
results.

DISCUSSION

The dinoflagellate Oxyrrhis marina is ubiqui¬
tous in nature. In the laboratory, it has been
successfully cultivated with yeast (Droop, 1953)
and various species of algae (Goldman et al.,
1989, and many others) as well as in seawater
with rice grains and the accompanying bacteria
(this paper). O. marina has itself been used as
food for Bryozoans (Schneider, 1959; Jebram,
1968; Kitamura & Hirayama, 1984). Larval stages
of the calanoid copepod Temora longicornis are
able to ingest O. marina (Klein Breteler et al.,
1990). Laboratory cultures of Acartia clausi, al¬
though fed sufficient algae, failed in brood pro¬
duction when O. marina was lacking in their diet
(Klein Breteler, 1980). Despite this evidence for
the food value of O. marina in the experiments
described here in Part Two, the presence of the
dinoflagellates was generally not beneficial to
Tisbe holothuriae, although the sex ratio was
greater with O. marina in Expt. 1.

The results of Part One, on the oher hand, are
often very different with regard to possible effects
of O. marina, according to the manner of produc¬
tion of the dinoflagellates - whether from mac¬
eration of Zostera or from TetraMin. These results
are discussed as follows.

Mortality

In the controls, mortality was similar between
the different experiments. These values were al¬
ways lower than the rates observed in preceding
experiments with TetraMin alone (Gaudy and
Guérin, 1977). The absence of significant varia¬
tions between the control and the different condi¬
tions of Expt. 1 and 3 permits the conclusion that
mortality was not modified by maceration of
Zostera alone, nor maceration with addition of
TetraMin, nor by addition of the filtrate of this
maceration without O. marina.

In Expt. 2, however, very highly significant
differences appeared on the one hand, in the rep¬
licate 2.1, between the control and Diet 1 - mor¬

tality being greater with Diet 1 ; and on the other
hand, in the replicate 2.2, also between the control
and Diet 1, but with a mortality rate lower with
Diet 1 than with the control. Thus the strain of
O. marina issued from maceration of TetraMin

may be able to induce very different results in
comparison with that from maceration of Zostera.

Sex ratio

The reason for determination of sex in

copepods is still generally unknown. In the genus
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Tiste numerous factors have been discussed, but
none of them can explain observed variations
(Guérin and Rieper-Kirchner, 1991). In the con¬
trols, the mean values of the sex ratio were 0.48,
0.50, 0.25 and 0.67 for the different experiments,
respectively (Part One). In Expt. 2.2 and 3 no sig¬
nificant differences could be observed between the
controls and treatments. But in Expt. 2.2, the sex
ratio was always unfavourable to females, and just
the opposite in Expt. 3. In these two cases it seems
possible to assume that experimental conditions
did not act on sex ratio values - or, in other
words, the uniformity of the results reflects more
the action of genetical characteristics which took
precedence over experimental conditions. In Expt.
1, however, there was a highly significant diffe¬
rence between the TetraMin control (0.48) and
Diet 2 (O. marina + TetraMin) (0.65). Here it
seems possible to assume that the experimental
conditions took precedence over the genetical fac¬
tors.

Proportion of ovigerous females

Only a part of the produced females became
ovigerous ; this proportion has a direct effect on
the potentiality of the population to grow. Be¬
tween the controls, variations in the number of
ovigerous females appeared important : 38.0,
61.3, 72.2 and 68.2% respectively, in the different
experiments. Under the various conditions, the
only noticeable differences appeared in Expt. 1 :
these were highly significant between the control
and Diet 2 (O. marina + TetraMin) and also be¬
tween Diet 1 (0. marina alone) and Diet 2.

Production of eggs

The production of eggs is the most important
parameter for the development of a population.
This parameter is directly under the influence of
genetical factors (Battaglia, 1970), but numerous
works have shown that both quality and quantity
of food can significantly affect offspring produc¬
tion in harpacticoids (Harris, 1973, 1977; Heinle
et al., 1977; Gaudy and Guérin, 1977; Uhlig,
1984; Schwenzer, 1985; Wen Yuh Lee et al.,
1985; Guérin and Rieper-Kirchner, 1991).

Between controls, variations in the mean num¬

bers of eggs produced by females appeared of
little importance (57.9, 53.8, 57.4 and 56.8 for the
different experiments, respectively) ; these values
are very similar to the mean value observed by
Gaudy and Guérin (1977) : 58.2. If one considers
the mean numbers of eggs produced in each ex¬
periment, variations appear noticeable between the
experiments (3 499, 1 813, 2 055 and 2 508, re¬
spectively). Statistically, however, in each experi¬

ment variations in the total number of eggs pro¬
duced appear of little importance ; there were only
3 cases with significant variations : increase be¬
tween the control and Diet 2 (0. marina + Te¬
traMin) in Expt. 1, decrease between the control
and Diet 1 (0. marina alone) in Expt. 2.1, and
the decrease between the control and Diet 2 (yeast
alone) in Expt. 3. In Expt. 1, where there were
large differences between groups, this result of the
statistical evaluation seems to be a consequence
of the dispersion of values. There were cases in
which either no males or females were produced
in the progeny fed the different diets. On the other
hand, it has already been mentioned that two
groups alone in Expt. 1 (fed Diet 2, 0. marina +
TetraMin) produced more than 1 000 eggs each.

From these results it can be concluded that 0.
marina did not represent the same trophic value
for the harpacticoid Tisbe holothuriae, as for ca-
lanoid copepods and other organisms reported in
the literature. Possibly 0. marina was partially or
totally rejected as food, under the conditions
offered. Variations in the concentrations of 0.
marina with or without TetraMin added, presence
of dissolved organic matter from the macerations,
the accompanying bacteria and small protists, all
did not prove to be of consistent reproducible
advantages to Tisbe, as compared to controls with
standard laboratory food. However, although care
was taken that food offered was in excess, uncon¬

trolled variations in its components may have af¬
fected the reproductive output of Tisbe.

Among other factors, different culture tech¬
niques may conceivably be an important element
in determining the effect of flagellates on
copepods : changes in the composition of the prey
organism could influence the outcome of feeding
experiments. The food quality of an organism,
namely, comprises not only its size, morphology
and motility, but also its chemical composition,
e.g., storage of starches and oils (Gifford & Dagg,
1991, and literature therein). This may have been
a factor in the results of experiments by Kitamura
and Hirayama (1984). These authors gave 0.
marina as food organism to the bryozoan Bugula
neritina ; they used two different strains of flagel¬
lates, the first one ("D type") fed on Dunaliella
tertiolecta cultured in a modified Erdschreiber
medium, the second ("Y type") was cultured on
this medium enriched with yeast extract. With "Y
type" they observed the formation of 48 zooids
and only 27 zooids with "D type", after ten days'
culture.

It is thus conceivable that not only the particu¬
late food of a designated prey organism but also
the dissolved organic matter in the medium could
influence its chemical composition and thus its
food value ; in addition to phytoplankton and mi¬
croorganisms, 0. marina is also capable of meet¬
ing most of its nutritional requirements by
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osmotrophy (Provasoli, 1977). Conceivably also
the faeces of this flagellate could play a role in
feeding experiments (Elbrächter, 1991 ; Barlow et
al., 1988).

If the trophic relations of copepods and proto¬
zoans are greatly influenced by culture techniques,
this could have interesting implications regarding
food web and microbial loop studies. Copepods
ingesting O. marina at high rates in nature could
reduce the grazing pressure of these protozoans
on algae and enhance an algal bloom (Hansen et
al., 1993). O. marina is considered a dinoflagel-
late, many representatives of which are capable
of causing red tide phenomena. Some members of
this group are poisonous. Therefore it is important
to understand what factors may influence the re¬
lationship of dinoflagellates with other organisms
in the food web.
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ABSTRACT - The metazoan meiofauna from a manganese nodule area of the
eastern South Pacific (Peru Basin) was investigated. Nodule coverage in this area
ranged from 5-30 % with many highly mammillated, botryoidal nodules exceeding
10 cm in diameter. Metazoan meiofaunal density in the sediment was about 147
ind./10 cm2. The predominant taxa in the sediment (excluding Foraminiferida) were
Nematoda (82 %) and Harpacticoida (15 %) ; other taxa occurred sporadically (3 %).
While breaking-up some of the manganese nodules during an inspection for epi-
fauna, a crevice fauna was discovered, living in the sediment-filled crevices and
cracks between the mammillae. Metazoan meiofaunal density in the nodules was
about 116 ind./nodule (diameter 8-12 cm) or 29 ind./10 cm2 nodule plane, respec¬
tively. The predominant taxa in the nodules were Nematoda (89 %) and Harpac¬
ticoida (10%); other taxa were very rare (1%). Most of the nematode species
(66%) from this manganese nodule area possess minute buccal cavities without
teeth; these nematodes are assumed to feed on bacteria and bacterial secretions.
Many nematode species build sediment tubes and structure the uppermost sediment
layer.

RÉSUMÉ - Les Métazoaires de la méiofaune d'une aire à nodules de manganèse
du Pacifique sud-est (Bassin de Pérou) ont été étudiés. Les nodules couvrent de
5 à 30% de cette aire avec des formes mamelonnées et botriloïdes dépassant 10
cm de diamètre. La densité des Métazoaires méiofauniques du sédiment est d'en¬
viron 147 ind./10 cm2. Les taxons dominants du sédiment sont les Nématodes
(82%) et les Harpacticoïdes (15%) à l'exclusion des Foraminifères. Les autres
taxons restent sporadiques (3%). La fragmentation de quelques nodules de man¬
ganèse pendant la recherche de l'épifaune a permis de mettre en évidence une
faune de crevasse vivant dans le sédiment qui remplit les crevasses et les fentes
entre les mamelons. La densité des métazoaires de la méiofaune dans les nodules
est d'environ 116 ind./nodule (diamètre de 8-12 cm) ou 29 individus/10 cm2 de
nodule-plan. Les taxons prédominants dans les nodules sont les Nématodes (89 %)
et les Harpacticoïdes (10%). Les autres taxons sont très rares (1%). La plupart
des espèces de Nématodes (66 %) de cette aire à nodules de manganèse possèdent
de minuscules cavités buccales sans dent ; ces Nématodes doivent se nourrir de
bactéries ou de sécrétions bactériennes. De nombreuses espèces de Nématodes
construisent des tubes sédimentaires et structurent la strate la plus supérieure du
sédiment.

INTRODUCTION

World-wide, nematodes are the predominant
metazoan meiofauna (excluding foraminifera) in
deep-sea sediments. Meiofaunal associations from
manganese nodule areas are known from very few
studies (Hessler & Jumars 1974; Mullineaux
1987 ; Renaud-Mornant & Gourbault 1990; Snider
et al. 1984; Wilson & Hessler 1987).

In our 'Disturbance and recolonization (DIS-
COL) experiment in a manganese nodule area of
the abyssal eastern South Pacific' we considered
nematodes and harpacticoids as indicator taxa
(Schriever et al. 1991 ; Thiel et al. 1992) assuming
that their closer taxonomic study (Bussau 1993)
would allow the evaluation of an experimental
disturbance. The DISCOL project is the first
long-term, large-scale, disturbance-recolonization
experiment relating to the environmental effects
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of future deep-sea mining (Foell et al. 1990,
1992; Thiel & Schriever 1989, 1990).

To date, no published reports exist on the meta-
zoan meiofaunal assemblages from the manganese
nodules (nodule endofauna and epifauna). This
paper presents information on the metazoan meio-
fauna from a manganese nodule area; it turns at¬
tention to the recently discovered nodule crevice
fauna and to the feeding ecology of nematodes.

MATERIAL AND METHODS

Work at sea was carried out in February-March
1989 (Cruise DISCOL 1). The study site was a
manganese nodule area in the Peru Basin, centered
upon 07°04'40"S-88°27'60"W in water depths of
4100-4200 m. Sediment samples were collected
with a multiple corer, manganese nodules with a
box corer. The nodules were inspected for epi¬
fauna and endofauna. The matèrial was preserved
in 4 % formaldehyde-seawater solution. Numbers
and percentages were calculated on twenty sedi¬
ment samples (each 10 cm3) from different sedi¬
ment layers (0-1 cm, 1-2 cm, 2-4 cm, 4-6 cm;
five samples from each layer) and six nodules
(five from the sea floor and one from the under¬
lying sediment). Detailed information on material
and methods may be found in Thiel & Schriever
(1989) and Bussau (1993).

RESULTS

1. Biotope

The biotope 'manganese nodule area' is consti¬
tuted of two sub-biotopes : the manganese nodules
and the sediment around them (Fig. 1). The meta¬
zoan meiofauna populates the nodule surface
(nodule epifauna), the sediment-filled crevice sys¬
tems of the manganese nodules (nodule endo¬
fauna) and the sediment (sediment fauna).

Nodule coverage in our study area ranged from
5-30% with many highly mammillated, botryoidal
nodules exceeding 10 cm in diameter. The nodules
are of the 'cauliflower type' (Fig. 2). The shape
of the nodules (diameter 3-18 cm) is globular to
conical. The lower two-thirds of the nodule (the
frustum of the cone with the largest diameter) is
in the sediment, the upper third (the top of the
cone) projects over the sediment surface. The
lower surface of the nodules is almost smooth. In
contrast, the upper surface is rough and composed
of independently growing subnodules (mam¬
millae) with coursely porous to gritty surface tex¬
tures. By approaching each other through growth,

the subnodules build up an irregular and intercon¬
nected, sediment-filled labyrinth between them.
This constitutes the sediment-filled crevice sys¬
tem. About 95 % of the nodules are found on the
sea floor and a few in the underlying sediment.
Photographic evidence showed that the nodules
were covered with a thin, irregular layer of sedi¬
ment, concentrated in the recesses between the
subnodules, leaving their upper surfaces rather
bare.

The sediment showed the following stratifica¬
tion : the 0-6 cm layer (brown) was very soft, the
6-10 cm layer (brown) was semiliquid and the 10-
40 cm layer (grey) had a stiff clay consistency.

2. Faunal compositions and densities

2.1. Sediment fauna

The major taxa in the sediment (excluding
Foraminiferida) are Nematoda (average 82 % ;
range 77-87 %) with Harpacticoida (average 15 % ;
range 11-19%) second in dominance. Gastrotri-
cha, Kinorhyncha, Loricifera, Tardigrada, Poly-
chaeta and Ostracoda are of sporadic occurrence
(average 3%, range 1-4%) (Fig. 3 A).

The average density of metazoan meiofauna in
the sediment is 147 ind./10 cm2 (range 76-216
ind./10 cm2), with the main groups Nematoda
(average 121 ind./10cm2; range 66-177
ind./lOcm2) and Harpacticoida (average 22
ind./10cm2; range 8-34 ind./10 cm2). The other
meiofaunal groups are very rare (average 4
ind./10 cm2; range 2-5 ind./10 cm2) (Fig. 3 B).

2.2. Nodule endofauna

Both, surficial and buried nodules possess a
crevice fauna. Nematoda (average 89 % ; range 83-
100%) and Harpacticoida (average 10%; range 0-
15%) are the most dominant taxa inhabiting the
nodule crevices ; Kinorhyncha, Tardigrada and
Polychaeta make up the rest of the metazoan
meiofauna (average 1 %, range 0-4%) (Fig. 3 A).

Meiofaunal density in the manganese nodules
(diameter 8-12 cm) averages 116 ind./nodule
(range 67-150 ind./nodule), the main groups are
Nematoda (average 104 ind./nodule; range 67-124
ind./nodule) and Harpacticoida (average 12
ind./nodule ; range 0-23 ind./nodule) ; the rest of
the meiofauna occurs sporadically (2 ind./nodule,
range 0-5 ind./nodule) (Fig. 3 B). A slightly coni¬
cal nodule which has a diameter of 8-12 cm covers

about 40 cm2 of the sediment surface, therefore
the meiofaunal density in this sub-biotope is about
29 ind./lOcm2 nodule plane.
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Fig. 1. - A, the manganese nodule area in the Peru Basin, this photo shows manganese nodules, some lebensspuren
and a holothuroid; B, a box corer sample with manganese nodules (diameters 5-10 cm).

