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TROPHIC RELATIONSHIPS BETWEEN FISHES AND BENTHIC
ORGANISMS ON NORTHEASTERN NEW ZEALAND REEFS

R.G. COLE
National Institute of Water and Atmospheric Research Ltd, PO Box 893, Nelson, New Zealand

r.cole@niwa.cri.nz

EXPERIMENTAL ARTIFACTS

FISH FEEDING

GEOGRAPHIC CONSISTENCY

HABITAT STRUCTURE

NORTHEASTERN NEW ZEALAND

ABSTRACT. - The influence of fish feeding on New Zealand reefs is reviewed.
Assemblages of seaweeds, grazers and fishes vary over latitudinal gradients and
along gradients of wave exposure, and patterns in northeastern New Zealand may
be distinct from those elsewhere in the North Island, and the remainder of New
Zealand. There is little evidence of broadscale effects of feeding by fishes on
seaweeds. At one marine reserve site, prédation by fishes and / or spiny lobsters
may limit the abundances of sea urchins. Further experimentation is needed to
clarify the geographic consistency of predatory effects of fishes throughout New
Zealand. Small mobile invertebrates which occupy seaweeds are thought to be
important prey of young fishes, and perhaps to be major contributors to secondary
productivity. The presence of seaweeds and harvesting by humans are thought to
be major influences on the fish fauna of reefs. The conflicting requirements of
replication and realism in experiments concerning the trophic impact of fishes is
noted.

ARTEFACTS DUS A L'EXPÉRIMENTA¬
TION

NUTRITION DES POISSONS

COHÉRENCE GÉOGRAPHIQUE
STRUCTURE DE L'HABITAT

NOUVELLE ZÉLANDE DU NORD-EST

RÉSUMÉ. - L'influence de la nutrition des Poissons sur les récifs de Nouvelle-
Zélande est passée en revue. Les communautés des herbiers, des brouteurs et des
Poissons varient selon des gradients latitudinaux et des gradients d'exposition aux
vagues, et les distributions au nord-est de la Nouvelle-Zélande peuvent être
différentes de celles de l'île du Nord et du reste de la Nouvelle-Zélande. Il y a
peu de preuves concernant les effets à large échelle de la nutrition des Poissons
sur l'herbier. En un point donné d'une réserve marine, la prédation par les Poissons
et /ou par les Langoustes peut limiter l'abondance des Oursins. Des expériences
sont encore nécessaires pour clarifier la cohérence géographique des effets de la
prédation par les Poissons dans toute la Nouvelle-Zélande. Il semble que de petits
invertébrés mobiles qui vivent dans les herbiers sont des proies importantes pour
les jeunes Poissons, et qu'ils contribuent peut-être majoritairement à la production
secondaire. La présence des herbiers et la pêche semblent influencer principalement
la faune des Poissons des récifs. Le besoin d'une expérimentation répétée mais
réaliste au sujet de l'impact de la nutrition des Poissons est mis en évidence.

INTRODUCTION

Fishes are large, mobile organisms, which ge¬
nerally require large amounts of energy to support
their existence. The high mobilities of fishes
means that the spatial extent of their foraging can
be great, while their size means that they are
capable of consuming relatively large organisms.
As fishes are also frequently abundant, their
impact on benthic organisms is potentially large.
Their sensory capabilities are well-developed, and
they can capture highly mobile prey. It is in this
context that I review recent studies regarding
fishes and their prey in northeastern New Zealand.
Of necessity, I consider other components of reef
assemblages where they are relevant, but the

primary intention is to review the evidence for
trophic impacts of fishes, and to also consider the
impact of habitat morphology on fish activity.

Reefs on wave exposed coasts in northeastern
New Zealand have been relatively thoroughly
investigated (reviews of Andrew 1988, Creese
1988, Jones 1988, Schiel 1988). Much of this
work has been carried out at Goat Island, which
is in the Cape Rodney to Okakari Point Marine
Reserve near Leigh (Fig. 1). The main habitat
formers (sensu Jones & Andrew 1993) are fu-
calean and laminarian seaweeds, whose distribu¬
tions the echinometrid sea urchin Evechinus
chloroticus may alter (Andrew & Choat 1982).
The behaviours and abundances of some fishes
are in turn affected by seaweeds (Jones 1984a,
Choat & Ayling 1987, Syms & Jones 1999).
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Although seaweed - echinoid - fish interac¬
tions are relatively well-known, and reviews have
drawn together summaries for many geographic
regions (e.g. Chapman & Johnson 1990, Foster
1990, Santelices 1990, Schiel 1990, Underwood
& Kennelly 1990), more recent observations from
northeastern New Zealand reefs (Cole &
Keuskamp 1998, Babcock et al. in press, Willis
et al. ms), provide a rather different outlook from
the 1988 reviews (see above). One focus here is
to identify the geographic range over which ex¬
trapolation from experimental studies should be
confined.

Biogeographic patterns

Schiel (1990) noted that as more sites were
visited, the number of similarities and generalisa¬
tions decreased. His work (Schiel 1990, Schiel et
al. 1995) has greatly increased the knowledge of
more southern areas of New Zealand. On the west
coast of Northland (Brook unpubl), and near
Raglan/Kawhia (Cole pers obs) (see Fig. 1 for
localities), reefal assemblages are quite different
from those in northeastern New Zealand, with
limited numbers of brown seaweeds except in the
sublittoral fringe, and turfing red seaweeds, mus¬
sels, ascidians and sponges dominating the subs¬
tratum. While the Coromandel coast in the early
1990s had a broadly similar appearance to the site
described in the late 1970s by Choat and Schiel
(1982), observations near Tauranga, Gisborne, and
New Plymouth (Cole, pers obs) suggest that those
areas too are quite different from those further
north. One interesting observation in northeastern
New Zealand is the absence of the dominant
laminarian Ecklonia radiata on some very expo¬
sed and isolated pinnacles (Brook unpubl, Cole
unpubl). Within the Marlborough Sounds, parti¬
cularly Queen Charlotte Sound (Fig. 1), macro-
phytes other than Carpophyllum flexuosum and C.
maschalocarpum are relatively rare, though the
introduced seaweed Undaria pinnatifida occurs in
shallow areas subject to wave disturbance. On the
coasts of Abel Tasman National Park, large
seaweeds are also rare, and grazers dominate
(Davidson & Chadderton 1994). Curiously, given
the intervening distance without mid-depth bar¬
rens, a pattern of mid-depth barrens bordered
above and below by macroalgal stands, as found
in northeastern New Zealand, has been described
for Dusky Sound, Fiordland (Villouta et al. ms),
though other Fiordland sites may differ (Schiel
1990).

Patterns along gradients of wave exposure

Observations by Brook & Carlin (1992) in
Northland, and others elsewhere (Grace 1983,
Cole & Taylor unpubl, Cole pers obs) suggest that
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Fig. 1. - Map of New Zealand, showing localities
mentioned in text, and influence of East Auckland
Current. 1 : Hokianga Harbour ; 2 : Poor Knights Is. ;
3 : Great Barrier/Rakitu Is. ; 4 : Little Barrier I. ; 5 :

Mercury Is. ; 6 : Coromandel Peninsula ; 7 : Leigh ; 8 :
Manukau Harbour; 9 : Raglan/Kawhia; 10: New Ply¬
mouth; 11 : Tauranga; 12 : Gisborne; 13 : Queen Char¬
lotte Sound; 14: Abel Tasman National Park; 15:
Fiordland. Kermadec Islands are approximately 800 km
northeast of Auckland - see Cole et al. 1992 for map.

the vertical extent and lower depth limits of urchin
barrens tend to decrease in shelter from wave

action (Grace 1983). For example barrens habitat
occurs on the western shores of Great Barrier
Island, but not of southwestern Little Barrier
Island, which has a shorter wave fetch from the
southwest (Cole pers obs). Generally there is an
increase in the abundance of Carpophyllum
flexuosum and a decrease in the prevalence of
Ecklonia radiata, as more sheltered areas are
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encountered. This decrease of Ecklonia in shelter

may be owing to several mechanisms : wave
action limiting the effectiveness of grazing by sea
urchins in shallow water (e.g. Himmelmann
1980), decreased survival of recruit or juvenile
sea urchins in more sheltered water (Andrew &
Choat 1985), wave-induced modifications to the
morphology of C. flexuosum (Cole et al. unpubl
data), and differential susceptibility of C. flexuo¬
sum and Ecklonia to a mass mortality agent (Cole
& Babcock 1996).

Descriptions of the fish fauna

Choat & Ayling (1987) described reef fish
populations from a wide geographic range of sites
in the North Island of New Zealand, although the
emphasis was on those in northeastern areas.
Francis (1996) drew on a large database of
qualitative observations to divide the reef fish
fauna of New Zealand (a priori separated into 16
regions) into eight geographic regions, on the
basis of seven species distributional groups.
Meekan & Choat (1997) documented differences
in the abundances of herbivorous fish faunas on

New Zealand, Australian, and Caribbean reefs,
noting differences between mainland and offshore
island faunas in northeastern New Zealand (see
also Jones 1984, Choat & Ayling 1987). Subtro¬
pical currents are thought to be responsible for
those patterns. Herbivorous fishes are clearly
more speciose in the north, but may be abundant
in some southern areas (Meekan & Choat 1997).
Comparisons of this nature are difficult because
of differing sample unit sizes among studies.
Population size structures of fishes may differ
between offshore islands and mainland coasts

(Choat & Ayling 1987, Meekan & Choat 1997),
and reserve and non-reserve areas (e.g. Cole et
al. 1990, Davidson 1995, Cole & Keuskamp
1998).