2.3. Nodule epifauna

Very few nematodes (Enoploides sp., Acan-
tholaimus sp.) inhabit the thin sediment layer
which covers each manganese nodule.

3. Nematoda

The nematodes include about 300 species
belonging to some 60 genera; each species has a
low density, and nearly all of the species are new
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to science, as is typical in newly investigated
areas in the deep sea (Bussau 1993).

Distinct differences are encountered between
the nodule fauna and the sediment fauna. Thirty-
five species have relative abundances s® 1 % of
the total number of individuals in one or both of
the sub-biotopes. The distribution of these species
(Table I) shows their habitat preferences.

The sediment is largely dominated by genera
belonging to the following major families : Chro-
madoridae (genus Acantholaimus), Microlaimidae
(genus Microlaimus), Monhysteridae (genus
Thalassomonhystera), Xyalidae, Diplopeltidae
(genus Diplopeltula), Desmoscolecidae (genera
Desmoscolex, Tricoma), Oxystominidae (genus
Halalaimus).

The nodules are largely dominated by genera
belonging to the following major families : Chro-
madoridae (genus Acantholaimus), Cyatholaimidae
(genus Paracyatholaimus), Desmodoridae (genus
Molgolaimus), Leptolaimidae (genus Camaco-
laimus), Monhysteridae (genus Thalassomonhys¬
tera), Xyalidae, Ironidae (genus Syringolaimus),
Trefusiidae (genus Trefusia).

Thus the Microlaimidae, Diplopeltidae, Des¬
moscolecidae and Oxystominidae are mainly or
solely found in the sediment, whereas the Cy¬
atholaimidae, Desmodoridae, Leptolaimidae,
Ironidae and Trefusiidae occur mainly or solely
in the nodules.

Fig. 2. - A manganese nodule of the 'cauliflower type',
diameter 10 cm.

Table I. - Habitat preferences of 35 nematode species
(with relative abundances 1 % of the total number of
individuals) from a manganese nodule area of the east¬
ern South Pacific ; lines = frequent occurrence, points
= sporadic occurrence, without lines or points = no oc¬
currence.

Taxa Sediment Manganese
Nodules

Acantholaimus sp. 1
Chromadorita sp. 1
Microlaimidae gen. n., sp. 1
Microlaimus sp. 1
Thalassomonhystera sp. 1
Thalassomonhystera sp. 2
Xyalidae gen. n„ sp. 1
Desmoscolex sp. 1
Chromaspirina sp. 1
Microlaimus sp. 2
Diplopeltoides sp. 1
Xyalidae gen. n., sp. 2
Xyalidae gen. n., sp. 3
Thalassomonhystera sp. 3
Acantholaimus sp. 2
Acantholaimus sp. 3
Chromadorita sp. 2
Cyatholaimidae gen. n., sp. 1
Paracanthonchus sp. 1
Paracyatholaimus sp. 1
Molgolaimus sp. 1
Molgolaimus sp. 2
Camacolaimus sp. 1
Syringolaimus sp. 1
Syringolaimus sp. 2
Acantholaimus sp. 4
Camacolaimus sp. 2
Thalassomonhystera sp. 4
Thalassomonhystera sp. 5
Thalassomonhystera sp. 6
Thalassomonhystera sp. 7
Theristus sp. 1
Syringolaimus sp. 3
Trefusia sp. 1
Trefusia sp. 2
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Nematoda Harpacticoida other taxa

Metazoan Meiofaunal Taxa

■I Sediment Endofauna HMW Nodule Endofauna

Density ind./10 sqcm sediment; ind./nodule B

__

—_JSHIP

-

-

-

■mm
Nematoda Harpacticoida other taxa

Metazoan Meiofaunal Taxa

HI Sediment UHl Nodules

nodule diameter 8-12 cm

Sediment Profile

0-2 cm layer

2-4 cm layer

4-6 cm layer

0 20 40 60 80

% Metazoan Meiofauna in Sediment Profile

Fig. 3. A, dominance (%) of metazoan meiofaunal taxa
in the sediment and manganese nodules of the eastern
South Pacific. B, density of metazoan meiofaunal taxa
in 10 cm2 of sediment and per manganese nodule
(diameter 8-12 cm). C, vertical distribution of metazoan
meiofauna in different sediment profiles.

4. Harpacticoida

The most dominant family in the sediment is
the Cletodidae followed by the Ectinosomatidae,
Ameiridae and Tisbidae. Also present are the
families Diosaccidae, Cerviniidae and Tetragonici-
pitidae. As in nearly all deep sea investigations
most of the species are unknown to science. The
description of four new species of the Cletodidae
and eight of the Diosaccidae is in preparation.

The harpacticoid specimens of the nodule in-
fauna are very small (< 400 fim) and not yet iden¬
tified.

5. Tardigrada

The examination (Bussau 1992) revealed three
species (Moebjergarctus manganis, Angursa
capsula, A. lingua), all belonging to the family
Halechiniscidae.

6. Vertical distribution

The majority of Nematoda (72%) and Harpac¬
ticoida (82%) inhabit the uppermost 0-2 cm sedi¬
ment layer; 19% of the Nematoda and 14% of
the Harpacticoida occur in the 2-4 cm layer ; only
9 % of the Nematoda and 4 % of the Harpacticoida
are found in the 4-6 cm sediment layer. The
Gastrotricha, Kinorhyncha, Loricifera, Tardigrada,
Polychaeta and Ostracoda live exclusively in the
0-2 cm sediment layer. Very few nematodes are
found down to 20 cm depth (Fig. 3 C).

7. Horizontal dispersal

The densities of the nematodes in the upper¬
most 0-1 cm sediment layer vary from 39-107
ind./10 cm2 (harpacticoids : 8-21 ind./10cm2).
The meiofauna has a patchy, small-scale spatial
distribution. Consequently, attractive spots which
are densely populated by meiofauna are assumed
to exist in the sediment; in contrast, the meio¬
fauna might avoid unattractive spots. Attractive
spots could be present for a short period (minutes,
e.g., a particle of food) or for a long time (weeks,
months, years, e.g., macrofauna burrows). Many
nematode species from our study site build mucus
sediment conglomerations (200-1000 p.m in
diameter) which are assumed to be densely popu¬
lated by bacteria (Riemann 1986). These struc¬
tures can attract nematodes which may feed on
bacteria. We investigated the sediment surface in
detail (multiple corer samples) and realized that
innumerable mucus sediment aggregates were
structuring the sediment surface (Fig. 4 A).

8. Tube-building nematodes

Many nematode species from our study site
(.Acantholaimus spp., Microlaimus spp., Thalasso-
monhystera spp., Halalaimus spp.) were lying in
obvious self-made sediment conglomerations
which surround the nematodes like tube-shaped
overcoats. These nematodes are assumed to

secrete large amounts of mucus, paste sediment
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Fig. 4. - A, sediment surface with a mucus-sediment-structure containing three nematodes; B, a nematode of the
family Microlaimidae within a sediment tube.
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particles together and build light, lump-shaped or
tube-shaped sediment structures, in which they
might be able to move easily. The tubes seem to
be elastic and the bending of the nematode body
could cause the shape of the flexible tubes ; i.e.
in the case of a nematode which is curled up, a
lump-shaped sediment structure arises (Fig. 4 B).
The tube-building species are assumed to lead a
hemisessile mode of life, and to feed on bacteria
and bacterial secretions (bacterial gardening).

9. Nematode feeding types

% of Nematoda Species

Type 1 Type 2 Type 3 Type 4 Type 5

Feeding Type

Fig. 5. - Dominance (%) of the five nematode feeding
types in a manganese nodule area of the eastern South
pacific.

Much of the literature on feeding and general
ecology of marine nematodes is based upon
Wieser's 1953 classification of four feeding types
recognized from nematode buccal cavity mor¬
phology. We use a slightly modified scheme (see
Bussau 1993) with five feeding types :
Feeding type 1 : without mouth
Feeding type 2 : buccal cavity weakly cuticu-
larized, small, unarmed
Feeding type 3 : buccal cavity weakly cuticu-
larized, small, with small teeth
Feeding type 4 : buccal cavity strongly cuticu-
larized, large, unarmed
Feeding type 5 : buccal cavity strongly cuticu-
larized, large, with large teeth

Most nematode species (66%) from the man¬
ganese nodule area of the eastern South Pacific
belong to feeding type 2 ; these species are as¬
sumed to feed on bacteria and bacterial secretions.

Feeding type 3 comprised 17 % of the nematode
species present ; these possess small teeth for rasp¬
ing and puncturing allowing for food particles to
be scraped off surfaces and the food object
pierced or damaged and its content sucked out.
Some species (11%) belong to feeding type 5;
they are assumed to live as predators and
scavengers, and may either swallow whole prey
or puncture it with their teeth and suck out its
contents. Species of the family Benthimermithidae
(3 %) belong to feeding type 1 ; they are charac¬
terized by their reduced-sized mouth and anal
openings and their intestine modified into a tro-
phosome. The free-living males and females of
this family are assumed to be dependent on a
trans-epidermal uptake of dissolved organic mat¬
ter or it is possible that they do not take up any
food. Few species (3%) belong to feeding type
4 ; these are assumed to be predators and
scavengers which catch their prey with wide open
mouths swallowing it or large particles of food
whole. They may not be able to puncture food-
objects. The percentages of nematodes belonging
to the five different feeding categories are shown
in Fig. 5.

DISCUSSION

One of us (H.T.) discovered that sediment oc¬
curs inside the nodules and that animals live in
the sediment-filled crevice system of the nodules
(Thiel et al. 1993). Additionally, although ex¬
pected, it was not known that the thin sediment
layer on the surface of the manganese nodules is
inhabited by nematodes. Some of the nematodes
are probably washed down from the nodule sur¬
face during the retrieval of the box corer and the
sample processing on shipboard. Therefore not all
the nematodes may have remained in their original
position on the nodule surface.

The high nematode dominance at our study site
shows a close correspondence with data presented
by other authors (see e.g., Coull 1988, Heip et al.
1985, Thiel 1983). Renaud-Mornant & Gourbault
(1990) reported nematode percentages of 84-
100% in the sediment from a manganese nodule
area of the central Pacific in water depths of 4960-
5154 m. This is close to our findings (77-87%).

The density of the metazoan meiofauna in the
sediment from the manganese nodule area of the
eastern South Pacific (76-216 ind./10 cm2) is com¬

parable with results obtained by several authors
from different ocean regions (see e.g., Thiel 1983
and references cited therein). Renaud-Mornant &
Gourbault (1990) found that in the sediment of a
manganese nodule area of the central Pacific
(4960-5154 m) meiofaunal densities were 45-89
ind./10 cm2. The range of nematode densities of
66-177 ind./10 cm2 in the sediment of our study
area is close to findings presented by Tietjen
(1984), who reported nematode densities of 36-94
ind./10 cm2 from the Venezuela Basin in water

depths of 3517-5054 m. The higher numbers of
meiofauna and nematodes in our study area com¬
pared with those in the cited papers may relate
to different production and sedimentation systems.
Energy input to the seafloor, for example, may be
higher in the eastern South Pacific. However, the
average density per unit area of the meiofauna in
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the sediment (147 ind./10 cm2) is greater than that
in the nodules (29 ind./10 cm2 for an 8-12 cm
diameter nodule). The nodule coverage in our
study area ranged from 5-30%. Assuming each
nodule (of average diameter 8-12 cm) covers an
area of 40 cm2 we calculated the average density
in the study area (i.e. sediment and nodules) to
range from 112-141 ind./10 cm2. This is a rough
estimate because small nodules (diameter 3-5 cm)
do not possess a well developed sediment-filled
crevice system. These figures combined for sedi¬
ment and nodule faunas are closer to those re¬

ported by Renaud-Mornant & Gourbault (1990)
and Tietjen (1984).

Any comparison of faunal densities must be un¬
dertaken with great care, specifically, when
limited size classes such as the meiofauna are

solely considered and when biotope structures are
different. Comparisons are generally based on the
assumption that community structures are similar.
This is certainly not the case, when pure sediment
areas are compared with those with sediment and
hard substrate, like the manganese nodule areas,
because biotopes with hard substrates are in¬
habited additionally by a diverse epifauna. Our
samples and photographs have shown Porifera,
Hydrozoa, Scyphozoa, Anthozoa, Brachiopoda,
Bryozoa, Polychaeta, Crustacea, Echinodermata
and Ascidia living attached to the nodules. The
density of these metazoans is generally low in the
deep sea but almost all nodules are inhabited
by some specimens of those taxa, competing
for the settling food particles. Additionally,
Foraminiferida live in high densities on the nodule
surfaces, as they do in the sediment. Theoretically,
both sub-biotopes of the manganese nodule area,
the sediment and the nodules, get equal amounts
of energy (i.e. food particles) settling to the sea-
bottom. In the nodules the density of the metazoan
meiofauna is much lower than in the sediment.
Thus, the energy input in the nodule sub-biotope
is partitioned to a higher degree to the nodule epi¬
fauna.

The nematode composition at our study site
generally corresponds with the data of Dinet &
Vivier (1979), Bay Biscayne, 1920-4725 m ; Jen¬
sen (1988), Norwegian Sea, 970-3284 m; Renaud-
Mornant & Gourbault (1990), eastern central
Pacific, 4960-5154 m; Wilson & Hessler (1987),
eastern central Pacific, 4400-4600 m ; Thistle &
Sherman (1985), North Atlantic, 4626 m; Tietjen
(1971, 1976), West Atlantic, off North Carolina,
600-2500 m ; Tietjen (1984), Venezuela Basin,
3517-5054 m ; Tietjen (1989), West Atlantic,
Puerto Rico Trench, Hatteras Abyssal Plain, 2217-
8380 m. The families Chromadoridae, Micro-
laimidae, Leptolaimidae, Monhysteridae, Xyalidae,
Diplopeltidae, Desmoscolecidae, Ironidae, Oxy-
stominidae seem to be dominant in the deep sea
world-wide.

That nematodes do occur in greatest numbers
close to the surface of the sediment has been de¬
monstrated in many studies (see e.g., Heip et al.
1985, Thiel 1983). Thistle & Sherman (1985)
found that 64 % of the nematodes from a deep-sea
site (4626 m) in the North Atlantic occurred in the
upper 2 cm of the sediment. This is very close to
our results (72 %).

The deep-sea floor is structurally complex at
small scales. Organisms alter the surface of soft
bottom seafloors in a variety of ways : they make
burrows, tracks, feeding traces, build tubes and
tests and produce piles of fecal material (Thistle
& Eckman 1988, 1990). At our study site many
nematodes build mucus sediment conglomerations
and innumerable aggregates of this kind are struc¬
turing the sediment surface. In the deep sea these
biologically produced structures are assumed to
persist for long periods, even after they are va¬
cated. The mucus sediment conglomerations may
be a major source of patchiness in the meiofaunal
communities, play an important role in creating
biotope heterogeneity and be important in main¬
taining the high diversity that characterizes the
deep sea.

Less information is available about the feeding
of harpacticoids in the deep sea. Potential food
sources are obviously mucus together with its in¬
corporated bacteria, ciliates and particulate or¬
ganic matter as well as marine 'snow' (see Hicks
& Coull 1983 and references therein). Therefore
the tubes built by nematodes (see this paper)
which can also be inhabited by harpacticoids set
up an important food resource for harpacticoids.
Some harpaticoids are able to build sediment
tubes or coats, as previously mentioned in the lit¬
erature, but we found no tube-dwelling specimens
in our samples. Information on feeding mecha¬
nisms and food availability for harpacticoids in
situ is still a gap in deep-sea harpacticoid biology.

Riemann (1974) gives the first record of tube-
building deep-sea nematodes. What influence does
the mucus of the nematodes have on the sediment
texture of the deep-sea bottom? The deep-sea mud
consists of very fine sediment particles which
would be densely packed if organisms were ab¬
sent. In this hypothetical case (no organisms in
the sediment) an extensive interstitial system
would be absent. As a result of the mucus secreted
by the nematodes, the sediment texture could
change (Bussau 1993). Nematodes are assumed to
build a network of closely spaced burrows in the
uppermost (0-1 cm) layer of the very soft deep-sea
sediment. Sediment particles may be agglutinated
with the binding mucus and lump-shaped or tube-
shaped conglomerations can arise. As a result, a
narrow, imperfect lacunary system might develop
which could enable an interstitial, non-boring
meiofaunal community to thrive (Riemann 1974).
The mucus secreting and tube building nematodes
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may thus play an important role at the sediment-
water interface by increasing pore water ex¬
change, improving the 02-provision of the
uppermost sediment layer (the movements of the
nematodes within their tubes produce water trans¬
port in the uppermost sediment layer), stabilizing
newly sedimented detritus with binding mucus,
and counteracting resuspension. Of what use is the
mucus secretion to the nematodes themselves ?
Sediment tubes afford many potential advantages
to nematodes including avoidance of drift into un¬
favourable areas, a refuge in case of danger, and
a place to outlast unfavourable environmental fac¬
tors (dormant life period). The sediment tube
could also be part of the feeding strategy (mucus-
trap hypothesis, Riemann & Schräge 1978) be¬
cause the tube could be densely populated with
bacteria (bacterial gardening). It is further
possible that the sediment tube is related to some
form of maternal brood-care which has not yet
been observed (Blome & Riemann 1987).

Tietjen (1971) states, "For deep-sea benthos
there are essentially two main sources of food;
detritus, either derived from the euphotic zone or
formed in situ, and bacteria". Bacteria are the
basic producers in the deep-sea benthos, produc¬
ing the nutrient matrix, and most deep-sea animals
are assumed to feed on bacteria or bacterial pro¬
ducts (Thiel 1973). Therefore it is not surprising
that most deep-sea nematode species (66 %) in our
study area possess weakly cuticularized, small
buccal cavities without teeth ; such species are
considered to lead a more or less passive,
hemisessile mode of life, to feed on bacteria and
bacterial secretions, to build sediment tubes and
to practise bacterial gardening (Bussau 1993). Jen¬
sen (1988), Renaud-Mornant & Gourbault (1990)
and Tietjen (1984) made similar observations of
the nematode feeding types in other deep-sea re¬
gions. The few nematodes (14%) which have
strongly cuticularized, large buccal cavities with
or without large teeth (predators and scavengers)
in the present study, which also can be deduced
from other deep-sea benthos studies (Tietjen 1971,
1976, 1989), could be taken as an indication of
the low densities of carcasses and prey organisms.
Deep-sea benthic ecosystems are governed by
constantly limited food availability (Thiel 1975)
and are fuelled by organic matter produced in sur¬
face waters (Pfannkuche 1985). The organic mat¬
ter is recycled in the food web, partitioned in
surface waters and reaches the abyss mostly in a
refractory stage as small-sized, probably aggre¬
gated particles which sink down to the bottom and
concentrate in the sediment surface. From the

energy point of view, the active mode of life as
predators or scavengers seems to be too costly be¬
cause the density of their food is too low. Thus,
a cost-effective way of food aquisition is the pas¬

sive waiting for particles as exhibited by most
deep-sea organisms.
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NON-SELECTIVE INGESTION OF MEIOBENTHOS
BY JUVENILE SPOT (LEIOSTOMUS XANTHURUS) (PISCES)
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K.J. FELLER, B.C. COULL
Department of Biological Sciences, Marine Science Program, and Belle W. Baruch Institute for Marine Biology

and Coastal Research, University of South Carolina, Columbia, SC 29208 U.S.A.

SPOT

LEIOSTOMUS XANTHURUS

MEIOFAUNA
SALTMARSH

DAILY RATION

PREDATION

DIET

SOUTH CAROLINA

LEIOSTOMUS XANTHURUS
MÉIOFAUNE

MARAIS MARITIMES

RATION QUOTIDIENNE
PRÉDATION

RÉGIME ALIMENTAIRE
CAROLINE DU SUD

ABSTRACT - Saltmarsh meiobenthos along a subtidal-intertidal-marsh gradient
was collected every 2-h concurrently with seine collections of juvenile spot during
May of 1986 and 1988 in North Inlet, South Carolina. Feeding occurred primarily
during ebb tides, with reduced numbers of prey in gut contents during low and
flooding tides. Contrary to previous reports that copepods dominate their diet,
comparison of meiobenthos prey abundances in the sediment with foregut and hind-
gut contents of the fish revealed that spot ingest nematodes and copepods in the
same proportion that they exist in the sediment. With gut evacuation - more of
6 h - times measured by serial sacrifice of field-collected fish, 2 to 4 gut fillings
per day, and counts of the number of prey in freshly filled foreguts, an estimate
of spot daily ration was possible. Juvenile spot (27-33 mm) ate, on average, be¬
tween 100 and 500 copepods and forams and up to 4000 nematodes per day. Be¬
cause sediment densities of meiofauna are high, spot can obtain their daily ration
from just a few thousandths of a square meter. Therefore spot prédation alone
probably is not a significant source of mortality for meiofauna in North Inlet.

RÉSUMÉ - Le méiobenthos des marais maritimes caractérisé par un gradient «sub-
tidal-intertidal-lagunaire » a été récolté toutes les 2 heures parallèlement à des ju¬
véniles de Leiostomus xanthurus recueillis à la Senne en mai 1986 et 1988 à North
Inlet, en Caroline du Sud. La nutrition a lieu principalement pendant le jusant,
tandis que le nombre de proies des contenus stomacaux est plus réduit à marée
montante ou à marée haute. Contrairement aux travaux antérieurs qui montrent
que les Copépodes sont la principale source de nourriture, la comparaison de l'a¬
bondance des proies méiobenthiques dans le sédiment et dans les contenus du tube
digestif antérieur et postérieur du Poisson révèle que L. xanthurus ingère les Né-
matodes et les Copépodes en proportion identique à celle du sédiment. La ration
journalière de L. xanthurus a été estimée à partir d'une durée de 6 heures pour
le transit digestif de Poissons récoltés dans la nature et sacrifiés, moyennant 2 à
4 prises de nourriture par jour, et à partir du décompte du nombre de proies conte¬
nus dans le tube digestif antérieur fraichement rempli. L. xanthurus juvénile de
27 à 33 mm consomme en moyenne entre 100 et 500 Copépodes et Foraminifères
et jusqu'à 4 000 Nématodes par jour. La densité de la méiofaune du sédiment
étant élevée, L. xanthurus peut trouver la ration quotidienne sur quelques millièmes
de m2. Ainsi, la prédation par L. xanthurus ne correspond probablement pas à la
cause significative de la mortalité de la méiofaune de North Inlet.

INTRODUCTION

Spot (Leiostomus xanthurus Lacepede), one of
the most abundant fishes on the U.S. southeastern
and Gulf coasts, spawn offshore and enter estua¬
ries during the late winter or early spring as post-
larval planktivores (Chestnut, 1983; Ellis &
Coull, 1989). At 15-22 mm SL, these larvae

metamorphose into benthic feeding juveniles with
subterminal months (Currin et al., 1984; Archam-
bault & Feller, 1991) and feed by taking bites of
sediment 2-3 mm deep (Billheimer & Coull,
1988; Archambault & Feller, 1991). They prefer¬
entially feed in muddy sediments (Smith & Coull
1987). The sediment is manipulated in the buccal
cavity and sieved through the gill rakers and
pharyngeal teeth (McCall & Fleeger, 1993). Ju¬
venile spot feed exclusively on meiofauna (Ellis
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& Coull, 1989; Nelson & Coull, 1989; Scholz et
al., 1991 ; McCall & Fleeger, 1993). It is not
known exactly how the prey are selected but most
unwanted particles of sediment are expelled
through the opercular opening (Yetman, 1979).

The stomach contents of juvenile spot have
been examined by numerous investigators to de¬
termine what, when, and where these bottom-feed¬
ing predators eat. The preponderance of these
studies report that meiobenthic copepods domi¬
nate their diet (Table I of Coull 1990). Gee's 1989
review also stresses the extent to which harpacti-
coid copepods appear to be ingested preferentially
over other meiobenthic taxa, despite the numerical
dominance of nematodes in marine sediments
where juvenile spot feed. It would appear from
the frequency with which benthic copepods are re¬
ported in fish diets that this meiofaunal taxon re¬
presents an obligatory prey item for many
estuarine-dependent juvenile fishes throughout the
world. The question remains are harpacticoids the
only prey ?

Coull (1990) presents convincing evidence
from a series of field and laboratory studies on
juvenile spot that epibenthic copepod movements
attract the attention of this visual predator. Be¬
cause it takes bites of sediment when it consumes

the copepods, the spot should also ingest other
meiofauna present in the sediment. As a con¬
sequence of copepod movements and availability
on the sediment-water interface and differential
digestion of softer-bodied meiofauna, the spot
diet usually consists of preferentially-ingested
copepods and incidentally ingested nematodes
(Coull, 1990). The rapidity with which nematodes
are digested by juvenile spot (completely in about
2 h) may explain why this numerically dominant
taxon is so scarce in the spot's diet (Scholz et al.
1991). Because spot feeding periodicity is regu¬
lated by the tidal periods during which intertidal
feeding grounds are flooded and made accessible
to the spot (Archambault and Feller, 1991), the
time elapsed between when spot feed and when
they are collected for dietary analysis becomes
critical. Dietary composition and daily ration esti¬
mates may be seriously flawed if fish are collected
long after they have fed.

The literature on meiofauna as food for fish
contains few examples of collections wherein both
fish and meiofauna were sampled at the same time
(Gee 1989). Our study was designed to examine
simultaneous changes in spot diet and in the abun¬
dance of their sediment-dwelling meiofaunal prey
over 24-hour periods. Additional studies of spot
gut evacuation rate also allowed estimation of
daily ration (Boisclair and Marchand 1993).
Coupled with information on juvenile spot abun¬
dance, we conclude with comments on the poten¬
tial impact of juvenile spot prédation on the
sediment-dwelling meiofaunal community.

METHODS AND MATERIALS

The study was conducted at Oyster Landing in
North Inlet, South Carolina (33°20'N, 79°10'W),
in May 1986 and spot were again collected in May
1988 at the same location. Meiofauna core

samples were collected in both 1986 and 1988,
but only copepods were counted from the 1988
samples. The tidal creeks at Oyster Landing have
semidiurnal tides with a range of 1.5 m during
spring tides. The changes of tidal height over time
are published as Fig. 2 in Feller et al. (1990).
Lows occurred at about 13:00 and 02:00 and highs
at 19:00 and 08:00 each year. The tides were uni¬
formly about 40 cm higher in 1986 than in 1988.
It was dark from 20:00 to 06:30. Water is typically
turbid in the creeks and salinities were in the
range of 25-30 ppt during collections both years.

Spot Collection and Dietary Analysis

Fish were collected every hour for 24 hours
beginning at 10:00 in the morning on 22-23 May
1986 and every 2-h again on 15-16 May 1988.
The last collection made was also at 10:00 am the
next day each year. A two-person seine (7.6 x 1.8
m, 0.95 cm mesh) was pulled repeatedly for 10
min in the unvegetated tidal creek adjacent to the
core collection transect (see below). Twenty fish
were taken directly from the seine and placed on
dry ice within 15 min of their collection in the
field, and 6 of these (27-33 mm SL) were selected
at random for gut contents analysis. Prey were re¬
moved from the foregut (esophagus to pyloric cae¬
cum) and hindgut (pc to anus) separately with
forceps under a dissecting microscope and
counted to major meiobenthic taxa. Copepods
from these fish were identified to species and used
to trace where the fish had most recently fed
(Feller et al. 1990).

Spot Gut Evacuation Rate

Approximately 150 spot were taken from the
ebbing tide seine collection at 10:00 on 21 May
1986, placed gently into coolers and carried about
500 m to the seawater lab. Fish were released into
a clean (no sediment, barebottom) flowthrough
seawater table running with 1-micron filtered
water at 27°C, the same temperature as ambient
seawater where the fish were collected. Random
samples of fish (n = 6 or 7) were serially sacri¬
ficed at 0.5-h intervals for the first 3 hours and
at hourly intervals thereafter until 18:30. Fish
were frozen on dry ice and later thawed for gut
contents removal and prey item identifications.
Each fish was measured, weighed and its entire
digestive tract was removed and weighed intact.
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Gut contents wet weight (± lmg) was determined
as the difference between intact and empty gut wet
weights. The volume of gut contents was esti¬
mated by visually comparing the sample's volume
with that of premeasured drops of glycerine rang¬
ing in volume from 1 to 25 microliters. A subjec¬
tive measure of fullness (1 = empty to 10 = full)
was also applied to each gut sample. Copepods
and foraminifera were counted from the hindgut
of each fish as well. Following suggestions from
Persson (1986) and Mullen (1986), data for gut
contents wet weights divided by fish wet weight
(Y;) were plotted versus time (X in hours) and
fitted with linear [Y = a + bX], exponential [Y =

exp (a+bX)], multiplicative [Y = aXAb], and re¬
ciprocal [1/Y = a + bX] models to estimate the
loss rate of gut contents.

Meiobenthos Collections

Details of these procedures are described in
Coull and Feller (1988). Three sites (subtidal, in-
tertidal, and vegetated Spartina alterniflora
marsh), separated by 5 m along a transect were
sampled by coring. Four cores (2.66 cm internal
dia, area = 5.3 cm2) were taken at each site every

Nematodes Copepods Forams Others Total

Time Tide F H F H F H F H F H

1000 Ebb 81 6 34 102 7 155 8 13 130 276

1200 Ebb 494 15 72 177 30 179 5 8 601 379

1300 Ebb 36 4 29 181 5 86 2 19 72 290

1400 Low 20 1 19 118 2 45 1 7 42 171

1500 Low 2 7 19 439 1 67 1 19 23 532

1600 Flood 6 7 4 98 2 65 1 8 13 179

1700 Flood 69 67 6 111 2 111 1 14 78 192

1800 Flood 80 11 26 107 28 204 8 13 142 335

1850 Flood 18 13 9 126 2 63 3 22 32 224

1900 Flood 32 27 15 86 1 77 4 10 52 200

1950 High 71 23 19 195 10 153 6 11 106 382

2100 Ebb - - - - - - - - - -

2200 Ebb 102 2 19 39 1 62 7 6 129 109

2250 Ebb 165 26 26 86 5 122 3 10 199 244

2300 Ebb 95 15 13 119 2 63 7 13 117 210

2400 Ebb 262 7 18 73 7 60 3 20 290 160

0100 Ebb 137 16 32 200 13 198 10 21 192 435

0200 Low 58 5 14 39 1 55 2 13 75 112

0300 Low 21 3 16 26 2 14 10 7 49 50

0400 Flood 26 1 26 54 1 11 5 9 58 75

0500 Flood 53 1 9 36 2 17 5 13 69 67

0600 Flood 61 3 17 37 2 13 7 18 87 71

0700 Flood 70 11 19 81 1 39 5 10 95 141

0800 High 113 8 48 136 3 46 4 14 168 204

0900 High 62 27 24 205 1 83 6 17 93 332

1000 Ebb 127 22 53 143 4 56 6 4 190 225

Average 87 13 23 120 5 86 5 13 120 232

Maximum 1000 170 145 725 98 680 20 10K* 1500 10K
in one

fish

* One fish, 32mm total length, contained about 10,000 barnacle

cyprids in its hindgut at 1900 sampling time. This extreme

number has been excluded from the calculations above.