Effects of herbivorous fishes on seaweeds

The true character of the diets of nominally
herbivorous fishes has only recently been deter¬
mined (Clements & Choat 1997), with the most
abundant "herbivore" on northeastern New Zea¬
land coasts, Girella tricuspidata, being found to
have a proportion of animal material in its diet.
Silver drummer Kyphosus sydneyanus, and butter-
fish Odax pullus have been verified as true
herbivores (Clements & Choat 1997). Meekan's
(1986) study suggested that feeding by butterfish
O. pullus (Odacidae) was too patchy in time and
space to control the distribution of Ecklonia (cf.
the related O. cyanomelas in New South Wales,
Australia - Andrew & Jones 1990). At north¬
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Fig. 2. - Densities of herbivorous fishes. Top left inset :
Mean density (+ s.e.) of total herbivorous fishes at 5
localities in northeastern New Zealand. Data are from
2-min timed counts in 2 depth strata (0-3 m, 3-6 m).
Location of sampling sites in Fig. 1. Remainder of
plots : mean density (+ s.e.) of herbivorous fishes in
2-min timed counts in 2 depth strata at 3 sites at
Kermadec Islands. Data derive from 3 sites sampled in
May/ June 1992, with each site sampled 2 or 3 times
over a 24 hr period.

eastern New Zealand offshore islands the territo¬
rial pomacentrid Parma alboscapularis may main¬
tain small clearances as nest sites, presumably
modifying the flora locally (Jones, Schiel, Creese
unpubl). At the distant Kermadec Islands more
species occur, with a kyphosid, a girellid, and
several pomacentrids being abundant (Cole et al.
1992, Cole unpubl - Fig. 2), but there are few
data to assess the likely effects of feeding by those
fishes. There are also few quantitative data con¬
cerning the abundances of seaweeds at the Ker¬
madec Islands (Schiel et al. 1986).

Feeding by carnivorous fishes

Jones (1988) reviewed numerous studies of
feeding by New Zealand carnivorous reef fishes.
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Perhaps the most comprehensive investigation of
feeding by a reef fish is the study of Cheilodac-
tylus spectabilis by McCormick (1998), which
investigated diet, morphology, and activity in
relation to size and sex. McCormick (1998) also
noted the dearth of similar studies generally in
the temperate literature. The standard approach of
removing a predator species has proven difficult,
though Jones (1984a) successfully reduced the
density of adults of the very abundant spotty
Notolabrus celidotus by spearing, an approach
which would probably work for a sedentary,
approachable species such as C. spectabilis. How¬
ever, given the mobile nature of the prey of C.
spectabilis, and the fact that large numbers of a
species that is sensitive to exploitation (McCor¬
mick & Choat 1987) would have to be killed in
a marine reserve, that experiment is unlikely to
be carried out. Kingsford & MacDiarmid (1988)
suggested that lower densities of plankton downs¬
tream of dense populations of planktivorous fishes
associated with islands might be due to feeding
by fishes, but there are obvious technical difficul¬
ties with establishing a causal link.

Experimental exclusions of fishes

To date, fish exclusions have had varying
results. Choat & Kingett (1982) and Andrew &
Choat (1982) excluded fish from 2 m2 areas of
coralline flats, while Ayling (1981) prevented a
monacanthid fish from feeding in 0.0625 m2 areas
at two sites. Choat & Kingett (1982) failed to
detect any effect of excluding fish, though Jones
(1988) suggested that this related to the mobility
of the prey taxa. Ayling (1981) detected an effect
at the site where the target fish species was abundant
but not at another where it was not. Stocker (1986)
showed that large benthic carnivorous fishes were
unlikely to influence the abundance of the asci-
dian Pseudodistoma novaezelandiae, though small
blennioids which sheltered within cages were
suggested as a cause of a caging effect. Andrew
& Choat (1982) suggested that the effect of fish
prédation on the echinoid Evechinus chloroticus
which they detected was not important at the
habitat level, as enough echinoids survived to
maintain the habitat.

Experiments in which predators have been
excluded require careful interpretation regarding
possible caging effects (e.g. Kennelly 1983,
Stocker 1986, Connell 1997). Jones (1981) en¬
countered difficulties with differentiating caging
effects from the effects of spotties feeding on
epifaunal crustaceans of seaweeds. Taylor (1991)
attempted to exclude fish from individual kelp
heads in a design that included partial exclusions,
but similar difficulties with epifaunal movement
were encountered as in other systems (e.g. Edgar

& Aoki 1993). Approaches such as tethering
(Danilowicz & Sale 1999), and video monitoring
of reefs (Hixon & Carr 1997) have been used in
studies of prédation by fishes elsewhere, and to
clearly separate handling artifacts from those of
prédation will require careful use of such techni¬
ques. Artifacts of experimentally investigating
prédation by fishes require further investigation
on New Zealand reefs. Taylor (1998b) found that
large proportions of the epifauna of a seaweed
moved at night, so that any experimentally-indu¬
ced increase in epifaunal abundance that might
arise would likely dissipate across treatment area
borders on a diel basis. The most successful

experiments concerning prédation have used iso¬
lated patch reefs (e.g. Hixon & Carr 1997). In
coral reef lagoons such an environment may be
natural, but isolated Atrina zelandica shells in soft
sediments are one of the few parallels in tempe¬
rate subtidal New Zealand of which I am aware.

Cole & Keuskamp (1998) assumed that fish
prédation was responsible for the greater rate of
loss of experimentally transplanted E. chloroticus
at reserve than at non-reserve sites, but without
independent verification. They also presented a
10-year time-series of density of Evechinus at the
same site as Andrew and Choat's (1982) study
(which itself contained a series for 8 years), in
which mean density of free-roaming adults decli¬
ned from about 4 m 2 to about 1 nr2. Differences
in population size structure and crevice occupancy
of the sea urchin between reserve and nearby coast
consistent with a fish prédation effect were evi¬
dent 5 years earlier than Cole and Keuskamp's
investigation (Fig. 3). Spiny lobsters (Jasus
edwardsii) are usually the only potentially impor¬
tant invertebrate predators of echinoids in north¬
eastern New Zealand, as starfish are seldom
abundant. Andrew & MacDiarmid (1991) conclu¬
ded that there existed little evidence of an impor¬
tant effect of feeding by Jasus on the abundance
of Evechinus. An experiment separating the ef¬
fects of crustacean and piscine predators of echi¬
noids remains to be carried out, though it should
be technically possible (MacDiarmid pers comm).

The geographic consistency of marine reserve
effects on large carnivores and subsequent trophic
cascades is uncertain, and obviously influenced
by the suite of predators present. Recent investi¬
gations suggest that blue cod are considerably
larger, and perhaps more abundant, in the Long
Island - Kokomohua Marine Reserve than on

nearby non-reserve reefs (Davidson 1997, David¬
son, Villouta, Cole unpubl data). Surveys of
epibenthic gastropods (Gregory unpubl data) and
triplefin fishes (Fig. 4) inside and outside the
reserve, produced several patterns consistent with
prédation effects. A predator exclusion caging
experiment over reefs is currently at the pilot
study stage, but bioturbation, presumably by fish,
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Fig. 3. - A, B : Population size structure of the sea
urchin Evechinus chloroticus in coralline flats habitat
at Cape Rodney to Okakari Point Marine Reserve (A :
n = 460 Evechinus) and the adjacent Leigh coast (B :
n = 505) in 1992. Data derive from 1 m2 quadrat
samples taken at 5 sites within each protection category
(i.e. marine reserve and non-marine reserve). C, D :
Percent of E. chloroticus size class occupying crevices
at C : reserve, and D : non-reserve localities. Sampling
as for population size structure above.

is also prominent in sandy areas adjacent to reefs.
However, in another South Island marine reserve,

Tonga Island (Fig. 1), clear effects on the abun¬
dances of fishes have been slower to emerge
(Davidson unpubl data, Cole pers obs), although
clear effects on the abundance of spiny lobsters
have been documented (Davidson, Villouta &
Cole unpubl data). The Long Island - Kokomohua
Marine Reserve and Tonga Island Marine Reserve
also afford opportunities to examine fish beha¬
viour in an environment where the fish are neither

strongly diver-negative nor strongly diver-positive
(pers obs).

The role of small mobile invertebrates

The review of Jones (1988) documented the
importance of small mobile invertebrates to the
diets of juvenile fishes, finding that juveniles of
almost all New Zealand benthic carnivorous fishes
eat gammarid amphipods. Taylor (1998a) further
showed that small mobile invertebrates which
occupy seaweeds also contribute most of reefal
secondary productivity (animals > 0.5 mm sieve
mesh size). Recent evidence that seaweed habitats
dominate the Cape Rodney to Okakari Point
Marine Reserve is consistent with higher secon-

Forsterygion varium Size class I

Mean number per 5 min count (+ s.e.)

Forsterygion varium Size class II

Mean number per 5-min count (+ s.e.)

Fig. 4. - Forsterygion varium. Abundances of 2 size
classes of F. varium in depth-stratified 5 min counts at
6 sites in Long Island - Kokomohua Marine Reserve
and 6 sites on nearby coasts in Queen Charlotte Sound.
Size class 1 represents the previous spring's recruits,
while size class 2 comprises larger (presumably older)
individuals. Sampling was done in March 1999, at sites
where the habitat comprised boulder banks.

dary productivity in marine reserve areas than on
the adjacent, harvested coast (Babcock et al. in
press), a comparison which has been made in few
other areas. However, the loss of virtually all of
the kelp forest deeper than 10 m during kelp
dieback in 1992/93 (Cole & Babcock 1996) did
not lead to profound changes to the fish fauna
(Cole pers obs). Though unquantified, this sug¬
gests that deeper kelp forests at least may not
have as great an effect on piscine activity as some
have interpreted (e.g. Holbrook et al. 1990).