Table I. - Average abundance of prey in
the foregut (F) and hindgut (H) of 6 ju¬
venile spot each sampling time, 22-23
May 1986. Numbers have been rounded.
The 2100 sample was missed. The
« Others » prey category includes small
polychaetes, turbellaria, ostracods, bar¬
nacle cyprids, mites, oligochaetes, am-
phipods, kinorhynchs and insects.
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2-h at the same times fish were collected. During
high tide, cores were collected from a boat with
a 1.5 m extension handle which held the core, but
otherwise all cores were collected by hand.
Samples of the uppermost 5 cm were fixed in 10%
buffered formalin and stained with Rose Bengal.
Sediments were sieved with a 63 micron mesh and
all organisms counted and sorted to major meio-
faunal taxon.

RESULTS

Prey Composition of Spot Diet

In 1986 collections nearly 35 identifiable prey
categories were found in the spot, but prey were
dominated by just 3 taxa - nematodes, copepods,
and foraminiferans. Stomach contents were

characterized by having many more nematodes in
their foreguts than in their hindguts, more
copepods and foraminifera in hindguts than in

foreguts, and more prey ingested during ebbing
tides just before low tide (Fig. 1). Average num¬
bers of prey contained in the guts of spot over
the 24-h period were 100 nematodes, 143
copepods, and 91 foraminifera (Table I). Maxi¬
mum numbers of prey in a single fish examined
were 1000 nematodes in the foregut and 170 in
the hindgut, 145 (F) and 725 (H) copepods, and
98 (F) and 680 (H) foraminifera, but one other
spot (32 mm) contained about 10,000 barnacle cy-
prids in its hindgut. Gut contents weight as a per¬
centage of the fish's wet weight varied
significantly from a low of 3.2% to a high of
5.7% (F = 3.009, P 0.00001), with low values
occurring about 2 h after low tide and high values
about 1-2 h after high tides.

In 1988 collections a similarly wide breadth of
dietary items was identified in spot stomachs, but
the same 3 taxa dominated again. There were typi¬
cally more nematodes in foreguts than in hindguts
and more copepods and foraminifera in hindguts
than in foreguts (Fig. 2). Once again, prey were
more abundant during the ebbing tide just before
low tide and least numerous in the guts during

Foregut May 22-23, 1986 Hindgut
Nematodes Nematodes

Fig. I. - The mean number of
nematodes, copepods, foramini¬
fera, and total meiofaunal prey
in foreguts and hindguts per ju¬
venile spot. Numbers are based
on an average of 6 fish col¬
lected every hour beginning at
1000 hrs on 22 May (= Time
1) and ending at 1000 hrs 23
May 1986 (= Time 25). Confi¬
dence intervals have been
omitted for graphical clarity.
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Nematodes Copepods Forams Others Total

Time Tide F H F H F H F H F H

1000 Ebb 47 3 54 42 1 44 4 183 106 272

1200 Ebb 73 9 27 33 15 197 10 31 125 270

1400 Low 23 9 15 31 1 53 4 4 43 97

1600 Flood 57 7 9 24 12 116 2 3 80 150

1800 Flood 8 20 5 42 2 134 1 2 16 198

2000 High 90 33 8 47 2 92 1 6 101 178

2200 Ebb 70 13 9 27 1 26 8 5 88 71

2400 Ebb 161 32 15 41 8 154
.

5 6 189 233

0200 Low 120 8 15 22 10 26 5 4 150 60

0400 Flood 20 2 6 11 1 13 2 2 29 28

0600 Flood 41 11 6 61 3 69 3 7 53 148

0800 Flood 67 7 17 39 9 61 4 7 97 112

1000 High 29 22 28 91 1 263 2 34 60 410

Average 62 14 16 40 5 96 4 23 87 173

Maximum
in one

502 111 121 164 30 601 32 500 554 777

Table II. - Average abundance of prey in
the foregut (F) and hindgut (H) of 6 ju¬
venile spot each sampling time, 15-16
May 1988. Numbers have been rounded.
The «Others» prey category includes
small polychaetes, turbellaria, ostracods,
barnacle cyprids, mites, oligochaetes, am-
phipods, decapod megalopa and zoeae,
zoeae tails, kinorhynchs, and insects.

fish

Foregut May 15-16, 1988 Hindgut
Nematodes Nematodes

Fig. 2. - The mean number of ne¬
matodes, copepods, foraminifera,
and total meiofaunal prey in fore-
guts and hindguts per juvenile
spot. Numbers are based on an
average of 6 fish collected every
2 hours beginning at 1000 hrs on
15 May (= Time 1) and ending
at 1000 hrs 16 May 1988 (= Time
25). Confidence intervals have
been omitted for graphical clar¬
ity.
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mid-flood tides. Average numbers of prey over the
24-h period were 76 nematodes, 56 copepods, and
101 foraminifera (Table II). Maximum numbers of
prey found in a single fish were 613 nematodes
(502 in foregut, 111 in hindgut), 285 copepods
(121 and 164), and 532 foraminiferans (32 and
500). As in 1986, these maxima were from differ¬
ent fish, i.e., no single fish contained the maxi¬
mum number of all 3 major taxa.

The average total number of prey (all catego¬
ries combined) contained in spot in 1986 was
higher than in 1988 - 352 and 260, respectively
(Fig. 3). These averages are not statistically sig¬
nificantly different, however (1-way ANOVA,
within and between years, p > 0.05). Long-term
(bi-weekly since 1984) quantitative seine collec¬
tions of spot at the Oyster Landing reference sta¬
tion in North Inlet during May in 1986 were only
about a third of the number present in May 1988
(D.M. Allen, pers. comm.).

On a proportional basis, considering the num¬
bers of prey in foreguts only, nematodes domi¬
nated this section of the spot's digestive tract
during nearly all times of the 24-h collection pe¬
riod in both 1986 and 1988 (Fig. 4). Nematodes
comprised up to 89% of the number of prey in

foreguts, and over the 24-h collection averaged 73
and 71% of foregut contents in 1986 and 1988,
respectively, while copepods averaged 19 and
18% (Table III).

Gut Evacuation Rate

The wet weight of gut contents as a percentage
of fish wet weight decreased nearly monotonically
during the evacuation period, with essentially
complete emtying or constant values attained after
6 h (Fig. 5). Of the four models tested, the ex¬
ponential provided the best fit [Y = exp (-1.76 -
0.00126 X), r2 = 0.503, F = 74.8, P = < 0.00001],
although with such scatter in the data, the other
three models fit nearly as well. The linear model
[Y = 0.086 - 0.000039X, r2 = 0.462] had a slope
equivalent to a contents evacuation rate of about
9 % per hour over 8 hours. Gut contents volume
decreased by 3 |xl h"1, from 25 to 2 fil in 8 h,
and estimated fullness declined in a nearly linear
fashion also. Both fullness and volume measures

decreased to constant levels 6 h after fish were

isolated.

A May 22-23, 1986 Total Prey

B May 15-16, 1988 Total Prey

10 15 20 25

Time

Fig. 3. - Average number of total meiofaunal prey per
juvenile spot based on collections of 6 fish every hour
beginning at A) 1000 hrs on 22 May (= Time 1) and
ending at 1000 hrs 23 May 1986 (= Time 25) and B)
1000 hrs on 15 May (= Time 1) and ending at 1000
hrs 16 May 1988 (= Time 25).

A May 22-23, 1986

NCMATOOe*

-Or
B May 15-16, 1988

Fig. 4. - The percentage of foregut contents of juvenile
spot comprised of nematodes and copepods from col¬
lection in A) 1986 and B) 1988.
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Prey Taxon Foregut Hindgut Total Gut

A)

B)

Nematodes 73 (8-88) 6 ( 1-35) 28 ( 2-52)

Copepods 19 (8-83) 52 (36-83) 41 (20-83)

Foraminiferans 4 (1-20) 37 (13-61) 26 ( 0-49)

Others 4 (1-20) 5 ( 1-25) 5 ( 2-17)

100 100 100

Nematodes 71 (44-89) 8 ( 1-37) 29 (11-61)

Copepods 18 ( 8-51) 23 (15-41) 22 (18-33)

Foraminiferans 6 ( 1-15) 56 (16-77) 39 (17-64)

Others 5 ( 1- 9) 13 ( 1-67) 10 ( 1-49)

100 100 100

Table III. - The average percentage com¬
position over 24-h of the gut contents of
6 juvenile spot in 1) 1986 and B) 1988.
Numbers in parentheses are the minimum
and maximum 6-fish averages that oc¬
curred during the 24-h collection.
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during the gut evacuation study on 21 May 1986.
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Although the slopes of the lines describing the
loss rate of nematodes and copepods from the
foreguts of fish were significantly different from
zero (P = 0.001 and 0.005, respectively), their
linear fit was poor, explaining only about 12% of
the variance. A decelerating negative exponential
curve would probably have fit these data better,
but scatter was so high that this was not at¬
tempted.

Core Collections at Three Sites

Nematode abundance in the sediments was al¬
most inversely related to tidal height at the marsh
and intertidal sites, and was lowest at the subtidal
site (Fig. 6). Copepods were also least abundant
at the subtidal site. The ratio of nematodes to

copepods (N/C) fluctuated dramatically over the
24-h sampling period at all three sites and was
often considerably higher at the intertidal site. Ne¬
matodes comprised at least 50 % of the total meio-
fauna throughout the study at all three sites,

averaging 63, 81, and 72% at the marsh, intertidal
and subtidal sites respectively (Fig. 6). The 3-site
average proportions over the 24-h period were
71% nematodes and 12% copepods (including
nauplii, Table III). Average abundances of total
meiofauna (no • 10 cm 2) were 1669 (marsh),
1450 (intertidal), and 848 (subtidal). Total mean
copepod abundances at the same three sites, res¬
pectively, in 1986/1988 were 147/128, 57/40, and
49/20.

Calculations of Daily Ration

Archambault and Feller (1991) determined that
juvenile spot gut fullness peaked twice per 24-h
and emptied in about 6 h. This same bimodality
of fullness was seen clearly only for foregut ne¬
matodes in 1986 (Fig. 1), but a similar emptying
time was measured in 1986 (Fig. 5). Ignoring the
semicontinuous loss of gut contents, a conserva¬
tive estimate of daily ration would assume spot
fill and empty their foreguts twice a day. Taking

Marsh
2000

Intertidal Subtidal
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Fig. 6. - The abundance of meiofaunal nematodes and copepods (per core of area 5.6 cm:), the nematode/copepod
ratio (N/C), and the percentage of nematodes in the samples collected every 2 hours beginning on 22 May at 1000
hrs (= Time 1) and ending at 1000 hrs on 23 May 1986 (= Time 13).
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gut evacuation into account, one might double this
estimate because the feeding period (time during
which prey abundance in the foregut was increas¬
ing) often lasted an equivalent amount of time.
Thus a low estimate of 2 and a high estimate of
about 4 gut fillings per day is appropriate.

Under the conditions above, the highest average
number of prey in a presumably full foregut (Ta¬
bles I, II) was multiplied by 2 and by 4 to estimate
a low and high crude numerical daily ration each
year (Table IV). A maximum ration was obtained
by multiplying the maximum number observed in
any one fish's foregut by 4.

DISCUSSION

The most important aspect of this study is not
the crude estimates of daily ration provided but
rather the clear demonstration that meiofauna, par¬
ticularly nematodes, are ingested by juvenile spot
in about the same proportion as they exist in the
sediment. Our data provide strong evidence that
juvenile spot utilize benthic prey non-selectively,
despite their apparent selective ingestion of ben¬
thic copepods. The close correspondence between
the proportion of prey in the foregut that are ne¬
matodes (Table III) and the nematode fraction of
meiofauna taken in sediments where juvenile spot
feed (Fig. 6) is strong evidence for non-selective
incorporation of meiofaunal prey in the young
spot's diet. Even though juvenile spot only bite
to 2-4 mm in the sediment (Billheimer & Coull
1989), and there are proportionally more copepods
in the upper 5 mm of sediments (Coull et al.
1989), nematodes still comprise a substantial por¬
tion of the diet (Fig. 4). We have no doubt that
juvenile spot are selective about where they take
bites from the sediment surface - they prefer to
take live benthic copepods over dead ones and
prefer both of these to nematodes (dead or alive,
see Nelson and Coull, 1989). The prevalence of
copepods reported in diet descriptions of spot
(e.g., Roelofs 1954, Kobylinski and Sheridan
1979, Sheridan and Livingston (1979), Chestnut
1983, Martin et al. 1989, and others cited by Coull
1990) may be incorrect, perhaps resulting from
analysis of fish collected long after they had ac¬

tually fed or when only hindguts contained prey.
Thus collections made at times between the late

phase of low tide and the beginning of ebb tides
in nearshore tidal creek systems are least likely
to provide samples that reflect the true diet of ju¬
venile spot.

Our estimates of the number of meiofaunal ne¬

matodes, copepods, and foraminiferans eaten by
27-33 mm spot are, of course, based on averages.
There are undoubtedly spot of this size that ingest
many more prey than we suggest is a reasonable
maximum daily ration. Our experience with this
fish convinces us that there is considerable vari¬
ability in gut contents among individuals of the
same size. Laboratory experiments with small
schools of juvenile spot have revealed the pre¬
sence of feeding dominance hierarchies (Scholz et
al. 1991), so it is understandable why such dra¬
matic fish-to-fish variability exists. Given the
typical spatial heterogeneity of meiofaunal dis¬
tributions (e.g., Fleeger and Decho 1987), fish that
feed in different areas will obviously ingest very
different numbers of prey. Therefore, our esti¬
mates would not have tight confidence limits. In
fact, computation of such limits might be so mis¬
leading (and wide, see Andersen 1985; Bromley
1994) that we chose not to try and compute them.

The last point to make is the potential impact
of spot on meiofaunal populations. First recall
how many meiofauna were present in the sediment
at our three sampling sites during high and ebbing
tides when spot were feeding (Fig. 6). Seldom did
the counts exceed 1000 nematodes or 100

copepods per core of area 5.6 cm2, both numbers
that fall readily within the range of daily ration
estimates (Table IV). Thus a spot can probably
attain its daily ration from the equivalent of a few
10 cm2 plots of sediment in the saltmarsh. Since
numerical standing stocks of these taxa 1) main¬
tain themselves at fairly constant levels over in¬
tervals of time on the order of days to weeks and
change dramatically only on the seasonal scale
(Coull 1985 ; Eskin and Coull 1987), 2) replenish
themselves via tidally-induced recolonization
(Palmer 1988) and 3) reproduce so rapidly that
mimicked prédation of 90% made no impact on
the population density (Woods & Coull 1992), the
impact of spot prédation on the abundance of
meiofauna in North Inlet is not great. Juvenile
spot abundances in North Inlet are not known with

Daily Ration Estimates

Prey Taxon

1986 1988

Low High Max Low High Max

Copepods 144 288 392 108 216 484

Forams 60 120 580 30 60 120

Nematodes 988 1976 4000 322 644 2008

Table IV. - Low, high, and maximum esti¬
mates of the number of meiofaunal copepods,
foraminifera, and nematodes in the daily ra¬
tion of juvenile spot in North Inlet, South
Carolina, in 1986 and 1988.



58 FELLER et al.

great precision, but estimates from seine collec¬
tions (Allen et al. 1992), creek block netting
(Bozeman and Dean 1980), and quantitative sam¬
pling in other estuaries (e.g., Hettler 1989; Kneib
1991; Baltz et al. 1993) indicate between 1 and
10 fish per m2 are present during high tide at this
time of year (schools of juvenile spot, however,
may attain much higher densities). Therefore, by
removing prey from only a few thousandths of a
square meter each day, juvenile spot prédation
alone cannot be a major source of mortality for
meiofauna.
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ABSTRACT - In recent years, the significance of meiofauna, notably harpacticoid
copepods, in the diet of many species of post-larval and juvenile fish has been
increasingly recognized. In many cases, however, much uncertainty remains re¬
garding the manner in which these meiofaunal prey are utilized. Often, ingested
meiofauna differ from those present in the sediment at the level of major taxon,
species or demographic composition. An investigation of the life-styles demons¬
trated by meiofauna can aid in understanding these patterns of apparent selectivity.
Of particular importance may be the tendency of many meiofaunal organisms to
emerge, actively or passively, from sediments during immersion. In a number of
cases, ingested meiofauna bear closer resemblance to near-bottom water-column
assemblages than to sediment-dwelling ones. An example is presented for post-
larval spot (Leiostomus xanthurus) in coastal Louisiana. Copepod prey of four
size classes of spot (16 mm, 16-26 mm, 26-30 mm, 30-35 mm standard length)
were compared to assemblages collected by various methods. Collections included
sediment cores, settlement traps that collect water-column animals settling to (or
moving along) the sediment surface, emergence traps that sample organisms mo¬
ving away from the sediment surface at heights of approximately 7 cm and phytal
samples (plant surfaces). Principal components analysis demonstrated that, as spot
grew in size, their prey changed from an assemblage most closely resembling that
found in settlement traps to one closely resembling a sediment assemblage. Ad¬
ditional study is needed to better understand the dynamics of hyperbenthic meio¬
fauna and the manner in which this prey resource is utilized by fish and other
predators.

RÉSUMÉ - L'importance de la méiofaune, notamment des Copépodes Harpacti-
coïdes, dans le régime alimentaire de nombreuses espèces de Poissons juvéniles
est de plus en plus reconnue. Cependant, il persiste la plupart du temps, beaucoup
d'incertitude en ce qui concerne la manière dont ces proies méiobenthiques sont
utilisées. La méiofaune ingérée diffère souvent de celle qui se trouve dans le sé¬
diment aux niveaux des taxons majeurs, des espèces ou de la composition démo¬
graphique. Des recherches à propos des modes de vies concernant la méiofaune
peuvent permettre de comprendre ces types de sélection apparente. La tendance
de nombreux organismes de la méiofaune à émerger des sédiments de façon active
ou passive pendant l'émersion semble d'une importance particulière. Dans certains
cas, la méiofaune ingérée montre une ressemblance plus grande avec la structure
faunistique la colonne d'eau qu'avec celle du sédiment. Nous présentons l'exemple
de stades post-larvaires Leiostomus xanthurus de la côte de Louisiane. Les Copé-
podes-proies de 4 classes de taille de L. xanthurus (16 mm, 16-26 mm, 26-30
mm, 30-35 mm de longueur) sont comparés aux communautés récoltées par di¬
verses méthodes. Ces prélèvements comprennent des carottages, des pièges «d'ins¬
tallation » qui recueillent les organismes de la colonne d'eau qui se fixent ou nagent
à la surface du sédiment, des pièges retenant ceux qui s'échappent du sédiment
jusqu'à une hauteur de 7 cm et des récoltes des phytontes de surface. Une analyse
en composante principale montre que, tandis que la taille de L. xanthurus croit,
les proies passent de celles des pièges «d'installation» à celles des communautés
intrasédimentaires. Une étude complémentaire permettra de mieux comprendre la
nature de la méiofaune hyperbenthique et comment les ressources alimentaires dues
aux proies sont utilisées par le Poisson et les autres prédateurs.
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INTRODUCTION

Meiofauna have been recognized as a signifi¬
cant component of marine and estuarine ecosys¬
tems for over fifty years (Coull & Giere, 1988).
Over the last twenty years, however, our view of
their place in the trophic dynamics of marine and
estuarine food webs has changed dramatically.
Once considered to be a trophic sink (Mclntyre,
1969 ; Mclntyre & Murison, 1973) responsible pri¬
marily for recycling of organic matter within sedi¬
ments, meiofauna are now recognized as an
important pathway of energy transfer to selected
juvenile fish and other epibenthic predators (Gee,
1989; Coull, 1990).

Although researchers have gained much insight
into fish prédation on meiofauna, a number of
questions remain unanswered. Several questions
deal with the manner in which the predatory be¬
havior of meiofaunal-feeding fishes interacts with
the behavior of their prey. One critical need in
fish trophic ecology is synoptic studies of feeding
habits and prey availability (Miller & Dunn,
1980). Determining prey availability, however, is
not as straight-forward as measuring prey densi¬
ties. Many components of prey preference, includ¬
ing encounter rates and capture success, are under
the influence of both prey and predator behavior
(Sih & Moore, 1990). Interactions between ju¬
venile fish behavior and the behavior of their
meiofaunal prey should affect their predator-prey
relations in a number of ways, including the
degree of selectivity, real or apparent, demon¬
strated by the predator and the specific meiofaunal
assemblage utilized among the several distinct
groups available.

The purpose of this review is to broadly address
meiofaunal-fish behavioral interactions and to ex¬

plore in detail one aspect of prey behavior. Emer¬
gence of meiofauna is just being recognized and
is an important behavioral influence on predatory
interactions between fishes and their prey. This re¬
view is structured to examine :

1) the manner in which meiofaunal prey are uti¬
lized by fish,
2) prey selectivity at the level of major taxa, spe¬
cies, and demographic group, and
3) the significance of the specific habitat utilized
by the meiofaunal prey, with particular emphasis
on emergent meiofauna.

The nature of emergence by meiofauna is dis¬
cussed, and the behavior of meiofauna, regarding
emergence, as well as the predator's response,
forms the central theme of this review. In addition,
the results of studies with post-larval spot (Leios-
tomus xanthurus) from coastal Louisiana are in¬
cluded to further illustrate the significance of
these interactions.

HOW DO FISH FEED ON MEIOFAUNA

Now that the significance of meiofauna in the
diets of juvenile fish can no longer be questioned,
we must begin to address more sophisticated ques¬
tions about the ways in which meiofaunal preda¬
tors interact with their prey. This requires a
consideration of the manner in which the preda¬
tory behavior of the meiofaunal feeder interacts
with the morphology and behavior of the potential
prey.

Hyatt (1979) examined data from a variety of
aquatic ecosystems and found that in most cases,
carnivores feeding on benthic invertebrates made
up the greatest percentage of fish species. Within
this broad class, however, a number of different
feeding modes can be identified. Keenleyside
(1979) identified feeding four categories in ben-
thic-feeding carnivorous fishes :
1) picking at small prey,
2) picking up substrate and sorting prey,
3) disturbing substrate, then picking up prey, and,
4) grasping relatively large prey.

Meiofaunal-feeding fish likely demonstrate all
of these modes of feeding. Certain grassbed
fishes, such as the spotted dragonet (Callionymus
pauciradiatus), are among those meiofaunal
feeders that pick at small prey (Sogard, 1984).
Several marine fishes, mostly in the families Go-
biidae and Sciaenidae, feed by biting the sediment
and sorting prey. Perhaps the most well-studied
meiofaunal feeding fish is spot, Leiostomus xan¬
thurus. At sizes > 30 mm SL, juvenile spot feed
heavily on meiofauna by biting into soft sedi¬
ments, manipulating the sediment within the
mouth, extracting the contained organisms with
gill rakers and pharyngeal teeth, and then expel¬
ling the sediment through the gill openings and
the mouth (Billheimer & Coull, 1988). Spot con¬
tinue to feed heavily on meiofauna to standard
lengths > 100 mm (Stickney et al. 1975). At these
sizes, their reliance on meiofauna is so strong that
the composition of stomach contents may be used
to identify the site of feeding (Feller et al., 1990).
Spot is somewhat unique, not only in its pro¬
longed utilization of meiofaunal-sized prey but
also its sediment-sieving mode of feeding (McCall
& Fleeger, 1993). However, the Atlantic croaker
(Micropogonias undulatus) feeds in a similar man¬
ner. In addition, there is evidence that some gobies
take bites of sediment (Grossman, 1980; Carle &
Hastings, 1982; Toepfer & Fleeger, 1994). Other
studies have found that gobies prey on meiofauna
(Hartney, 1989; Aarnio & Bonsdorff, 1993;
Zander, 1990); however, the source of meiofaunal
prey is uncertain in these studies.

While there is no documentation of fishes

deliberately disturbing the substrate and preying
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on suspended meiofauna, it is likely that benthic
fish prey heavily on meiofauna from the near-bot¬
tom water, perhaps suspended by currents or pre¬
sent in the water column by active emergence.
Juvenile salmon and flatfishes are perhaps best
studied. Several species of salmon are known to
feed on harpacticoid copepods (Sibert et al.,
1977; Sibert, 1979; Webb, 1991), and most evi¬
dence suggests that the source of their prey con¬
sists of emergent copepods from seagrass beds.
Cordell (1986) found that harpacticoids common
in the diet are also common in epibenthic sled
samples and Webb (1991) found that harpacticoids
in the diet of salmon are capable swimmers that
are ingested by salmon swimming over grass beds.
The group perhaps best known for preying on
emerged meiofauna is the juvenile flatfish. Many
species of flatfish feed using a lay-in-wait method
and strike at prey above them (Stickney et al.,
1973). Juveniles of several flatfish feed heavily
on harpacticoid species known to be active in the
near-bottom water (McCall, 1992; Toepfer &
Fleeger, 1994). Juvenile prédation on meiofauna
may begin soon after metamorphosis, at standard
lengths (SL) < 10 mm (McCall, 1992). At such
sizes, the meiofaunal prey, which are between 0.5
and 1.0 mm, constitute a relatively large prey
item. Other species of fish may well feed in the
near-bottom waters. Likely prospects include go¬
bies, blennies and pipefish.

In short, meiofaunal-preying fish rely on the
full gamut of feeding strategies available to ben¬
thic carnivorous fishes, and the particular strategy
utilized by a given species or size class will
doubtless influence the manner in which it inter¬
acts with meiofaunal prey.

PREY SELECTIVITY

The degree to which meiofaunal-feeding fish
select one prey type over another and the causal
factors underlying such selection are the subject
of ongoing debate. Fish and meiofauna present an
excellent opportunity for the investigation of
selective feeding, since large numbers of individu¬
als can be collected and processed to allow for
proper statistical analysis of selection. Selectivity
can be considered at three levels : major taxon,
species and demographic group. Each level of
selectivity carries with it specific questions about
the manner in which behavioral mechanisms of
both predator and prey impact on the interaction.

Major taxon selectivity

The question of whether juvenile teleosts select
one component of the meiofauna over another has

been extensively investigated, and has been dis¬
cussed in detail in two recent reviews (Gee, 1989;
Coull, 1990). This question typically focuses on
two meiobenthic groups, harpacticoid copepods
and nematodes. In general, harpacticoids are the
most common meiofaunal prey of juvenile fish,
even though they are typically outnumbered, by
as much as two orders of magnitude, by nema¬
todes in the sediments. At least three explanations
have been suggested for this phenomenon.

1) Active selection of harpacticoids over nema¬
todes may result from greater energetic content,
high concentrations of essential fatty acids, or
movement-related visibility differences (Coull,
1990).

2) Differential rates of digestion for nematodes
and harpacticoids may lead to nematodes becom¬
ing rapidly indistinguishable in the digestive tract,
resulting in prey counts which are biased toward
harpacticoids (Scholz et al., 1991).

3) Differential availability of harpacticoids and
nematodes resulting from their differing vertical
distribution within the sediment (Gee, 1989). Ne¬
matodes are typically distributed to a much greater
depth in the sediment than harpacticoids, partic¬
ularly in the muddy sediments in which fish pré¬
dation on meiofauna is most significant.

To this list, we may now add a fourth potential
explanation. Harpacticoids commonly emerge into
near-bottom waters, while nematodes are under-
represented in this habitat (Armonies, 1988; Wal¬
ters & Bell, 1986). Sun & Fleeger (1994) report
that harpacticoids colonize through the water
column while nematodes colonize on the sediment
surface. This difference in behavior is potentially
important to fish that do not bite sediments, but
nevertheless ingest large numbers of harpacti¬
coids.

Species selectivity

Relatively few studies have attempted to deter¬
mine the species composition of harpacticoids
preyed upon by juvenile fish. Although Feller et
al. (1990) found that harpacticoids may be used
to trace feeding in different habitats, most studies
have found that the assemblage of copepods in¬
gested by fish does not closely correspond to that
found in meiobenthos in the area in which the fish
were collected (Alheit and Scheibel 1982, Tito de
Morais & Bodiou 1984, Gee 1987). This tendency
seems, to be substrate-related, with fish feeding in
areas with muddy substrates preying on an assem¬
blage more closely resembling that collected in
sediment samples than fish feeding in sandy areas
(Gee, 1987), perhaps reflecting the more surficial
distribution of harpacticoids in muds. Species-
specific selectivity of predators for one or several
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harpacticoid species has been observed in a num¬
ber of studies (Woodin, 1977 ; Gee, 1987). Many
investigators, however, still do not make time-
consuming species-level identifications. Several
recent investigations (Keats et al., 1993; Keats &
Steele, 1993; Shaw & Jenkins, 1992; Sogard,
1992; Zander & Heymer, 1992) point out the im¬
portance of harpacticoids in the diet of various
fishes, but because species-specific identifications
were not made, it is not possible to determine the
meiofaunal assemblage that served as prey.

Given the increasing number of studies that
conclude that juvenile fish do not select meio¬
faunal prey in proportion to their sediment abun¬
dance, it should prove prudent to more closely
examine the species of meiofauna that are in¬
gested. Such studies are necessary to understand
why a particular subset of the meiofaunal com¬
munity is disproportionately significant in the
feeding ecology of juvenile fish. This could be of
particular importance in assessing the energetic
value of meiofauna to juvenile fish, and could in¬
fluence estimates of the value of a given habitat
to developing juveniles.

Demographic group selectivity

The question of whether one demographic
group might be more heavily preyed upon than
others has remained largely unaddressed, although
there are size, behavioral and morphological
differences among males, females and copepodites
of harpacticoid copepods that might well be
expected to contribute to such differential préda¬
tion.

McCall (1992) found that juvenile starry
flounder ingested male Microarthridion littorale
in proportions much higher than their repre¬
sentation in sediments and suggested that this phe¬
nomenon might be the result of an increased
tendency of males to enter the water column.
Hicks and Marshall (1985) found that the guts of
deep-sea carnivorous bivalves contained almost
exclusively male harpacticoids, and go on to sug¬
gest that selective prédation on males might ac¬
count for the typical dominance of female
harpacticoids in the deep sea.

Selective prédation on female calanoid
copepods in freshwater ponds has been related to
greater visibility of females, particularly those
carrying eggs (Hairston et al., 1983). Furthermore,
Maly (1970) found that prédation could alter the
adult sex ratios of calanoid copepods in a manner
which was influenced by predator hunting be¬
havior and by differences in size and activity of
the male and female prey.

MEIOFAUNAL LIFE-STYLES

Prey selection by fish feeding on meiofaunal
organisms may be a function of the meiofaunal
habitat as modified by prey behavior. Given the
diverse nature of meiofaunal assemblages, quan¬
titative studies characterizing these assemblages
in a given area are necessary for an understanding
of the feeding behavior of juvenile fish utilizing
them. If emergent behavior of meiofauna is an im¬
portant factor in predator-prey interactions, it is
important that the pattern of this behavior be exa¬
mined in greater detail.

Hicks and Coull (1983), in their review of
harpacticoid copepod ecology describe a variety
of modes of existence. Within the benthos, harpac¬
ticoids may be found living interstitially, epiben-
thically, or as infaunal burrowers, with the
interstitial lifestyle limited primarily to sandy sub¬
strates and the burrowers found mainly in muddy
sediments. Hicks and Coull also recognize phytal
harpacticoids and a few species which are wholly
planktonic. To their list should be added another
mode of benthic existence, that of tube-dwelling
as demonstrated by Chandler and Fleeger (1984)
for Pseudostenhelia wellsi. In addition, it is now
well-established that many harpacticoid species
occupy a hyperbenthic or demersal habitat, emerg¬
ing to spend some fraction of their life in the near-
bottom waters within a few mm-cm of the
sediment surface (Sibert, 1981).