Other investigations have probed the contribu¬
tion that epifaunal organisms might make to
seaweed growth. Taylor & Rees (1998) investiga¬
ted the contribution of excretion from such epi¬
faunal communities to the nitrogen budget of the
fucalean Carpophyllum plumosum var. capillifo-



206 COLE R.G.

Urchins feeding on drift macroalgae
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Fig. 5. - Feeding by Evechinus chloroticus on drift and
attached seaweeds. Data derive from observations at 3
sites in the central part of the Cape Rodney to Okakari
Point Marine Reserve. The frequency with which E-
vechinus were found feeding on 5 seaweeds (E. rad =
Ecklonia radiata ; C. ang = Carpophyllum angustifo-
lium\ C. flex = Carpophyllum flexuosum ', C. masch =
C. maschalocarpum ; C. plum = C. plumosum ; Other =
miscellaneous species) in early 1990 is indicated.

Fig. 6. - General structure of macroalgal assemblages
down depth gradients on wave exposed reefs in north¬
eastern New Zealand in the 1990s. Various fucaleans

(Carpophyllum spp., Sargassum sinclairii, Landsburgia
quercifolia) dominate the immediate subtidal, with the
laminarian Ecklonia radiata slightly deeper. Sea ur¬
chins Evechinus chloroticus maintain areas clear of
seaweeds except for the fucalean Carpophyllum flexuo¬
sum, which may be common on those reefs, whereas it
was absent or uncommon in the late 1970s and early
1980s (Schiel 1988). Evechinus grazes among C. flexuo¬
sum stipes to depths of 8-10 m, where monospecific
stands of E. radiata commence.

lium, and suggested that there might be cir¬
cumstances in which nitrogen from epifauna was
sufficiently abundant to be taken up by seaweeds.
Their discussion emphasises the temporal variabi¬
lity in such processes, with wave action likely
contributing greatly to the dispersal of excretory
products. The contribution of epifauna to seaweed
nutrition may be less important, however, than
their role as consumers of epiphytes. Gastropods
occupy seaweeds (Andrew & MacDiarmid 1991),
are highly mobile, and could also potentially
contribute to seaweed nutrition (Norton 1992).
They are also more readily manipulated than other
epifaunal organisms, and though labour intensive,
manipulations of density of gastropods to inves¬
tigate effects on the host plant might be practical.

Habitat structure, seaweeds, epifauna, sea
urchins, and fishes

Taylor & Cole (1994), and Taylor (1998c)
documented the fauna of seaweeds in greater
detail, suggesting that phytal architectures were
important in determining the abundance and com¬
position of the epifauna. While secondary produc¬
tivity may be strongly driven by such physical
structuring locally (Taylor 1998a), food webs on
coralline-dominated areas may be enhanced by
kelp debris from other habitats. In northeastern
New Zealand the dominant component of drift
seaweeds on subtidal reefs and shores is entire
individuals and fragments of the laminarian Ecklo¬
nia radiata (Fig. 5). As in regions of South Africa

(Bustamante et al. 1995) and California (Harrold
& Reed 1985) the dominant laminarian of north¬
eastern New Zealand reefs appears to export
primary production beyond the borders of its
stands. The New Zealand fucaleans are less wi¬

despread within reefs (e.g. Schiel 1988), their
pneumatocysts may convey them out of the ben-
thic subtidal when dislodged (Kingsford & Choat
1985, Kingsford 1992), and some species at least
appear able to withstand considerable wave shock
(e.g. Fig. 1 of Schiel 1988). The input of drift
seaweed may modify the behaviour of sea urchins
(Dean et al. 1984, Harrold & Reed 1985), thus
contributing to the stability of habitats, and ulti¬
mately influencing fish presence and feeding rates
(e.g. Choat & Ayling 1987). The greater preva¬
lence of turfing corallines on flat sandstone reefs
than on greywacke reefs near Goat Island (e.g.
Ayling 1978, Ayling et al. 1981) is consistent
with reduced grazing by Evechinus. It may be that
the more rapid alteration of coralline flats to kelp
forest in the western reserve (Babcock et al. in
press, Cole pers obs) is due to greater delivery of
drift from kelp forests onto coralline flats because
of the shallower reef slope. Provision of seaweed
food reduces movement of sea urchins (e.g. Har¬
rold & Reed 1985), and agitation of sea urchins
by kelp (real and artificial) may discourage entry
of sea urchins into kelp stands (Vasquez &
McPeak 1998).

Although not prevalent in early descriptions of
the reefs of exposed coasts (Ayling 1974, Ayling
et al. 1981, Choat & Schiel 1982), Carpophyllum
flexuosum is currently moderately abundant on
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Table I. - Number of visits of fishes in stands of

Carpophyllum flexuosum and on adjacent coralline flats
at Waterfall Reef. Data derive from 15-min observa¬
tions (n = 18) of 2 m x 2 m area, x 0.5 m high areas
haphazardly demarcated in coralline flats and C. flexuo¬
sum between May and August 1991. Observations are
of unmanipulated natural habitat.

Fish species Visits to C. flexuosum Visits to coralline flats

Pagrus auratus 69 111

Parapercis colias 28 SI

Parika scaber 14 18

Notolabrus celidotus 62 71

Notolabrus fucicola 0 1

Cheilodactylus spectabilis 1 3

Upeneichthys Uneatus 0 22

wave-exposed coasts in northeastern New Zea¬
land, particularly near kelp forest borders (Fig. 6).
That range expansion of C. flexuosum onto wave
- exposed reefs had the potential to dramatically
alter the nature of subtidal reefs. C. flexuosum is
capable of forming dense stands, and reaching a
large size (e.g. stipe lengths >1.5 m). However,
C. flexuosum remains generally uncommon deeper
than 10 m on wave-exposed coasts in northeastern
New Zealand, despite a canopy of Ecklonia having
been absent from some of those areas for much
of 1993 (e.g. Cole & Babcock 1996). The repro¬
ductive characteristics and rapid growth of Ecklo¬
nia, combined with the patchy recruitment and
wave-limited canopies of C. flexuosum, appear to
limit colonisation. However, it is possible that
repeated mortalities of Ecklonia could present the
opportunity for colonisation of reefs below -10
m by C. flexuosum, and if it were able to form
canopies there, it might competitively exclude
Ecklonia. The potential effects on epifauna and
fishes is unknown, though the laminarian is
known to have a slightly different epifauna from
the fucalean (Taylor & Cole 1994).

The available evidence concerning the in¬
fluence of macroalgal canopies on fishes mainly
concerns the activity of small individuals in
summer. Small spotties recruit to kelp canopies
(Jones 1984a), and 0+-2+ snapper and other fishes
feed on coralline flats in summer (Kingett &
Choat 1981, Choat & Ayling 1987). Such effects
are mainly seasonal, though comparisons at other
times of the year have suggested differences
between habitats for some fishes (Table I). At the
scale of km, the high densities of large carnivo¬
rous fishes in the kelp-dominated reserve
(Babcock et al. in press, Willis et al. ms) are not
consistent with expectations from early studies,

which suggested an association of those fishes
with urchin-dominated habitats (Kingett & Choat
1981, Choat & Ayling 1987). However, Kingett
& Choat (1981) emphasised the seasonal occur¬
rence of small snapper on coralline flats, and most
of Choat & Ayling's (1987) sampling was also
done in summer.

Prédation by fishes in other systems

The other major site of investigation for the
influence of prédation by fishes has been the
Manukau Harbour, where myliobatid rays feed on
intertidal sand flats at high tide (Thrush et al.
1991, Thrush et al. 1994). The rays may influence
the fauna of intertidal sandflats there seasonally,
though again, the mobility of prey organisms and
the high energy environment ensure that patterns
at the scale of individual feeding scars are rapidly
obscured (Thrush et al. 1991). A subsequent study
there suggested that both rays and birds might
have effects on infauna (Thrush et al. 1994),
though interpretation of their relative importance
was difficult because the rays were only present
seasonally, whereas the birds were present year-
round. Their conclusion that careful consideration
needs to be given to the spatial and temporal
context of an experiment (Thrush et al. 1994 :
p. 221) has been amplified in investigations of
prédation elsewhere (e.g. Hixon & Beets 1993,
Hixon & Carr 1997). Mobility of prey has neces¬
sitated careful choice of scale and method of
exclusion, and a knowledge of the behaviour of
the prey.

Historical patterns

Recent reviews have emphasised that the pre¬
datory fauna of reefs may have been considerably
modified by humans, over a timescale of centuries
for large mammals such as sea otters, and proba¬
bly a timescale of decades for most fishes (e.g.
Witman & Sebens 1992, Jackson 1997, Dayton et
al. 1998). Archaeological analyses suggest that
New Zealand Maori are unlikely to have had
important effects on the marine fish species they
exploited in pre-European times (e.g. Leach et al.
1997). A resident at Goat Island in the 1930s
described going down to the shore with a garden
fork to get crayfish for lunch, by wading (Mathe-
son pers comm), and anecdotal evidence from
personal acquaintances suggests that as recently
as the 1960s the nearshore fish fauna in northeast
New Zealand may have been considerably more
abundant. Whether high abundances of carnivores
might have had flow - on effects on the benthic
fauna and flora remains conjecture, though the
earliest descriptions of macroalgal assemblages at
Goat Island (Bergquist 1960) bear little resem¬
blance to subsequent descriptions. Such temporal
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Table II. - Published studies which include subtidal

experiments concerning fishes and invertebrates, which
were carried out in northeastern New Zealand. MR
indicates experiments done in the Cape Rodney to O-
kakari Point Marine Reserve, NMR indicates experi¬
ments done outside the marine reserve, CMR indicates
experiments done in the central marine reserve (be¬
tween Knot Rock and Waterfall Reef - see Cole 1994
for sites), BMR indicates experiments done within the
marine reserve but outside the core area, x indicates

experiment done in this area, - indicates no experiment
done in this area.

Study
Andrew 1986

Andrew & Choat 1982 x

Andrew & Choat 1985 x

Andrew & MacDiarmid 1991 x

Andrew & Stocker 1986 x

Ayling 1981 x

Choat & Andrew 1986 x

Choat & Ayling 1987 x

Choat & Kingett 1982 x

Cole & Keuskamp 1998 x

Cornell & Jones 1991 x

Jones 1981 x

Jones 1984a x

Jones 1984b x

Jones & Thompson 1980 x

Kingett & Choat 1981 x

Schiel 1982 x

Stocker 1986 x

Stocker & Bergquist 1986 x

Stocker & Bergquist 1987 x

Syms & Jones 1999 x

Thompson & Jones 1983 x

MR NMR CMR BMR

x - x -

fluctuations are distinct from events such as the
decline in abundance of subtropical labrids
through time at the Poor Knights Islands (Choat
et al. 1988), which appears to mainly be control¬
led by larval supply, and longer-term alterations
to the range of Macrocystis pyrifera which also
appear to be linked to océanographie events (Hay
1990). No-harvest marine reserves offer the op¬
portunity to assess the capacity of existing popu¬
lations to respond to cessation of harvesting,
though a "global" effect of larval supply (fewer
larvae settling due to fewer eggs being spawned)
is unable to be addressed.

Geographic extrapolation

Of the 22 published subtidal experimental ma¬
nipulations in northeastern New Zealand, almost
all were done within one area of about 1 km

longshore extent within the Cape Rodney to
Okakari Point Marine Reserve (Table II). Nume¬
rous studies (Cole et al. 1990, Cole 1994, Cole
& Keuskamp 1998, Babcock et al. in press)
showed that that area is now quite different from
most of the rest of (a) the Cape Rodney to Okakari
Point Marine Reserve, and (b) the remainder of
the coast. It is visited by large numbers of people,
some of whom feed either food they have brought
with them, or benthic organisms found within the
reserve, to fish. The Modiolus beds noted in
Andrew & Stocker (1986) were no longer present
in the late 1980s, possibly due to divers breaking
up the mussels to attract fish (pers obs). The
decline of the abundance of the sea urchin Evechi-
nus in some areas of the marine reserve (e.g. Cole
& Keuskamp 1998) may have also been accelera¬
ted by such activities (pers obs). Numerous com¬
mentaries have noted the advantages of
conducting research in marine reserves (Ballantine
1991, Creese & Jeffs 1993), and clearly if the
goal is to understand natural systems, research in
such areas is essential. However, extrapolating the
results of some research from marine reserves to
other areas may be misleading, and the results of
experiments in marine reserves need not necessa¬
rily apply to the wider coast. Comparisons of
experiments conducted inside and outside marine
reserves will be instrumental in revealing the type
of impact human harvesting is having on reef
systems.

Scales of natural disturbance : replication vs
realism

An appreciation of the importance of scale for
interpreting the results of experiments has deve¬
loped in recent years (e.g. Dayton & Tegner 1984,
Thrush et al. 1996). One experiment examining
the effects of different scales of macroalgal clea¬
rance has been carried out in northeastern New
Zealand (Syms & Jones 1999, Cole unpubl), along
with another examining the response of different
sized defaunations of triplefins (Syms & Jones
1999). Like similar studies (e.g. Thrush et al.
1996) those experiments addressed a relatively
small range of spatial scales (in the case of Syms
& Jones 1999 and Cole unpubl, 4 m2- 100 m2).
The scale of the experimental macroalgal clearan¬
ces were greatly exceeded by the scale of sub¬
sequent natural macroalgal mortalities (e.g. Cole
& Babcock 1996). Generally there are practical
constraints on the size of area that can be mani¬
pulated with replication. For researchers whose
results may lead to management decisions, the
possibility that their experiments are carried out
at scales that render their results irrelevant to

managers must be a concern. The alternative is to
carry out very large unreplicated studies, and
sacrifice replication to realism (e.g. Pridmore et



FISH FEEDING IN NEW ZEALAND 209

al. 1991, Thrush et al. 1995). Personally I favour
realism, but there are other approaches to addres¬
sing such difficulties (Thrush et al. 1997a). Un¬
fortunately such large studies are expensive, and
the best example I am aware of was carried out
(with replicate sites) at the level of the fishery
(Schiel 1993). Anticipating scale-dependent ef¬
fects and making predictions at scales which are
relevant to management will become more mana¬
geable as our understanding of reefal systems
develops further (Thrush et al. 1997b).

As noted above, humans have very efficiently
modified the abundances and population size
structures of reef fishes at very large scales. It
might therefore be expected that fish exclusions
in marine reserves would produce dramatic effects
on the abundance and population structure of their
prey. To date most of the experimental exclusions
have been small (e.g. 2 m2- Andrew and Choat
1982, Choat & Kingett 1982), and it is at these
scales that experimental artifacts are most likely
to emerge rapidly. As marine reserves are estab¬
lished in areas with wave climates that permit
larger cages to be deployed, more sophisticated
methods of assessing artifacts develop, and an
appreciation of the difficulties of scaling experi¬
mental results accrues, better evidence will be
gathered regarding the influence of humans.

CONCLUSIONS

Studies of the impacts of fish-feeding on reefs
in New Zealand have mainly been done in one
small area of northeastern New Zealand where
both fishes and spiny lobsters are abundant. Much
of the rest of New Zealand has a quite different
fauna and flora. There is little evidence that
herbivorous fishes influence seaweeds in north¬
eastern New Zealand. There is clear evidence that

prédation at one well-studied site is responsible
for patterns of sea urchin size structure, and
perhaps the distribution of habitats, but it is not
clear whether fish or lobsters are the predators.
The location of most reefal investigations to date
is a marine reserve, and marine reserves will
continue to be a focus for investigations of fish
feeding. However, a greater emphasis on geogra¬
phical consistency of effects, and comparisons of
experiments carried out in reserves with those
done outside reserves will afford a greater under¬
standing of the influence of the feeding of fishes
on benthic organisms.
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SCOMBER SCOMBRUS

LARVAE

FEEDING

PISCIVORY

COPROPHAGY

ABSTRACT. - The gut contents of mackerel larvae (2.1-9.2 mm in length) were
examined from samples taken in the spring and early summer over the shelf-edge
to the south-west of the British Isles. Larvae < 5.9 mm in length fed mainly on
unidentified phytoplankton material, copepod eggs and copepod nauplii. In the
diet of larvae > 6 mm in length, the proportion of copepodite stages of copepods
increased, while the proportion of copepod nauplii remained relatively constant.
A limited amount of coprophagous feeding on crustacean faecal pellets was
observed in larvae > 3 mm in length (0.2-22.1 % of gut contents by weight).
Piscivorous feeding occurred in larvae in the length range 4-7.9 mm and, although
fish larvae were not numerous in the diet (0.3-4.6 % numerically), they accounted
for a significant proportion of the diet by weight (56.1-72.1 %). Larvae developed
teeth from 3.1 mm in length; by 5 mm all larvae had teeth, a feature which may
facilitate their piscivorous feeding. There was a higher incidence of feeding during
daylight hours, although at least 55 % of larvae sampled at night still had food
items in their gut contents.

SCOMBER SCOMBRUS

LARVES

RÉGIME ALIMENTAIRE

RÉGIME PISCIVORE

COPROPHAGIE

RÉSUMÉ. - Le contenu du tube digestif de larves de Maquereaux (1,2 à 9,2 mm
de longueur) a été examiné à partir d'échantillons prélevés au printemps et au
début de l'été sur le talus continental du sud-ouest des Iles Britanniques. Les
Larves < 5,9 mm de longueur se nourrissent principalement de phytoplancton non
identifié, d'œufs de Copépodes et de nauplii de Copépodes. Dans le régime des
larves de plus de 6 mm de longueur, la proportion de stades copépodites de
Copépodes augmente tandis que celle des nauplii est relativement constante. Un
nombre limité de pelotes fécales de Crustacés a été observé chez les larves de
plus de 3 mm de longueur (0,2 à 22,1 % du contenu du tube digestif en poids).
Un régime piscivore a été observé chez les larves comprises entre 4 et 7,9 mm
de longueur et, bien que les larves de Poissons ne soient pas nombreuses (0,3 à
4,6 % numériquement), elles représentent une proportion significative du régime
en poids (56,1 à 72,1 %). A partir de 3,1 mm de longueur les larves développent
des dents ; à partir de 5 mm toutes les larves ont des dents, une caractéristique
qui peut faciliter leur alimentation piscivore. La prise de nourriture montre une
plus forte fréquence pendant la journée, bien que au moins 55 % des larves
échantillonnées durant la nuit présentent également de la nourriture dans le tube
digestif.

INTRODUCTION

The diet of larvae and early post-larvae of
Atlantic mackerel (Scomber scombrus) has been
studied by Fortier & Villeneuve (1996), Peterson
& Ausubel (1984) and Ware & Lambert (1985)
who examined specimens from the western North
Atlantic, by Grave (1981) and Last (1980) based
on larvae from the North Sea and by Hillgruber

et al. 1997 who worked on larvae from the

shelf-edge west of the British Isles. The present
study is also based on sampling from the mackerel
spawning areas along the shelf-edge and adjacent
areas to the south-west of the British Isles. A
broad description is given of the diet of mackerel
larvae over the period of establishment of thermal
stratification, with particular reference to the in¬
cidence of piscivory and coprophagy. While co-
prophagic feeding is of relevance in the recycling
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of organic material, piscivory and, in particular
cannibalism, could significantly affect larval mor¬
tality rates and ultimately recruitment.