Given the diversity of feeding strategies util¬
ized by predatory fishes and the wide range of
microhabitats occupied by harpacticoid copepods,
it is appropriate to consider the manner in which
the feeding behavior of juvenile fish interacts with
habitat utilization of harpacticoid copepods to pro¬
duce specific predator-prey relationships. A given
assemblage of potential prey does not result solely
from the behavior of the predatory fish, or from
that of the meiofauna in the area, but rather from
how these two behaviors interact to bring predator
into contact with prey.

The significance of emergent meiofauna

Perhaps the least understood, albeit potentially
important, assemblage of harpacticoids with re¬
gard to trophic interactions with juvenile fish is
the emerged, sometimes called hyperbenthic or
demersal, assemblage. Beyer (1958) introduced
the term hyperbenthos in reference to plankton
populations near the sediment-water interface, al¬
though we use this term to refer to meiofauna
emerged into the near-bottom water. Sibert (1981)
illustrates that the hyperbenthos is typically dom¬
inated by animals of two origins, downward
moving planktonic species and upwardly mobile
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surface-dwelling benthic species. The existence of
a near-bottom meiofaunal assemblage has been
documented in recent years, and it is now apparent
that the traditional meiofauna, particularly harpac-
ticoids, occur regularly in the water column (Ja-
coby & Greenwood, 1989; 1993, Metaxas &
Scheibling, 1994). This may result from passive
resuspension (Hagerman & Rieger, 1981 ; Palmer
& Gust, 1985), active emergence (Armonies,
1988; Bell et al., 1988; Walters & Bell, 1986;
Alldredge & King, 1985; Armonies, 1989) or a
combination of the two. The relative importance
of the two mechanisms is related to the species
under consideration and to the habitat (Palmer &
Gust, 1985). Passive resuspension, like active
emergence, involves behavioral aspects of harpac-
ticoid ecology, since the habitat occupied by the
organisms greatly influences their likelihood of
being resuspended (Palmer, 1988b). There is much
to learn about the hyperbenthos because sampling
problems have slowed study.

For harpacticoid copepods, evidence suggests
that interstitial species avoid suspension by
moving deeper in the sediment during flow events
(Foy & Thistle, 1991), however, mud-dwelling,
epibenthic harpacticoids do not appear to avoid
emergence through behavior (Palmer, 1984). Thus,
the emergence, by whatever mechanism, of
harpacticoids into the water column may provide
some adaptive advantage with regard to reproduc¬
tion (Hicks, 1988), feeding (Decho, 1986; Sibert,
1981) or avoidance of infaunal predators (Thayer,
1985). Emergence almost certainly, however, in¬
creases their susceptibility to prédation by small
fish feeding near the sediment surface. Very few
species of fish actually bite into sediments in
search of prey (spot is a notable exception). Most
adult demersal predatory fish feed on individual
prey which are in near-bottom waters. This is
likely true of juvenile fish which utilize this hab¬
itat as well. If, in fact, much predatory behavior
is focused on the near-bottom water, then it is rea¬
sonable to suppose that the most significant prey
assemblage is the one which frequents this habitat.
Unfortunately, this is perhaps the most poorly un¬
derstood of all meiofaunal assemblages.

As information begins to accumulate on the hy-
perbenthic meiofauna, it is becoming clear that
this fauna is often quite different from that in the
sediments, both with regard to species composi¬
tion and demographic status. Walters and Bell
(1986) found that harpacticoid copepods numeri¬
cally dominated the taxa which actively migrated
in a subtidal creek bed. They found that from 13
to 67 % of all benthic harpacticoids migrated into
the water column. Adult harpacticoids exhibited
both diel and sampling date differences in migra¬
tion. This difference may well be reflected in
greatly different prey assemblages in juvenile fish
than might be predicted based on a knowledge of

the benthic meiofauna. McCall (1992) found that
harpacticoids collected in settlement traps differed
from those in adjacent sediments, and were more
closely similar to those ingested by juvenile starry
flounder.

Bell et al. (1988) present evidence that the
adult sex ratios of abundant copepods collected
in the water column may differ significantly from
conspecifics on the substratum, with males typi¬
cally much more abundant in the water column
than on seagrass blades or in sediments. This is
in keeping with the hypothesis that emergent be¬
havior might be linked to a precopulatory asso¬
ciation between adult males and juvenile females
(Hicks, 1988). The potential impact that this
differential utilization of the near-bottom habitat
with its potentially greater risk of prédation has
remained largely unexamined.

EXPERIMENTAL RESULTS WITH POST-
LARVAL SPOT

McCall (1992) showed that an approach that re¬
lates different potential prey assemblages to diet
can be useful in more fully understanding the
feeding behavior of a meiofaunal-feeding flatfish.
Additional evidence comes from studies con¬

ducted on post-larval and juvenile spot (Leios-
tomus xanthurus) in a Louisiana estuarine
complex. Spot's heavy and prolonged utilization
of meiofauna (especially harpacticoid copepods,
nematodes and small polychaetes) and amphipods
as a food source is well documented (Smith &
Coull, 1987; Marinelli & Coull, 1987; Stickney
et al., 1975; Palmer, 1988a; Sheridan & Living¬
ston, 1979; Livingston, 1988). Much less is
known, however, about early life-history (< 25
mm SL) feeding habits and ontogenetic shifts
leading to meiofaunal feeding. Here, we focus on
the feeding behavior of early post-larval spot (10-
35 mm SL).

A total of 131 juvenile spot (from 12-35 mm
SL) were seine-collected in winter and early
spring of 1991 in Bay Champagne near the Louisi¬
ana Universities Marine Consortium facility at
Port Fourchon, Louisiana. An assortment of meio¬
faunal samples were taken in conjunction with
fish collections throughout the spring of 1991, but
one sampling date (February 23, 1991) is dis¬
cussed in detail because a broad size range of spot
were collected, and weather conditions allowed
collection of a complete array of meiofaunal
samples. Collections were conducted by the
methods of McCall (1992) and included : 1) ver¬

tically sectioned cores from haphazardly selected
locations along a transect at the 0 m tide level to
a substrate depth of 2 cm with a hand-held piston
corer and extruded at 2-mm-thick intervals to a
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depth of 1 cm, 2) emergence traps that specifically
sample the near bottom assemblage, 3) settle-
ment/bedform traps to sample organisms settling
to or moving along the sediment surface and 4)
phytal samples collected by clipping submerged
algae, mangrove roots, etc., in the area. Meiofauna
were identified to the major taxon level, and
copepods were identified, where possible, to spe¬
cies and demographic status. Copepod (calanoid,
cyclopoid and harpacticoid) prey of juvenile spot
determined by gut content analysis of various size
classes were compared to assemblages collected
by various sampling techniques. Comparisons
were conducted using principal components analy¬
sis of the correlation matrix of the species-
centered mean abundances of copepod species in
the various assemblages (Ludwig & Reynolds,
1988).

The habitat information given here promotes
understanding of the life style of copepods while
it provides clues as to the mode of feeding by
spot. Additional interpretation of meiofaunal life
styles comes from Sun and Fleeger (1994) who
sampled meiofauna colonizing sediment depres¬
sions along the Louisiana coast.

The sediment meiofaunal assemblage was
numerically dominated by nematodes, with
harpacticoid copepods the second most abundant
taxon (Table I). Nematode densities were rela¬
tively high (ca. 330cm-3 in the upper 2 mm of
sediment). Nematodes were most abundant in the
surface sediments (0-2 mm depth), but remained
abundant to depths of at least 1 cm, as is typical
in muddy sediments (Hicks & Coull 1983). Den¬
sities of both adult harpacticoids and copepodites
were 14.9cm-3 and 5.3cm-3, respectively, in the
0-2 mm stratum, somewhat low for soft-sediment

Table I. - Summary of four vertically-sectioned meio¬
faunal samples collected on February 23 at Bay
Champagne site. Data are presented as densities in num¬
ber per cm3 ± 1 standard error for each 2 mm thick
sediment stratum for total meiofauna and for major
components. Total Meio. = total meiofauna, Adult Harp.
= adult harpacticoid copepods, Harp. Copep. = harpac¬
ticoid copepodites.

Stratum Total Nematodes Adult Harp.
(mm depth) Meio. Harp. Copep.

0-2 362 ± 82 332 ± 78 14.9 ± 0.4 5.3 ± 2.0

2-4 129 ± 26 121 ± 26 4.5 ± 0.9 1.0 ± 0.5

4-6 143 ± 15 140 ± 16 2.1 ± 1.7 0

6-8 137 ± 15 128 ± 16 1.5 ± 0.8 1.3 ± 0.6

8-10 104 ± 14 95 ± 14 1.0 ± 0.6 0.5 ± 0.4

intertidal habitats of this type (Fleeger, 1980;
1985). The most abundant harpacticoids in sedi¬
ment samples were Paronychocamptus wilsoni,
adult Coullana sp. (referred to as Scottolana
canadensis in previous work from Louisiana) and
Enhydrosoma sp. All were concentrated in the
upper 2-4 mm of the sediments, and densities
dropped rapidly with depth (Fig. 1).

Settlement/bedform traps collected relatively
low numbers of copepods (< 10 per trap). The ma¬
jority of those collected, however, were cyclopoids
and harpacticoids, suggesting an epibenthic/hyper-
benthic life style (Fig. 2a). The most abundant
harpacticoid was Paronychocamptus wilsoni ; Me-
sochra mexicana and Harpacticus sp. were also
found, but in lower numbers. Emergence traps
contained cyclopoids and calanoids, but were
dominated by harpacticoids, of which the majority
were again Paronychocamptus wilsoni and Coul-

I 1 P. wilsoni HUM Coullana Enhydrosoma

Fig. 1. - Vertical distribution of
common harpacticoid species in
sediment samples taken on Feb¬
ruary 23, 1991. Densities (no.
cm" 3 ± 1 SE) are given for each
2 mm thick sediment stratum.

Each is based on four replicate
samples.

Density
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n=6 n=7

Cyclopoid 1 2%

n=4

Harpacticoid 88%1
Pw 12%

Fig. 2. - Composition of copepods collected in (a) settlement traps, (b) emergence traps and (c) algal samples on
February 23, 1991. Pie diagram represents percentage by copepod order while bar chart represents species composition
of harpacticoid copepods. Pw = Paronychocamptus wilsoni, Mm = Mesochra mexicana, Ho = Harpacticus sp., Co
= Coullana sp., Oth = other harpacticoids.

lana sp. (Fig. 2b). P. wilsoni was represented in
emergence trap samples by all demographic
groups, while over 90% of Coullana in these traps
were juvenile copepodites. Other harpacticoids
collected in appreciable numbers included
Harpacticus sp., Zausodes arenicola and Pseudo-
bradya sp. Pseudobradya, however, was collected
only in one trap. Harpacticoids dominated phytal
samples (Fig. 2c). Harpacticus sp. were dominant,
making up some 80% of the phytal harpacticoids,
although Paronychocamptus wilsoni was also pre¬
sent in substantial numbers. Nematodes were com¬

mon in settlement traps, reflecting the fact that
these traps collect not only organisms that are ac¬
tively emergent, but also those that are resus-
pended from surface sediments. Nematodes were
rare, however, in emergence traps.

Of the spot examined, 106 contained prey. Over
all size classes studied, post-larval and juvenile
spot diets were dominated numerically by
copepods and nematodes (Table II). Mean number
of prey showed a general increase up to ca 30
mm SL, but was highly variable. At approximately
26 mm SL, juvenile spot began to take large num¬
bers of nematodes in addition to copepods. This
feeding shift was quite sudden and likely repre¬
sents the initiation of sediment biting. At less than
25 mm SL, the strongly infaunal nematodes made
up less than 1 % of ingested prey of spot, but com¬
prised 35-73% of the prey items in 25-40 mm SL
spot. Developing spot also underwent a change in
the types of copepods consumed at the ordinal
level (Fig. 3a). Only in the smallest fish examined
(< 15 mm SL) were planktonic calanoid copepods,

Size n Mean % % % % %
Class # prey Nema. Cal. Cycl. Harp. Oth.

12-15 28 5.3 ± 1.0 0.0 49.0 14.1 17.4 18.8

15-18 20 7.4 ± 1.9 0.1 4.1 2.7 66.0 27.2

18-21 10 18.2 ± 8.4 0.0 8.2 1.6 75.3 14.8

21-25 9 45.4 ± 17.1 0.0 30.0 0.0 66.3 3.7

25-28 6 6.8 ± 3.0 73.5 0.0 0.0 11.8 23.5

28-32 17 80.8 ± 44.0 65.6 0.1 0.1 11.6 1.5

32-35 10 41.3 ± 11.5 35.2 0.1 1.8 53.5 9.2

35-40 6 19.8 ± 3.2 51.9 0.0 0.0 34.2 13.9

Table II. - Summary of spot feeding data.
Results are presented by size class (mm SL).
Indicated are size classes, number of fish
containing prey examined in each size class
(n), mean and one standard error of number
of prey within size classes, and percentage
of prey of each size class made up of nema¬
todes, calanoid copepods, cyclopoid
copepods, harpacticoid copepods and other
prey. Fish with empty stomachs are excluded.
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mainly Acartia tonsa, an important prey (although
a single fish of 23 mm SL contained 143 A.
tonsa). Cyclopoid copepods, which exhibit life¬
styles ranging from epibenthic to planktonic, were
fed upon by a wide size range of spot but were
never a dominant prey item. Harpacticoid
copepods, on the other hand, were an important
prey at all sizes and were numerically dominant
in spot from 15-25 mm SL.

The species composition of ingested harpacti-
coids changed as spot increased in size (Fig. 3b).
The algal-associated Harpacticus sp. was the most
frequently ingested harpacticoid in very small
spot, but was rare in specimens larger than 20
mm. The more epibenthic/hyperbenthic harpacti-
coids Mesochra mexicana, Coullana sp. and

Paronychocamptus wilsoni were also important
prey. Coullana sp. and P. wilsoni were relatively
important prey of all size classes. Other species
were found in lesser numbers. In fish > 30 mm

SL other strongly infaunal harpacticoids, includ¬
ing Pseudostenhelia wellsi, Enhydrosoma sp. and
Nannopus palustris, increased numerically.

Trends in total prey abundance using four
size classes, < 16 mm, 16-26 mm, 26-30 mm and
> 30 mm, for the February 23 spot collections
mirrored that for all spot; there was a rapid in¬
crease in prey numbers with increasing fish size
and a dramatic increase when nematodes suddenly
appeared in the diet (Fig. 4a, b). The composi¬
tion of the copepod prey of the 4 size classes of
juvenile spot collected on February 23 showed an
increase in the number of harpacticoids from the
smallest size class of spot to the largest (Fig. 5a-d).
Nevertheless, harpacticoids constituted an impor-

Cyol Harpact

22 28

Standard length (mm)

Harp Coull Paro Meso Oth

22 28

standard length (mm)

34 40

Fig. 3. - Copepod prey of 106 Leiostomus xanthurus
in Bay Champagne, Louisiana in spring of 1991. (a) Per¬
centage of copepod prey of various size classes repre¬
sented by different orders of copepods. Cal = calanoids,
Cyc = cyclopoids, Harpact = harpacticoids. (b) Percent¬
age of ingested harpacticoids belonging to various spe¬
cies. Harp = Harpacticus sp., Coul = Coullana sp., Paro
= Paronychocamptus wilsoni, Meso = Mesochra mexi¬
cana, Oth = other species of harpacticoids. Sample size
within size class is indicated in Table II.

so

WW/<-
< 16mm 16-26 mm 26-30 mm 30-35

Standard length (mm)

60

I 40 Ngjjjj

■j ■
16-26 mm 26-30 m

Standard length (mm)
30-35 mm

Fig. 4. - Prey contents of four size classes of spot col¬
lected on February 23, 1991. (a) Mean (and 1 SE) num¬
ber of prey by size class, (b) Percentage of total prey
(pooled) comprised by nematodes in each size class.
Number of fish examined in each size class are as fol¬
lows : < 16 mm - n=10, 16-26 mm - n=10, 26-30 mm
- n=ll, > 30 mm - n=l 1.
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a < 16 mm SL 26-30 mm SL

Calanoid 19%

Cyclopoid 37%

n«10

Harpacticoid 44%

Oth 14%

Ho 36%

Co 29% Cyclopoid 0.7%

Pw 21%

n= 11

16-26 mm SL 30-35 mm SL

Cyclopoid 8%

n=10

Harpacticoid 92% h
Ho 6%

Co 40%

Calanoid 0.5%
Cyclopoid 0.9%

n-11

Pw 57%

Fig. 5. - Composition of copepod prey in stomach contents of spot of four size classes collected on February 23,
1991. (a) Spot < 16 mm SL, (b) spot 16-26 mm SL, (c) spot 26-30 mm SL and (d) spot > 30 mm SL. Pie diagram
represents percentage by copepod order while bar chart depicts species composition of harpacticoid copepods. Ho =

Harpacticus sp., Co = Coullana sp., Pw = Paronychocamptus wilsoni, Oth = other species of harpacticoids.

tant prey resource in even the smallest fish. There
was a decline in the importance of the epiphytic
or hyperbenthic Harpacticus sp. as the fish grew
larger. The widespread Paronychocamptus wilsoni
and Coullana sp. were found in all size classes
of spot.