Piscivory has been recorded to varying extents
in all of the above studies on mackerel larvae,
except in that of Last (1980). It has been recorded
for other scombriform larvae e.g. Katsuwonus
pelamis (Nishikawa 1975, Young & Davis 1990),
S. japonicus (Hunter & Kimbrell 1980, Lipskaya
1982), Thunnus albacares (Uotani et al. 1981), T.
maccoyii (Young & Davis 1990) and Scombero-
morus spp. (Jenkins et al. 1984, Finucane et al.
1990). Piscivory is uncommon in non-scombri-
form fish larvae, although there are a few records
of insignificant numbers of fish prey being taken
by larvae of various species e.g. Micromesistius
poutassou (Conway 1980), Merluccius productus
(Sumida & Moser 1980), Pseudochaenichthys
georgianus (North & Ward 1989) and by neusto-
nic and pseudo-neustonic species (Tully & Ö
Céidigh 1989). Last (1980) noted no incidence of
piscivory in any of over 9000 larvae of the 20
fish species he examined from the North Sea.
However, an isolated observation of a high per¬
centage occurrence of fish larvae in the gut
contents of particular length groups of non-scom-
briform larvae was recorded by Economou (1991),
there being up to 35 % in Melanogrammus aegle-
finus and 6 % in Pollachius virens.

There are few records of coprophagy in sea-
caught fish larvae, but it has been reported for
Gadus morhua (Ellertsen et al. 1980, Fossum &
Ellertsen 1994), Clupea harengus (Bhattacharyya
1957) and Scomber japonicus (Hunter & Kimbrell
1980). In laboratory experiments, larvae of
Scophthalmus maximus occasionally fed on cope-
pod faecal pellets (Conway unpubl).

METHODS

Gut contents of mackerel larvae were analysed from
plankton samples taken on 5 cruises between April and
June spanning different years, south-west of the British
Isles (Fig. 1, Table I). Five different net systems were
used for collection of the larvae. These included the

Longhurst Hardy Plankton Recorder (LHPR - Williams
et al. 1983), a single (1 m2), Rectangular Mid-water
Trawl (RMT ; Roe & Shale 1979), a Lowestoft Tin Tow
Net (TTN ; Beverton & Tungate 1967), a "Nackthai"
sampler (Nellen & Hempel 1969) and a Bongo net
(McGowan & Brown 1966). The RMT and Bongo nets
were towed at 2-3 knots, all other samplers at ~ 4 knots.
All sampling times are given in UTC.

Samples from all hauls were preserved in borax
buffered 4 % formaldehyde solution. A total of 456
larvae were measured (standard length after preserva¬
tion and storage, no allowance being made for shrin¬
kage), a note was made of gut colour and the food
items in their guts removed and identified. A selection
of 692 food items were measured for information on

Table I. - Sampling information.

Ship Month/year Net/mesh aperture Number of Number of larvae

hauls examined

RV Cirolana May 1980 LHPR (280pm) 6 (49 samples) 142

FRV Scotia June 1980 LHPR (280pm) 3 (10 samples) 68

RRS Frederick Russell May 1984 RMT/TTN (280pm) 13 109

FS Anton Dohrn April 1986 Nackthai (280pm) 24 67
NO Thalassa May 1987 Bongo(500pm) 10 70

Table II. - Dry weight (pg) conversion values used for
the food of different mackerel larval length categories.

Length Tintinnid Copepod Nauplii Copepodite Faecal Fish

category (mm) egg pellet larva

2-3.99 0.03 0.35 0.13 0.15 0.16
4-5.99 0.03 0.48 0.37 0.34 0.16 27.0
6-9.20 0.03 0.42 0.38 1.06 0.16 27.0

the size range of food taken by different sizes of larvae.
Conversion to dry weight (Table II) was based on
published information on copepod eggs, nauplii and
copepodite stages (Klein Bretler et al. 1982, Uye 1982,
Fransz & Diel 1985), for tintinnids (Kawakami et al.
1985) and faecal pellets (Bathmann 1988). The dry
weight values for ingested fish larvae were derived
from data given by Grave (1981), Peterson & Ausubel
(1984) and Hunter & Kimbrell (1980). The upper jaw
length of a sub-set of larvae was also measured as an
index of jaw gape (Shirota 1978).

High Performance Liquid Chromatography (HPLC)
analysis was carried out on mackerel larvae for infor¬
mation on phytoplankton pigments of the gut contents.
44 larvae (2-8 mm in length) were preserved at - 20 °C
on GFC filter papers from sampling in 1986. Pigments
were subsequently extracted in 90 % acetone for re-
verse-phase HPLC using a modified method of Man-
toura & Llewellyn (1983).

Fig. 1. - Sample positions indicated by circles and, for
the 1986 Anton Dohrn sample grid, as a rectangle; the
200 m depth contour is also marked.
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Fig. 2. - Percentage incidence by lengths of larvae with
empty guts and those with green contents. Also, the
mean number of the main food organisms per feeding
larva (unidentified remains counting as one item).

RESULTS

Comparison of the diet

In most larvae the yolk-sac was absorbed by
4.0 mm in length, although the majority of larvae
with some remains of the yolk-sac already had
food in their guts. Between 7 % and 50 % of
larvae had no food in the gut, with a steady
reduction in the occurrence of empty guts with
increase in length of the larvae (Fig. 2). A signi¬
ficant percentage (41-79 %) of larvae < 4.9 mm
in length contained unidentifiable green material ;
a lower percentage of larger larvae had green gut
contents.

The main dietary items were the eggs, nauplii
and copepodite stages of copepods, each of which
was typically present at average numbers of
0.5-1.5/larva (Fig. 2). Copepod eggs were relati¬
vely common in the gut contents, numerically
representing between 8.6 % and 24.8 % of items
in the diet of larvae 2-9.2 mm in length. Eggs
were taken in increasing numbers up to a larval
length of 6.9 mm. The eggs observed in the gut
contents were the free-spawned eggs of a range
of species, mainly Acartia spp. (~80 pm diameter)
or of Calanus spp. (-180 pm diameter). Larger
larvae contained detached egg sacs originating

from direct feeding on egg-bearing copepods such
as Oithona spp. or Oncaea spp., but these eggs
were not counted. Copepod nauplii were the most
common food item in larvae > 4 mm in length
(0.9-1.3/larva), numerically representing between
21.2 % and 41.3 % of the diet of these length
groups. Copepodite stages of copepods were taken
in increasing numbers with increase in larval
length; numerically they represented 10.7% of
the gut contents items in larvae at 3-3.9 mm in
length and up to 50.0 % in larvae 8-9.2 mm in
length.

Brown/green faecal pellets were taken in rela¬
tively low numbers (0.1-0.4/larvae) by larvae >
3 mm in length, without clear preference for them
by any particular size category of larvae. Nume¬
rically they formed between 1.9-10.7 % of the
diet. Pellet length was from 60-600 pm (mean
~ 150 pm) and width from 20-100 pm (mean
~ 40 pm).

Fish larvae comprised numerically between
0.3 % and 4.6 % of the diet of the larger larvae
4-7.9 mm in length (Fig. 2). The prevalence of
piscivory was most developed in larvae 6-6.9 mm
in length, in which fish remains represented
numerically 4.6 % of the gut contents. Specimens
were invariably digested to the extent that it was
difficult to make an identification to species, or
to take accurate measurements ; the few positively
identifiable larvae were yolk-sac stages of mack¬
erel larvae.

Other less common items in the diet included
tintinnids, which were taken mainly by larvae
3-3.9 mm in length. Low numbers of the diatom
Coscinodiscus spp., larvaceans, echinoderm lar¬
vae, cladocera and the thecosome Limacina retro-
versa were occasionally present in the gut
contents ; these occasional items have been grou¬
ped together in the category "Other organisms"
(Fig. 2). Unidentifiable remains were also present
in all sizes of larvae.

Dietary value by weight

Conversion of the number of food items to dry
weight resulted in significant changes in the
dietary contribution made by the different com¬
ponents (Fig. 3). Tintinnids remained a small
proportion of the diet (a maximum of 4.7 % in
larvae 3-3.9 mm in length), due to their low body
mass, and faecal pellets made only a slightly
greater contribution by weight (0.2-22.1 % in
larvae > 3 mm in length). Although copepod eggs
were not particularly numerous in the smallest
larvae (2-2.9 mm in length ; Fig. 2) they compri¬
sed 93.8 % of the gut contents by weight for this
larval length category ; for other lengths of larvae
the proportion of eggs by weight varied between
2.2 % and 38.6 % of the diet. Copepod nauplii
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Fig. 4. - Diel changes in the percentage of mackerel
larvae of all lengths with food in the gut (closed circles)
and in the mean number of food particles per feeding
larva (open circles). Range of sunrise was 0436-0537
h and range of sunset 1941-2037 h.

comprised a significant proportion of the diet of
a wide length range of larvae (5.9-42.6 % in
larvae > 3 mm in length). However, the highest
proportion of the diet was derived from fish larval
prey in the intermediate length categories of
larvae (56.1-72.1 % in larvae 5-7.9 mm in length)
and by copepodites in the larger larvae (16.6-
80.5 % in larvae 6-9.2 mm in length).

Diel changes in feeding incidence

Overall, 81 % of larvae had food in their gut
contents. Samples were grouped into 2 hourly
periods over 24 hours to examine changes in the
percentage of larvae containing food. There was

relatively little diel variation, the lowest percent¬
ages being found during the later hours of the
night and early morning (0000-0800 h; Fig. 4),
although there was never less than 55 % of larvae
which contained some food remains. From 0800
h the percentage of larvae with food increased
and remained at between 78-98 % until 24.00 h.

The day/night variation in feeding intensity was
also compared using the mean number of food
particles per larva (Fig. 4). There was some
similarity with the pattern for gut fullness, there
being a period of relatively low numbers of food
particles per larva from 0200-0800 h, but also
with a second period of low feeding incidence
from 1000-1600 h.

Teeth formation and mouth gape

Teeth were developing in some mackerel larvae
from a length of 3.1 mm and by 5.0 mm all larvae
had teeth (Fig. 5a). Upper jaw lengths of larvae
are plotted in Fig. 5b as an indication of mouth
gape. Shirota (1978) gives the mouth gape as 2L,
where L = upper jaw length. The results suggest
that by 6 mm, larvae would be able to ingest e.g.
a copepod with a céphalothorax width of around
1 mm. The largest copepod taken, was by a larva
of 6 mm in length and had a céphalothorax width
of 0.34 mm and length of 0.7 mm, well within
the suggested theoretical capability of the larva.
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Fig. 6. - Chlorophyll a concentration (ng/|ig larval tis¬
sue) in individual mackerel larvae from HPLC analysis.

HPLC analysis

HPLC analysis of the phytoplankton pigment
content of mackerel larvae showed a decrease in
chlorophyll a content with increasing larval length
(Fig. 6) and negligible amounts in larvae > 5 mm
in length. Pheophorbides and pheophytins,
breakdown products of chlorophyll a, also decli¬
ned in parallel with the decrease in chlorophylla.

DISCUSSION

Numerically, the diet of mackerel larvae, was
composed mainly of the developmental stages of
copepods, which is similar to observations from
other studies on mackerel larvae (Grave 1981,
Peterson & Ausubel 1984, Ware & Lambert 1985,
Fortier & Villeneuve 1996, Hillgruber et al. 1997)
and for fish larvae in general (e.g. Last 1980).
Larvae commenced feeding before the yolk-sac
was fully absorbed, which appears to be the case
in many fish larvae (Last 1980) apart, possibly,
from clupeoids (e.g. Arthur 1976). A high pro¬
portion of the smaller larvae had phytoplankton
remains in their gut contents. HPLC results cor¬
responded to visual observations made on the
colour of gut contents, the levels of chlorophyll a
being consistent with the smaller larvae having
been feeding directly on phytoplankton. While
copepod eggs were common in the diet of early
larvae, it is known that they can resist digestion
(Conway et al. 1994), so may contribute little
nutritionally. There was a progressive change in
the diet with increase in larval length, as larvae
were able to take larger and potentially more
motile prey. Empty guts became progressively
less common with increase in larval length, pos¬
sibly reflecting both improved foraging ability and
mortality of any under-nourished larvae.

While faecal pellets have been noted in the gut
contents of fish larvae in several studies (Bhatta-
charyya 1957, Ellertsen et al. 1980, Hunter &

Kimbrell 1980, Fossum & Ellertsen 1994) the
pellets were present in consistently low numbers.
Shelbourne (1953) noted faecal pellets in the gut
contents of post-larval plaice, typically contained
within indigestible vesicles. However, these were
identified as remains from digested appendicula-
rians. In the present study, between 4 % and 14 %
of feeding larvae, depending on length, contained
faecal pellets, which are believed to be of copepod
origin. Faecal pellets were generally a relatively
minor component of the diet, both numerically
(1.9-10.7 %) and by weight (0.2-22.1 %). Additio¬
nally, because copepod faecal pellets are someti¬
mes tightly encased in a peritrophic membrane,
probably largely composed of chitin (Bochdansky
& Herndl 1992), they may not be readily digest¬
ible unless the membrane is breached, so may
have little food value (Conway et al. 1993).

Piscivory by Scomber scombrus larvae has been
documented by Peterson and Ausubel (1984),
Ware & Lambert (1985), Grave (1981), Fortier &
Villeneuve (1996) and Hillgruber et al. (1997).
Piscivory was recorded consistently in the present
study, and thus appears to be a feature over most
of the distributional range of the species. Fish
remains were particularly prominent in the diet of
larvae in the length group 6-6.9 mm (4.6 % nu¬
merically but 72.1 % by dry weight) and were not
found in larvae > 7.9 mm in length. Hillgruber et
al. (1997) noted that piscivory (cannibalism) star¬
ted at a length of 5 mm. Fortier & Villeneuve
(1996) showed the incidence of piscivory increa¬
sing from 12 % in larvae < 5 mm to 69 % in
larvae 9 mm, while Grave (1981) found piscivo¬
rous feeding restricted to mackerel larvae > 10
mm, with the greatest incidence in larvae 13-
19 mm in length. This variation between studies
may be related to the relative availability of
mackerel larval prey and of other prey items
(Fortier & Villeneuve 1996). The study by Grave
(1981), which recorded piscivory in larger larvae,
was based on observations in August/September,
when other prey items may be less readily avai¬
lable than in the present study, which took place
closer to the spring plankton bloom. Additionally,
the more restricted vertical distribution of mack¬
erel larvae later in the season (Coombs et al. in
press) may give higher larval concentrations, a
greater overlap of the different sizes of larvae and
hence increased potential for intra-specific préda¬
tion. This is supported by results from laboratory
studies and aquaculture experience, where larvae
are concentrated in unnaturally high densities and
cannibalism can occur in species which are not
recorded as being cannibalistic in the wild (e.g.
Hecht & Pienaar 1993). The only study on Scom¬
ber scombrus larvae which examined the larval
fish concentrations at which piscivory occurred,
was by Fortier & Villeneuve (1996). In that study
piscivory was limited when the density of fish
larval prey of a suitable size was <0.1 larva/m2
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and rapidly reached a plateau when the concen¬
trations of these larvae increased.

The concentration of most fish larvae in the
sea is generally quite low, but those which occur
in high natural concentrations generally show
little or no predisposition to piscivory (e.g. Mi-
cromesistius poutassou; Conway 1980), so mack¬
erel larvae appear to have adopted this mode of
feeding due to other factors. Scombrid larvae are
unusual in that they develop prominent teeth at a
relatively early stage, in this study in larvae
between 3 mm and 5 mm in length. At a length
of 5 mm all larvae had developed teeth, which
was also the length at which piscivory was first
noted. Scombrid larvae have teeth which are

particularly sharp and spinous compared with the
more usual peg-like teeth of most other fish larvae
and they also have a wide mouth gape, both
features which may particularly adapt them to
piscivory. The piscivorous habit may also be
related to the developmental pattern of the diges¬
tive system in scombrids. Scomberomorus nipho-
nius have a highly developed digestive system and
prey on fish larvae from first feeding (Tanaka et
al. 1996). Scombrids typically have a high meta¬
bolism, a rapid growth rate and therefore an
increasingly high food requirement during deve¬
lopment (Hunter & Kimbrell 1980). While Scom¬
ber scombrus may not be morphologically as well
adapted to the piscivorous habit as some of the
tropical scombrids, increased growth rates have
been shown to occur at the length at which the
larvae begin to feed piscivorously (Kendall &
Gordon 1981).

Weight of food items is not necessarily an
indication of nutritional quality, but it highlights
the potentially greater feeding efficiency obtained
in moving from high numbers of small items such
as copepod eggs and nauplii to lesser numbers of
larger organisms such as copepodites and larval
fish ; fish larvae are likely to be an efficient food
source since they may contain a greater digestible
proportion than crustacean prey. Although fish
larvae make a significant contribution by weight
in the diet (25.3-72.1 %), they were not abundant
numerically (0.34-4.6 %). Since it was mainly the
smaller larvae which were taken as prey, the
larger more motile larvae being less susceptible
to capture (Fortier & Villeneuve 1996), and as
these early developmental stages experience the
highest mortality, piscivory may have little impact
on overall mortality. Limited positive identifica¬
tion of the larvae in the gut contents indicated
that mackerel larvae were the prey, although
feeding on larvae of other species could not be
excluded. Thus, the piscivorous habit of mackerel
larvae is predominantly one of cannibalism, as
noted by Hillgruber et al. (1997); as such it may
form, to some extent, a density-dependent regu¬
lation method for the species, possibly of signifi¬
cance when food resources are scarce.

The observed diel pattern of feeding intensity
is typical of other studies on feeding in fish larvae
(Last 1980). The particularly marked increase in
feeding intensity in the evening was also observed
in mackerel larvae by Grave (1981) and Fortier
& Villeneuve (1996). While there was a reduction
in the occurrence and amount of food in the gut
contents at night, the percentage of larvae with
food still remained above 55 %. Interpretation of
diel feeding patterns is obscured, to some extent,
by gut passage rates having been shown to be
slower and more variable when feeding stops
(Canino & Bailey 1995). In order to satisfy
metabolic requirements, gut passage time in mack¬
erel larvae has been estimated at 1-2 hours (Pe¬
terson & Ausubel 1984), although from an
analysis of gut contents at different times of day,
Fortier & Villeneuve (1996) considered that 24
hours was required for digestion of fish larvae.
These observations may be reconciled, in part, by
reports of gut passage rate varying with size of
food particle in Scophthalmus maximus (Conway
et al. 1993). For precise information, direct ob¬
servations of gut passage time are required.
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DIET

BLENNIES

GUT-CONTENT

BEHAVIOR

ONTOGENETIC SHIFT

INVERTEBRATE PREY

ABSTRACT. - Ontogenetic feeding shifts, diel feeding and differential feeding
between sexes in the molly miller, Scartella cristata (Family Blenniidae), were
characterized by dietary analysis. Gut-content analysis was performed on juvenile
and adult 5. cristata (n = 62) based on 24-h collections from two rock jetties in
northwestern Florida. Direct observation suggested that sexes have different acti¬
vity regimes ; males were encountered more frequently during day collections while
females were encountered more frequently during night collections. S. cristata was
observed biting algal turf, and its diet consisted of algae and associated inverte¬
brates with a lesser contribution from benthic and demersal invertebrates. An

ontogenetic shift from prédation on demersal and benthic invertebrates among
juveniles to a fuller exploitation of the algal turf as adults was observed. ANOVA
was employed to examine the influence of site, sex and time of collection on total
gut-content biomass (including algae) and total invertebrate prey biomass. Al¬
though there was no site effect in total biomass comparisons, differences between
sampling sites contributed significantly to variation in male and female total
invertebrate biomass suggesting that local abundance of invertebrates may in¬
fluence feeding by S. cristata. Although no differences in total gut-content biomass
among females collected during the day and night were detected, females contained
a significantly higher invertebrate biomass during the night than during the day
due to foraging on demersal invertebrates. During the day, males and females
ingested similar invertebrate prey taxa, and total gut-content biomass estimates
and total invertebrate biomass did not differ in males and females. Males were

observed to actively nest guard clutches of eggs and this behavior may have lead
to a reduced activity regime thereby decreasing male foraging on demersal inver¬
tebrates.