It should be noted that, although nematodes
make up over 80% of the prey of the largest size
class of spot examined, they are still underre-
presented in the diet relative to their sediment
densities. In sediments, nematodes outnumber
harpacticoid copepods by an order of magnitude
or more, even in the uppermost 2 mm stratum.
Thus, juvenile spot do ingest harpacticoids in
greater numbers than would be predicted by their
sediment abundance. This could be attributable to

active selection or to mechanical selection for the
more complexly shaped harpacticoids within
spot's bucco-pharyngeal filtering apparatus (Nel¬
son & Coull, 1989). Another possibility is that the
larger spot, in addition to feeding on sediment-
dwelling nematodes and harpacticoids, also ingest
harpacticoids in the near-bottom waters, thus bi¬
asing their gut contents towards harpacticoids.

A plot of the first 3 principal components
yielded by PCA of the copepod-species-centered

data (Fig. 6) indicated that the prey assemblage
of the smallest size class of spot did not closely
resemble the sediment assemblage but grouped
more closely with settlement-trap (near-bottom)
assemblages. The prey ingested by intermediate
size classes was less similar to the settlement-trap
assemblage, moving closer to the sediment assem¬
blage in principal component space. Prey of the
largest spot examined were found to be most si¬
milar to the sediment copepods.

In summary, post-larval spot displayed a
significant ontogenetic dietary shift from hyper-
benthic/epiphytic species of copepods to sedi¬
ment-dwelling meiofaunal prey. The diet of very
early post-larval spot (<16 mm) includes cyclo¬
poid copepods, which inhabit a number of habi¬
tats, and planktonic copepods. The mouth of spot
of this size moves from a somewhat terminal to

a decidedly subterminal position (Yetman, 1979),
and spot of this size probably shift from a diet
of planktonic to hyperbenthic prey. Harpacticoid
copepods that dominate the diet of these fish from
16-30 mm are ones known to exhibit epiphytic or
hyperbenthic lifestyles, likely reflecting epiben-
thic feeding in these fish. The increased propor¬
tion of sediment-dwelling harpacticoids and the
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Fig. 6. - Plot of first three principal components for
copepod prey of four size classes of spot collected on
February 23, 1991 and copepods collected by various
sampling schemes on the same date. SI = spot < 16 mm
SL, S2 = spot 16-26 mm SL, S3 = spot 26-30 mm SL,
S4 = spot > 30 mm SL, Set = copepods collected in
settlement traps, Et = copepods collected in emergence
traps, Sed = copepods collected in sediment cores, and
Ph = phytal copepods.

scarcity of calanoid and cyclopoids in the diet of
larger spot (> 30 mm), coinciding with a dramatic
increase in the number of nematodes in the diet,
are certainly attributable to a shift in feeding lo¬
cation from the near-bottom water to the benthos.

FUTURE WORK

Many of the fish that rely heavily on a meio-
faunal diet do so at a time when they are under¬
going dramatic changes in both morphology and
behavior. For example, the mouth of spot moves
from a somewhat terminal to a decidedly subter¬
minal position during its early post-larval
development (Yetman, 1979). The change in prey
utilization by juvenile spot from a near-bottom or
hyperbenthic assemblage to a sediment-dwelling
one likely results from ontogenetic changes in
mouth morphology and behavior in combination
with behavioral aspects of meiofaunal ecology and
temporal changes in assemblage structure. This is
probably the case in many predator-prey interac¬
tions between juvenile fish and meiofauna. Mor¬
phological changes probably exert a strong
influence on the ability of fish to utilize various
prey assemblages. The dramatic morphological
changes undergone by developing flatfish are

well-documented. Even after metamorphosis, the
morphology of many flatfish results in an orien¬
tation toward prey in the near-bottom water.
Whiffs of the genus Citharichthys assume a feed¬
ing position in which the head is elevated to attack
overhead prey (Stickney et al., 1973).

Similarly, aspects of the biology of the meio¬
fauna prey undoubtedly influence on the preda¬
tor-prey relationship. It is well documented that
factors such as prey size (Vince et al., 1976;
Gardner, 1981; Eggers, 1982) and prey activity
(Moore & Moore, 1976) affect prédation rates.
There is growing evidence that meiofauna exhibit
temporal emergence patterns (Walters & Bell,
1986), differential responses to flow (Coull et al.,
1989) and to stems (Palmer, 1986) that may exert
a strong influence as well. In small fish feeding
on meiofauna in near-bottom waters, the manner
in which the behavior of the various meiofauna
interacts with the predatory behavior of the fish
will likely be one of the ultimate determinants of
prey selection.

A recurring theme in studies examining the
food habits of developing fish is the difficulty in
assessing the impact of spatial variation on prey
availability. Differences in prey assemblages over
relatively short distances can be a significant fac¬
tor in determining the food of sediment-feeding
fishes such as spot (Feller et al., 1990). There is
a need for studies employing broad-spatial sam¬
pling of fish and prey assemblages to address the
relative role of ontogenetic shifts and spatial var¬
iation in dietary composition. Spatial variation of
the hyperbenthos has been little studied, but it
seems likely that broadly homogenous locations
such as muddy salt-marsh bottoms might be little
influenced by microhabitat differences, suggesting
that apparent changes in diet associated with hy¬
perbenthos are due to ontogeny rather than spatial
variation.

There is a growing body of evidence that prey
resources in the near-bottom water are critical to

demersal juvenile fish. A variety of fish, including
juvenile spot (this study), salmonids (Sibert,
1979; Cordell, 1986; Webb, 1991), starry
flounder (McCall, 1992) and tonguefish (Toepfer
& Fleeger, 1994), have been shown to rely heavily
on such a prey assemblage. This study indicates
that early post-larval spot rely on prey that more
closely resemble hyperbenthic assemblages than
sediment-dwelling ones. Certainly, additional un¬
studied fish species also use hyperbenthic assem¬
blages. Previous work (e.g. Sogard, 1984) has
reported harpacticoids only to major taxon,
making it difficult to determine the overall im¬
portance of the hyperbenthos. Researchers have
made significant progress in determining the ef¬
fect of such factors as flow. More studies inves¬
tigating these and other effects as well as more
effective ways of sampling the near-bottom meio-
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fauna are needed to more fully understand the role
of the hyperbenthos in the trophic ecology of
fishes.
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ABSTRACT - The defecation rate of Harpacticus flexus Brady & Robertson was
used as an index of feeding rate in laboratory experiments. A tidal cycle of de¬
fecation rate was observed in constant laboratory conditions with the highest values
of defecation/feeding rates occurring during the expected low and high slack tides.
The light regime (24h dark and 12h light/dark) did not alter this cycle, although
the light may represent a Zeitgeber. It is suggested that the adaptive significance
of this cycle is to avoid animal passive erosion due to the high speed currents
during the ebb and flood tides at the sampling site by restricting their feeding
time to periods with low speed currents. The gut content of copepods, expressed
both in number of fecal pellets and in pigment-content, did not change during the
tidal cycle in the laboratory, thus changes in the gut passage time were the principal
responsible for the feeding rate changes.

RESUME - Le taux de défécation de Harpacticus flexus Brady & Robertson a
été utilisé comme un index du taux de broutage dans des expériences de laboratoire.
Un cycle de marée du taux de défécation a été observé avec les plus forts taux
de défécation/broutage aux heures correspondant aux étales de la marée (BM and
HM). Le régime de lumière (24h obscurité, 12h lumière/12h obscurité) ne change
pas le cycle, mais la lumière peut constituer un synchronisateur. Il est suggéré
que l'importance adaptative du cycle est d'éviter aux animaux d'être érodés pas¬
sivement par les forts courants de la marée descendante et montante au point de
prélèvement, restraignant leur temps de broutage aux moments de faibles courants.
Le contenu intestinal des Copépodes, exprimé en nombre de pelotes fécales et en
contenu de pigment du tractus digestif, ne change pas pendant le cycle de marée
en conditions de laboratoire, les variations du temps de passage sont donc prin¬
cipalement responsables du changement du taux de broutage.

INTRODUCTION

Diel feeding cycle is a common feature of the
biology of planktonic copepods and although it is
often associated with diel migration, the two be¬
haviours appear to be controlled independently
(Durbin et al., 1990). Reports of diel cycles of
meiobenthic copepods are scarce. Some studies
showed that the abundance of meiobenthos in
sediments (Coull and Feller, 1988; Armonies,
1989; 1991; Hicks, 1992) and in water column
(Palmer and Gust, 1985 ; Walters, 1988 ; 1991 ; Ar¬
monies, 1989; 1991) can change during the tidal
or diel cycle. Passive erosion by tidal currents
(Palmer and Gust, 1985; Hicks, 1992) but also

active emergence, mainly of copepods, during the
night high water (Armonies, 1988b; 1989; 1991;
Coull and Feller, 1988; Walters, 1988) are the
main responsible for these changes. Differences
in habitat, water flow intensity, aboveground
structure and taxonomic composition of the com¬
munity are important factors determining what
kind of mechanism is playing the major role on
the presence of meiobenthos in the water column
(Palmer, 1988).

It is expected that changes in habitat (sediment
or water) and in swimming activity of copepods
during tidal or diel cycles affect the copepod feed¬
ing rates. There is no report on the diel variation
of feeding rates of meiobenthic copepods in the
field or in laboratory perhaps due to the methodo-
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logical difficulties in estimating feeding rates both
in laboratory and in situ experiments, related to
the small size of the animals and to the necessity
of working with sediment. Tidal variations of
feeding rates of meiobenthic copepods were only
investigated by Decho (1986; 1988). These stu¬
dies showed that harpacticoid meiobenthic
copepods do not feed at constant rates during a
tidal cycle, both in laboratory and in situ experi¬
ments, particularly due to the water-cover in¬
fluence. The changes found were species-specific,
mainly due to the different exploitation of feeding
resources by copepods.

The defecation rate, estimated by counting the
fecal pellets produced in time, can be used as an
index of the feeding rate, since these two para¬
meters are normally well correlated (Gaudy, 1974;
Gamble, 1978; Huntley et al., 1983; Pagano and
Gaudy, 1986). The advantage of using the defeca¬
tion rate to estimate the feeding rate of meioben¬
thic copepods is that the animals can eat the
natural microfilm of sediments and that it can be
measured with a simple methodology in the
laboratory.

Harpacticus flexus Brady & Robertson (Harpac-
ticoida : Copepoda) is an epibenthic copepod that
inhabits the lower level of the intertidal region of
fine sand beaches (Hicks and Coull, 1983). Ar-
monies (1989; 1991) proposed the denomination
of semiplanktonic to this species, because the an¬
imals rest in superficial sediment layers at low
tide and swim in the water column at high tide,
reaching high densities in the water column at
night in a North Sea tidal beach.

This study was designed to investigate if
Harpacticus flexus, a common species of a
temperate mesotidal sandy beach, presents feeding
rate changes during the tidal and/or diel cycle, by
means of controlled laboratory experiments.

METHODS

Copepods used in the experiments were col¬
lected from the lower level of the intertidal sand-
flat located in front of the Biological Station of
Arcachon, France (44°40'N, 1°10'W). Tidal sea
level change at the sampling area is semidiurnal
with a spring range of about 4.5 m and a neap
range of about 3 m. The sediment was collected
during the low water of spring tides and trans¬
ported to the laboratory where the sediment was
washed with sea-water and copepods picked up
under a stereo-microscope. Before the beginning
of the experiments, the adult copepods were main¬
tained on natural sand washed with sea-water to

eliminate any other animals but owning a micro¬
film of bacteria and diatoms.

Diel variation of defecation rate

The first experiment investigated the diel var¬
iation of the defecation rate of Harpacticus flexus
and the influence of the photoperiod on this var¬
iation. Copepods were collected on 27/11/91
(sediment temperature of 10°C) and were main¬
tained in the laboratory at constant conditions and
at 15°C during one week for acclimation to the
two photoperiods tested: 24 h dark and 12 h
light/dark. At the beginning of the experiment five
copepods from each photoperiod were put in¬
dividually in recipients with a few sand grains
(treated in the same way as the stock culture sand
and owning the natural microfilm) and sea-water.
Then, at each 2 h interval the fecal pellets pro¬
duced by copepods were picked up and counted
under a stereo-microscope, during 24h. The 2 h
interval seemed to be reasonable since the gut pas¬
sage time of meiobenthic copepods was seen to
vary from 30 to 90 minutes (Decho, 1988).

Tidal variation of defecation rate

The next three experiments were designed to
investigate the tidal variation of the defecation
rates. In these experiments the animals were main¬
tained at a photoperiod of 12 h light/dark but in
constant conditions of temperature and immersion.

For the second experiment, copepods were col¬
lected on 20/01/92 (sediment temperature of 6°C)
and maintained one day at 6°C. The fecal pellets
produced by five copepods were counted using the
same method as in the previous experiment but
at each 1 h interval during 12 h.

For the third experiment, copepods were col¬
lected on 23/01/92 (sediment temperature of 8°C)
and maintained one day at 8°C. In this experiment
seven copepods were used and, differently from
the previous experiments, at each 1 h interval
copepods were transferred into a new recipient,
during 18 h. The fecal pellets were picked up and
counted in the old recipients. This methodological
change was aimed to avoid the stress that may
represent the sorting of the pellets at each 1 h
interval.

For the fourth experiment, copepods were col¬
lected on 11/03/93 (sediment temperature of 17°C)
and maintained one day at 20°C. In this experi¬
ment 10 copepods were used and, at each lh in¬
terval during 12 h, the copepods were transferred
into new recipients. The fecal pellets were fixed
with formalin in old recipients and picked up and
counted later in counting plates. In this experi¬
ment the mean volume of the fecal pellets col¬
lected each hour was estimated. For this purpose,
30 pellets taken at each experimental time were
measured using camera lucida drawings under a
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microscope and the volume estimated by a cylin¬
drical model of the fecal pellet. The evaluation of
changes in the pellet volume is important because
great variations of this volume can alter the ex¬

pected relation between number of fecal pellets
produced in time (defecation rate) and feeding
rates.

Tidal variation of gut content

Fecal Pellet Content

During the third experiment of defecation rate,
each hour five copepods from the maintenance
culture were put individually in 0.7 |im filtered
sea-water. Three hours later the number of fecal

pellets produced was counted.