REGIME ALIMENTAIRE

BLENNIES

CONTENU STOMACAL

COMPORTEMENT

CHANGEMENTS ONTOGÉTÉTIQUES
INVERTÉBRÉS

RÉSUMÉ. - Les changements alimentaires ontogénétiques, la nutrition de jour et
de nuit et la nutrition différentielle entre les sexes chez Scartella cristata (Blen¬
niidae) sont caractérisés par l'analyse du régime alimentaire. Une analyse du
contenu stomacal a été effectuée sur des individus juvéniles et adultes (n = 62)
à partir d'un échantillonnage sur une période de 24 h, près de deux jetées rocheuses
au nord-ouest de la Floride. Nos observations suggèrent que les deux sexes ont
une activité alimentaire différente ; les mâles se rencontrent plus fréquemment au
cours des récoltes de jour, les femelles au cours des récoltes de nuit. Scartella
cristata a été observé broutant sur la couche algale, et le régime alimentaire se
compose d'algues et d'invertébrés associés à ce milieu, avec une légère contribu¬
tion des invertébrés démersaux et benthiques. Un changement ontogénétique a
aussi été observé, les juvéniles passant de la prédation sur les invertébrés démer¬
saux et benthiques à l'exploitation de la couche algale lorsqu'ils deviennent
adultes. Une ANOVA est utilisée pour étudier l'influence du site, du sexe, et de
l'heure de récolte sur la biomasse totale des contenus stomacaux (incluant les
algues) et la biomasse totale en invertébrés. Si aucun effet du site n'est observé
à partir des comparaisons des biomasses totales, les différences entre les sites ont
contribué significativement à la variation en biomasse totale en invertébrés des
mâles et des femelles, suggérant que l'abondance locale d'invertébrés pourrait
influencer l'alimentation opportuniste de S. cristata. Bien qu'aucune différence
dans la biomasse totale des contenus stomacaux ne soit détectée entre les femelles
recueillies le jour et la nuit, celles-ci contiennent une biomasse en invertébrés
significativement plus élevée durant la nuit, liée à une nutrition sur les invertébrés
démersaux. Durant le jour, les mâles et les femelles ingèrent des taxons d'inver-
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tébrés similaires, et la biomasse totale estimée des contenus stomacaux et des
invertébrés ne diffère pas entre mâles et femelles. Les mâles ont été observés en
train de garder activement les couvées d'œufs, et ce comportement peut avoir
conduit à une réduction de leur activité alimentaire, diminuant ainsi leur prédation
sur les invertébrés démersaux.

INTRODUCTION

Members of the family Blenniidae (Pisces;
Order Perciformes) are benthic fishes that inhabit
hard substrates including breakwaters and jetties
(Moyle & Cech 1988). These fishes are integral
to marine littoral zone faunal assemblages in the
tropics and subtropics (Greenfield & Johnson
1990, Clarke 1994). Blennies are oviparous, and
their reproductive cycle is marked by complex
behavior between sexes (Sabates 1994). Eggs are
spawned in clumps attached to the substratum and
typically are guarded by males until hatching
(Peters 1981, Côte & Hunte 1989). After hatching,
blennies disperse as ichthyoplankton and rapidly
develop fang-like teeth, suggesting a planktivo-
rous diet (Côte & Hunte 1989). However as late
metalarvae, larval teeth are resorbed and closely-
packed combteeth erupt (Peters 1981, Labelle &
Nursall 1985), suggesting an algal scrapping life¬
style.

Scartella cristata, the molly miller, has a life
history characteristic of the family Blenniidae,
and is native to the eastern and western Atlantic
where it inhabits shallow water (=£ 3 m) (Green¬
field & Johnson 1981). In the northern Gulf of
Mexico, S. cristata is an abundant species asso¬
ciated with anthropogenic structures such as oil
platforms and rock jetties (Mobley pers obs).
Although published accounts of the diet of blen¬
nies are available (Stephens et al. 1970, Stoner
& Livingston 1980, Goldschmid et al. 1984;
Lindquist & Dillaman 1986, Kotrschal et al.
1991), few have addressed the influences of
feeding periodicity, sexual behavior or ontogeny
on feeding ecology. We therefore sought to char¬
acterize S. cristata's trophic status by investiga¬
ting ontogenetic feeding shifts and diel feeding
behavior between sexes. Specifically, diet was
examined to compare variations in the total gut-
content biomass and the biomass of invertebrate

prey during ontogenetic growth, between males
and females during the day and night, and between
two collection sites in northwestern Florida.

METHODS

Study Area : A total of 62 specimens of S. cristata
was collected on anthropogenic rock jetties in Destin
East Jetties, Destin, Florida and St. Andrews State

Recreation Area, Panama City Beach, Florida (with
permission from the Florida Department of Environ¬
mental Protection). Twenty-nine individuals were col¬
lected from Destin East Jetties over 24 h on August
31-September 1, 1996. Thirty-three individuals were
collected from St. Andrews State Recreation Area over

a 24-h period on October 12-13, 1996. Collections were
made with hand nets, snorkel equipment, and flashlights
(for collection at night) at 1 m depth within the upper
subtidal zone. Each fish was placed within an individual
jar and fixed with 10 % formalin. A broad size range
(19-78 mm standard length (SL)) of fish was obtained.

Gut Content Analysis : SL (to nearest mm) was re¬
corded for all specimens. The gut of S. cristata is a
relatively undifferentiated simple tube. Therefore, the
entire gut from mouth to anus was analyzed. The gut
was removed, measured for total gut length, and stained
in a solution of 10 % formalin and rose bengal. For all
62 fish, sex was assigned as male, female or immature
(i.e. lack of gonad development and differentiation) by
examining the gonads and, in some instances, by anal-
fin morphology (Smith 1974). The gut of each specimen
was then dissected under a Wild M-8 stereo-dissecting
microscope. Each gut content was assayed for prey
taxonomic identity and the number of prey using whole
individuals, where possible. When partial invertebrate
prey were encountered, only the head parts and, in the
case of barnacles, penises, were counted. Dietary items
were identified to the lowest taxon possible (Barnes
1980, Heard 1982, Higgins & Thiel 1988). After first
removing larger prey items, the total gut contents were

Table I. - Food categories and mean dry weights
of prey used in biomass estimates for S. cristata.

Food item Mean Dry Weight (mg)

organic matter --

mysids 3.0

isopods 0.4

amphipods 0.1

tanaids 0.1

barnacles 0.04

bivalves 0.04

halacarid mites 1 • 10"5

harpacticoid copepods 2 • 10"6

ostracods 5 • 10"6

decapod zoea 5 • 10"6

nematodes 2 • 10"7
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then concentrated with a vacuum pump, Büchner fun¬
nel, Erylemyer flask and 0.045 |am filter paper. Total
gut contents were dried in an oven for 24 h at 80 °C
and weighed with an Ohaus balance (± 1 mg). Dry
weights of invertebrate prey taxa were assigned (Table
I) by using average dry weight values of prey (Faubel
1982, Widbom 1984, Dauvin & Joncourt 1989, Gaston
et al. 1996, Driscoll et al. 1997 ; Baltz et al. 1998, and
Fleeger unpubl). Total gut-content dry weight (mg) was
then recorded, and individual invertebrate prey dry
weights were summed for each fish based on occurren¬
ces. Weight of the summed invertebrate prey was sub¬
tracted from the total gut-content weight to serve as an
estimate of gut-content organic matter. Sand particles,
present in low numbers in a few individuals, were
removed before total gut content dry weight was as¬
sayed. Weights may have been skewed due to preser¬
vation in formalin, however the uniform use of this
technique allowed the results to be consistently biased
(Hyslop 1980).

Diet : All collections of S. cristata were pooled to
examine two fundamental influences on diet. Ontoge¬
netic preferences (< 30, 30 < 40, 40 < 50, 50 < 60 and
> 60 mm SL) and the influence of gender (male and
female) on night (2000-0600 h) and day (0600-2000 h)
foraging on dietary composition were examined. Mean
biomass, mean percent of biomass of individual food
categories (%T), and frequency of occurrence (FO) of
individual food groups were then used to characterize
each pooled data set.

Mean numerical frequency of food categories, per
individual of a pooled data group, was first calculated
and frequency of occurrence (FO) of individual food
categories was then tabulated by following recommen¬
dations by Berg (1979) for fishes with a diet comprised
principally of vegetative material. The gut-content dry
weight for each prey item was first summed for each
fish and was standardized with respect to SL for each
individual following the recommendations for gravime¬
tric analysis by Hyslop (1980) and was used as a
functional unit of total gut-content biomass :

total gut-content biomass =

total gut - content dry weight (mg)
SL (mm)

Dry weights for all invertebrate prey were also sum¬
med for each fish and divided by SL for a total inver¬
tebrate-prey biomass estimate within each pooled data
set.

The percentage of prey biomass (%T) was also cal¬
culated for each individual prey taxon. The sum of
individual prey weights within each prey category was
divided by the sum of the total biomass using the
following formula :

Percentage of prey biomass (%T) =

sum of all prey dry weight x 100
total gut - content biomass

The percent gut-content biomass of the remaining
amorphous organic material present in the gut was
estimated by subtracting the total of all invertebrate
prey dry weight biomass from the total biomass for
each individual. Percentage of prey total biomass (%T)
of individual prey groups was used as a relative com¬
parison between different pooled data sets as a measure
of dietary significance.