Chlorophyll-a Gut Content

During the third experiment of defecation rate,
at each 3 h intervals, copepods from the main¬
tenance culture were picked and immediately
frozen. A few days later, these copepods were
carefully sorted at minimum light intensity and
washed both in distilled water and filtered sea-

water. Three replicates of 15 adult copepods were
then macerated in 5 ml of 90 % acetone. Extrac¬
tion was made for 24 h at 4°C. The extraction
tubes were centrifuged to discard the copepod
carapaces and the supernatant used for measuring
the fluorescence before and after acidification
with a Turner Model 112 Fluorometer, according
to Neveux (1983). Pigment concentrations were
calculated using the equations of Lorenzen (1967).
Results are given in equivalents of chl-a (|0,g chl-a
+ 1.51 |J.g pheopigment) (Bautista et al., 1988).

Three groups of adult copepods were dried (24
h at 60°C) and weighed on a Mettler ME22 mi¬
crobalance (± 0.1 |i.g), for estimation of the feed¬
ing rates in relation to the animal carbon weight,
considered 40 % of the animal dry weight (Giere,
1993).

Tidal variation of the current speed at the sam¬
pling site

The current speeds at the sampling site were
measured during two spring tidal cycles on
19/02/92 and 12/03/93 (at the same day of the
fourth experiment of defecation rate) during typi¬
cal anticyclonic weather conditions. Current
velocities were measured using a flowmeter (min¬
imum sensitivity of 5cm/sec) put in the center of
an arc, maintained in a vertical position 50 cm
under the water surface.

Statistical analysis

The non-parametric tests of Kruskal-Wallis and
Friedman were used to test for significant diffe¬
rences between means of the measured variables
through experimental times. Spearman Rank Cor¬
relation was used for testing the correlation be¬
tween defecation rate, current speed and tidal
condition. To test the influence of the tidal con¬

dition the scores 0 to 3 were attributed to the pe¬
riods of slack tides to mid-tides, respectively. The
level of probability was 0.05.

RESULTS

Diel variation of defecation rate

The defecation rate of H. flexus in the labora¬
tory changed significantly during a diel cycle in
both photoperiods tested (12 h light/dark - Fried¬
man statistics = 27.6, p = 0.006 and 24 h dark -
Friedman statistics = 22.8, p = 0.03). In the 12h
light/dark photoperiod (Fig. la) three peaks of de¬
fecation rate can be observed : 6, 12 and 20 h
from the beginning of the experiment, both in the
light and in the dark period. In the 24 h dark pho¬
toperiod (Fig. lb) four peaks were observed,
though less clear, and occurred 2, 12, 18 and 24 h
from the beginning of the experiment.

Tidal variation of defecation rate

During the three tidal cycles tested in the
laboratory the defecation rates of H. flexus
changed significantly (second experiment - Fried¬
man statistics = 32, p = 0.001 ; third experiment
- Friedman statistics = 36.6, p = 0.004; fourth
experiment - Friedman statistics = 97.9, p =
0.000).

In the second experiment (Fig. 2a) three peaks
from the four peaks of defecation rate occurred
near the moment of the expected slack tides of
the sampling day (one day before). These peaks
were nearly of the same intensity although the
decrease of defecation rate at the mid-tide was

greater during the ebb than during the flow.
The peaks of defecation rate during the third

experiment (Fig. 2b) occurred once more near the
expected slack tides of the sampling day, although
the last two ones were very small in intensity. The
intensity of the decreases was quite similar to each
other in this experiment.

The fourth experiment presented three peaks of
defecation rate (Fig. 2c), two of these were near
the expected slack tides and the other one was at
the mid-tide of the sampling day. Here, once
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Fig. 1. - Harpacticus flexus. Diel variation of the defecation rates expressed in number of fecal pellets. 2h"'. in¬
dividual"1 (first experiment, 15°C). a, photoperiod of 12 h light /dark; b, photoperiod of 24h dark. The vertical bars
represent standard errors.

more, the decrease occurring at the mid-tide of
the ebb was greater than those of the flood tide.

The Spearman rank correlations between the
standardized defecation rate and the tidal condi¬
tions (scores 0 to 3 corresponding to hours from
or to slack tides) were significant and negative
for the second experiment (rs = - 0.77, n = 13,
p = 0.007) and for all experiments together (rs =
- 0.35, n = 43, p = 0.022).

The volume of the fecal pellets changed sig¬
nificantly (Kruskal-Wallis statistics = 26.7, p =
0.005) during the fourth experiment. Figure 2d
shows that the volume increased during the initial
hours and did not change after anymore. The cor¬
rected defecation rate (mean volume x number of
fecal pellets produced) (Fig. 2d) did not change
very much from the previous rate (Fig. 2c), since
the volume increase occurred when the number of
fecal pellets produced was very small.

Tidal variation of gut content

Fecal Pellet Content

The number of pellets inside copepods in the
constant laboratory conditions did not change sig¬
nificantly (Friedman statistics = 13.3, p = 0.350)
during a tidal cycle (Fig. 3a). A mean of 1.5 pel¬
lets at 8°C was found.

Chlorophyll-a Gut Content

The chlorophyll-a gut content of the copepods
in the constant conditions of laboratory did
not change significantly (Kruskal-Wallis statistics
= 2.73, p = 0.603) during a tidal cycle (Fig. 3b).
A mean of 0.223 ng chlorophyll-a equivalent
per adult copepod at 8°C was found. The mean
dry weight of adult copepods was 2.2 pg (SE =
0.45).

Tidal variation of the current speed at the sam¬
pling site

The results of the current speed variation
during two spring tidal cycles at the sampling site
are presented in Figure 4. Three peaks of current
velocity can be observed in both cycles, a greatest
one at the mid-tide of the ebb tide and the two
others at the mid-tide of the flood tide. As ex¬

pected, the current speed was minimum during the
slack periods.

The Spearman rank correlation between current
speeds and tidal conditions was not significant (rs
= 0.36, n = 24, p = 0.088), unless the mid-tides
of the flood tide were discarded (rs = 0.68, n =

21, p = 0.002).
The Spearman rank correlation between stand¬

ardized defecation rate of the three tidal cycle ex-
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Fig. 2. - Harpacticus flexus. Variation of the defecation rates, expressed in number of fecal pellets.h1. individual"1
during three tidal period experiments, a, second experiment made on 21/01/92 at 6°C; b, third experiment made on
24/01/92 at 8°C; c, fourth experiment made on 12/03/93 at 20°C and also showing the variation of the current speeds
during the tidal cycle measured on the same day; d, variation of the volume of fecal pellets and the corrected
defecation rate from the fourth experiment. The vertical bars represent standard errors. LW and HW indicate the
slack low and high tide of the animal sampling day (one day before experiments).

periments and the mean current speed for the two
investigated tidal cycle was significant and nega¬
tive (rs = - 0.33, n = 43, p = 0.030). Testing each
experiment individually, only for the fourth ex¬
periment, when the current speed and the defeca¬
tion rate were measured during the same day,
there was a significant correlation between defeca¬

tion rate and current speed (rs = - 0.59, n = 12,
p = 0.049) (Fig. 2c).

The correlations between defecation rate and
tidal condition were stronger if the mid-tides of
the flood tide were discarded (total results - rs =
- 0.39, n = 40, p = 0.015 and fourth experiment
- rs = - 0.60, n = 11, p = 0.06).
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Fig. 3. - Harpacticus flexus. Variation of the gut content (third experiment, 8"C); a, fecal pellet content (expressed
in number of fecal pellet inside copepods); b, total gut pigment content (expressed in ng equivalent chlorophyll-a.
cop1)- The vertical bars represent Standard errors. LW and HW indicate the slack low and high tide of the animal
sampling day (one day before experiments).

Fig. 4. - Variation of the current speeds at the sampling site measured during two tidal cycles : a, on 19/02/92 and
b, on 12/03/93. LW and HW indicate the slack low and high tides.
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DISCUSSION

The good linear correlation between feeding
and defecation rates found in several works

(Gaudy, 1974; Gamble, 1978; Huntley et al.,
1983; Pagano and Gaudy, 1986) is quite expected
if the bioenergetic equation is looked as : (1- A)
I = F ; where I is the ingestion rate, A is the per¬
centage of assimilation and F is the defecation
rate. Only changes on the percentage of assimila¬
tion can alter this relation. Although it is recog¬
nized that the percentage of assimilation can be
strongly affected by the nature of the food item,
it seems to be largely independent on the ingestion
rates (Conover, 1966; Tande and Slagstad, 1985;
Pagano and Gaudy, 1986). Thus we considered A
nearly like a constant for a same diet and used
the defecation rate changes as estimates of the
feeding rate changes during the diel cycle.

The results of the diel cycle experiment (Fig.
1) indicated that Harpacticus flexus presents a
feeding cycle with peaks nearly every 6 hour in
the constant laboratory conditions, a good evi¬
dence for an endogenous control. Although the cy¬
cles were quite similar in the two tested
photoperiods, the presence of a light period
seemed to be important in the regulation of this
cycle (a possible Zeitgeber), since in the 12 h
light/dark photoperiod the peaks were clearer than
in the 24 h dark photoperiod. A tidal cycle was
thus suggested and more experiments were de¬
signed to clarify this one, since the long period
of acclimation in constant laboratory conditions
(one week) could cause large shifts of the peaks
and the 2 h intervals could prevent a good eval¬
uation of this 6 h cycle.

The results of the tidal cycle experiments (Fig.
2) suggested that the highest feeding rates occur
during the slack tides and sometimes during the
mid-tide. The significant correlation between de¬
fecation rate and tidal conditions (hours from or
to slack tide) for the second experiment and for
all tidal experiments together confirm this hy¬
pothesis. Although this cycle seems to be endo¬
genous it must be adjusted by environmental
factors (Zeitgebers), because in the constant
laboratory conditions the animals seem to answer
to the tidal cycle of the sampling day. The drift
of the peak of animal activity in relation to the
controlling factors is a normal characteristic of
endogenous free-running cycles (Brown, 1973).
The measurement of the fecal pellet volume was
not essential for the estimation of the defecation
rates in this experiment since the volume changed
only when the defecation rate was small (Fig. 2d).

Decho (1986; 1988) proposed that the water-
cover influence and the specific feeding mode can
explain the tidal differences in the feeding rates

of three harpacticoid copepods. Scottolana
canadensis feeds on planktonic diatoms from its
burrows mainly on early low water when the sedi¬
ment is still very wet but also during high water.
Microarthridion littorale feeds on both planktonic
and benthic diatoms during all tidal stages but
mainly during early low water, perhaps due to the
flocculent characteristic of sediments with high
ambient food supply and without the high water
disturbance of prédation and hydrodynamics. Par-
anychocamptus huntsmani feeds only during high
water and thus requires the water-cover to feed.
These studies however did not investigate the
possible variation of feeding rates during the
different conditions of flood, slack and ebb high
tides. The feeding mode of Harpacticus flexus has
not been the subject of a detailed study to inves¬
tigate if it feeds on benthic, planktonic or both
types of diatoms. We could observe that in the
laboratory conditions the individuals of this spe¬
cies browse the sand grain between periods of
high swimming activity in the water. We can not
discard the possibility of feeding on planktonic di¬
atoms, though the small volume of natural sea-
water in the flasks (10 ml) could render difficult
the exploitation of this resource. In the constant
conditions of the laboratory H. flexus feeds during
all the tidal cycle but mainly during the slack
tides. This result, associated to the similar high
defecation/feeding rates observed in both high and
low slack tide conditions prevents the water-cover
influence to explain this cycle.

The gut content of planktonic copepods nor¬
mally varies positively with the feeding rate and
Durbin et al. (1990) suggested that the reduction
of the feeding rates may be a strategy to avoid
visual predators during the day. In the case of H.
flexus, however, the gut content, expressed in
number of pellets inside copepod or in gut pig¬
ments, did not change during the tidal cycle (Fig.
3), discarding this kind of interpretation. Mackas
and Bohrer (1976) proposed a model for the re¬
lation between gut content and feeding rates : I =
G / T, where I is the ingestion rate, G is the gut
content in pigment and T is the gut clearance
time. Considering the previous result, that the gut
content did not change during the experiment,
changes in the gut passage time should be the
main responsible for tidal changes in the feeding
rates. This result is in accordance with several
works showing that the gut passage time changes
with the feeding rates (Baars and Oosterhuis,
1984; Dagg and Walser, 1987) and suggests that
considering the gut passage time like a constant
that changes only with temperature (Kiorboe et
al., 1982; Bautista and Harris, 1992) can lead to
erroneous conclusions about the feeding rates.
Decho (1988) also showed that the gut passage
time of meiobenthic copepods varies with tidal
conditions in the field.
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In our experiments the gut passage time of H.
flexus, estimated by the relation between the pro¬
duction rate of pellets and the pellets inside
copepod, varied from 20 to 77 min at 8°C (data
from the third experiment). This variation is very
similar to those found for meiobenthic copepods
using the azo-carmine dye in the field at 13°C
(Decho, 1988). Using the model proposed by
Mackas and Bohrer (1976), the gut pigment and
the gut passages times measured during the third
experiment (8°C), the adult dry weight of H.
flexus (2.2 (i,g), the ingestion rates can be esti¬
mated as 0.17 ng chl-a equivalent pigment. |ig
dry weight1, h1 or 4.13 ng chl-a equivalent pig¬
ment. |ig dry weight1, day1. These values are
very similar to those estimated for meiobenthic
copepods in the field (Decho, 1988). Considering
the value of 40 for the C/chl-a relation of the ben-
thic diatoms (de Jonge, 1980), a daily ingestion
rate of 41 % body carbon was estimated.

The current speed variations during the two
studied tidal cycles of the sampling site were quite
similar to each other (Fig. 4) and presented two
interesting characteristics : the highest values of
current speed occurred during the ebb tide and a
decrease of current speed occurred at the mid-tide,
particularly during the flood. These two non-ex¬
pected features of the tidal current at the sampling
point can be explained since in Arcachon Bay the
principal flood tide channel is different from the
principal ebb tide channel, which makes the dy¬
namics of the tidal water very complex and par¬
ticular for each point in the Bay (Bouchet, 1968;
Gassiat, 1989). It can also explain the non-signif¬
icant correlation between current speed and tidal
conditions, unless the flood mid-tides were dis¬
carded.

The significant negative correlation between
the current speed and the defecation rate for all
experiments together and for the fourth experi¬
ment alone lead us to suggest that the adaptive
significance of the endogenous tidal feeding cycle
of H. flexus is to avoid the period of high current
speed. Armonies (1988a) showed, in laboratory
experiments, that current speeds greater than 1
cm/sec can affect the active emergence of harpac-
ticoids from the sediment. In the field, the nega¬
tive influence of strong current speed (50 to 80
cm/sec) of storm days on the active emergence of
H. flexus during high tides at night was described
by Armonies (1989). In Arcachon Bay the current
velocities measured during the ebb tide were al¬
most as high as the values of the strong currents
mentioned above. It is expected therefore that H.
flexus emergence in Arcachon Bay follows a
different pattern as compared to its emergence in
the North Sea. Palmer and Gust (1985) showed
that in a tidal creek, with peaks of current speed
in the order of 25 cm/sec, the meiofauna abun¬
dance in the water columm is governed by passive

erosion/suspension and is positively correlated
with the friction velocity, that is a function of the
current speed. This effect can, by another side, be
modified by meiofauna behaviour. Copepods, for
example, are more susceptible to erosion by cur¬
rent than nematodes probably because they have
a greater activity at the sediment surface (Palmer,
1984).

We suggest therefore that the decrease of feed¬
ing activity of Harpacticus flexus during periods
of high current speed is a behaviour strategy to
reduce the risk of passive suspension of animals
by erosion (which can expose them to a high pré¬
dation). This hypothesis is in accordance with the
results of Palmer (1984) showing that in the slack
low and high tides (no flow) the activity of meio¬
fauna at the sediment surface is the greatest, and
that when flow increases the activity at the sedi¬
ment surface decreases. The results of this work
demonstrate that hydrodynamics significantly in¬
fluence the feeding behaviour of Harpacticus
flexus and suggest that future estimations of the
feeding rates for meiofauna must consider a
possible daily variation of these ones both in the
field and in the laboratory.
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