Sixty-two juveniles and adults were pooled from
both St. Andrews and Destin collections into five size
classes (< 30, 30 < 40, 40 < 50, 50 < 60, > 60 mm

SL), and were analyzed for influences of body size on
dietary composition. Biomass and the total invertebrate
prey biomass were tested for normality and homosce-
dasticity before analysis among night and day collec¬
tions of adult S. cristata (n = 59). Males collected at
night were not included in analyses due to small sample
sizes (Destin : n = 2; St. Andrews : n = 1). Therefore,
an adequate comparison between male and female bio¬
mass and total invertebrate prey biomass during
nighttime collections could not be assessed. Instead,
several two-way, Model II Analysis of Variances
(ANOVA's) were employed to elucidate the dietary
preferences of S. cristata with JMP statistical software
(SAS Institute Inc.). Comparisons were made between
(1) males and females during the day at the two sites
and (2) night and day samples for females at the two
different sites for both total gut-content and total in-
vertebrate-prey biomass estimates.

RESULTS

In the field, feeding behavior of S. cristata was
observed during all sampling times and consisted
of swallowing bites and nips of the algal turf
associated with anthropogenic rock jetties of the
study sites. Amorphous material, non-differentia¬
ted or non-quantifiable material, was classified as
organic matter and consisted of macroalgae, mi-
croalgae (benthic diatoms), sessile organisms
(bryozoans, sponges, tunicates), and detritus, and
comprised most of the total gut-content biomass
(Tables II and III). Quantifiable prey included
sessile animals (barnacles and bivalves), benthic
mobile prey (harpacticoid copepods, isopods, am-
phipods, tanaids, ostracods, nematodes and hala-
carid mites) and demersal crustaceans (mysid
shrimp and decapod zoea).

Harpacticoid copepods were the most frequen¬
tly encountered prey item. They were present in
approximately 90 % of all gut contents, and this
proportion was similar when compared among
ontogenetic size classes and sexes during all times
of day. However, harpacticoid copepods always
comprised a very small portion, < 0.1 % of the
total gut-content biomass (Tables II and III).

The contribution of algae and invertebrates to
the total gut-content biomass varied among the
five size classes of S. cristata (Table II). The
smallest size class of S. cristata (< 30 mm SL)
displayed the smallest total gut-content biomass
(0.1 mg SL1 ± 0.06) but the highest percentage
of invertebrate biomass (34.9 %T) with the bulk
of the prey consisting of larger invertebrates (i.e.,
mysids, isopods, barnacles, tanaids and bivalves).
The largest size class (> 60 mm SL) contained
the highest total gut-content biomass (0.5 SL"1 ±
0.3) which consisted of algae and organic matter
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Table II. - Mean total gut-content biomass, mean SL, prey biomass (%T) and frequency (FO) of food categories
pooled between Destin and Panama City collections for five ontogenetic size classes of S. cristata.

Size Class (mmSL) <30 30 <40 40 < : 50 50 < : 60 >60

00IIG (n- 17) (n = 16) (n = 16) (n = 5)
Mean mmSL ± SD 26 ro-Hin 36.29 ±2.77 45.44 :12.58 54.06 ± 2.89 65.02 ± 7.02

Mean biomass (mg/SL) 0. 10 ± 0.06 0.25 ±0.13 0.46 ±0.23 0.471 : 0.29 0.52 ±0.38
± SD

%T FO %T FO %T FO %T FO %T FO

organic matter 65.2 100 90.6 100 89.1 100 90.2 100 96.2 100

mysids 18.5 12.5 0 0 2.6 12.5 6.0 6.3 1.9 20

isopods 5.9 37.5 4.9 23.5 4.5 50 2.1 37.5 0 0

amphipods 0.9 25 1.7 35.3 2.6 56.3 1.0 81.3 0.8 40

tanaids 4.7 37.5 1.5 35.3 0.2 18.8 0.1 18.3 0.3 40

barnacles 3.2 75 1.1 47 0.8 56.3 0.3 31.3 0.4 40

bivalves 1.7 25 0.2 17.6 0.2 17.6 0.2 12.5 0.5 40

halacarid mites 0 0 <0.1 23.5 <0.1 6.3 0 0 <0.1 20

harpacticoid copepods <0.1 87.5 <0.1 82.4 <0.1 87.5 <0.1 93.8 <0.1 100

ostracods <0.1 37.5 <0.1 41.2 <0.1 37.5 <0.1 18.3 <0.1 60

decapod zoea <0.1 12.5 <0.1 11.8 <0.1 6.3 <0.1 12.5 0 0

nematodes 0 Ö <0.1 5.9 <0.1 17.6 <0.1 12.5 0 0

total invertebrate prey 34.9 100 9.4 94.0 10.9 94.0 9.8 94.0 3.8 100

(96.2 % of the total) and invertebrates (3.8 % of
the total). In the intermediate size classes, the
total gut-content biomass increased with increa¬
sing size but the percentage of invertebrates
contributing to the total was nearly constant at
about 10 %.

Adult male and female S. cristata had contras¬

ting activity regimes during the 24-h feeding
cycle. Eighty-eight percent of all males (n = 26)
were encountered during the daylight samples
whereas 54 % of all females (n = 33) were
encountered during the night. ANOVA revealed
no significant difference in total gut-content bio¬
mass between males and females collected during
the day (FI>34 = 0.11; P = 0.74) and no significant
effect of sampling between sites was observed
(Fi,34 - 0.83; P = 0.37). However, a significant
interaction effect was noted between site and male
and female daytime collections (F134 = 4.16; P =
0.05). No significant difference in total gut-con¬
tent biomass between females sampled during the
night and females sampled during the day was
observed (F129 = 0.79; P = 0.38) although a trend
was observed for females (females contained, on

average, 0.44 mg SL1 during the day but 0.34
mg SL1 at night). No significant differences
between collection sites was observed (F129 =

3.34 ; P = 0.08) and no interaction between female
collections and site was found (F129 = 0.156;
P = 0.22).

No significant difference was detected between
male and female total invertebrate prey biomass
during the day collections (F1j34 = 1.88 ; P = 0.18).
However, a significant site difference was obser¬
ved in total invertebrate prey biomass estimates
between the Destin and St. Andrews collection
sites (F1)34 = 10.14; P < 0.01). No significant
interaction between gender and site was observed
(F1i34 = 2.19; P = 0.15). A comparison between
night and day samples revealed a significant
difference in total invertebrate prey biomass
among females (F129 = 5.87; P = 0.02). During
the night, invertebrate prey were much more
common (Table III) (22 % invertebrate prey at
night, mostly comprised of isopods and mysids,
opposed to 7.9 % total invertebrate prey biomass
during the day). A significant site affect was again
encountered when comparing female night and
day total invertebrate biomass estimates between
the Destin and St. Andrews collection sites (F129
= 10.88; P > 0.01) and no significant interaction
between site and time was observed (Fi 29 = 0.88 ;
P = 0.36).
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Table III. - Mean total gut-content biomass, mean SL, prey biomass (%T) and frequency (FO) of food categories
pooled between Destin and Panama City of male and female, night and day collections of S. cristata.

Sex/time of collection Males / Night (n = 3) Females / Night (n = 18) Males / Day (n == 23) Females / Day (n = 15)

Mean mmSL ± SD 54.00 ±9.16 43.27 ±8.99 45.83 ± 12.63 45.13 ±10.46

Mean biomass (mg/SL)
± SD

0.30 ±0.13

%T FO

0.34 ±0.22

%T FO

0.37 ±0.26

%T FO

0.44 ±0.32

%T FO

organic matter 90.5 100 78.0 100 98.1 100 92.1 100

mysids 6.0 33.3 9.4 16.7 0 0 1.0 6.7

isopods 1.1 33.3 10.4 72.2 0.5 17.4 0.6 26.7

amphipods 2.3 100 0.71 50 0.4 34.8 4.0 34.8

tanaids 0.1 33.3 <0.1 5.6 0.6 26.1 1.0 60

barnacles 0 0 1.2 77.7 0.3 30.4 0.9 53.3

bivalves 0 0 0.2 16.7 0.1 13.0 0.4 26.7

halacarid mites 0 0 <0.1 5.6 <0.1 13.0 <0.1 20

harpacticoid copepods <0.1 100 <0.1 77.8 <0.1 91.3 <0.1 93.3

ostracods <0.1 100 <0.1 11.1 <0.1 34.8 <0.1 46.7

decapodzoea 0 0 <0.1 27.8 <0.1 4.3 <0.1 6.7

nematodes 0 0 <0.1 11.1 <0.1 17.4 <0.1 13.3

total invertebrate prey 9.5 100 22.0 95.7 1.9 94.4 7.9 93.3

DISCUSSION

Members of the family Blenniidae are known
to have a wide array of dietary preferences,
ranging from generalized with differing degrees
of opportunism (Kotrschal et al. 1991) to highly
specialized herbivory or carnivory (Stoner & Li¬
vingston 1980, Moyle & Cech 1996). Omnivory
in fishes has generally been interpreted as a
compromise strategy supplementing energy from
primary food sources with protein from scarce
animal prey (Bowen et al. 1995). Invertebrates
have been shown to be high in food quality, both
protein and energy content, compared to algae,
macrophytes, and detritus (Benavides et al. 1994;
Bowen et al. 1995). Dietary protein has also been
shown to be directly proportional to energy requi¬
red for growth, development, and sexual repro¬
duction in fishes (Benavides et al. 1994). Our data
suggest that S. cristata feeds primarily on algae
and sessile invertebrates but is inclined to feed
on demersal and benthic vagile invertebrates,
perhaps to supplement protein requirements.

Harpacticoid copepods have been cited as an
essential food source of many juvenile fishes, as
well as an important component of benthic food
chains (Alheit & Scheibel 1982, Gee et al. 1985).

In this study, harpacticoid copepods were the most
frequently encountered invertebrate in S. cristata
gut contents, with the highest numerical frequency
of all invertebrates. Harpacticoid copepods con¬
tribute to the baseline dietary protein requirement
of many fishes and can provide superior nutritio¬
nal quality (Volk et al. 1984). In S. cristata,
however, the contributions of harpacticoid cope¬
pods to the total gut-content biomass was very
low (< 0.01 % of the total for all samples) due
to their small individual dry weight. Harpacticoid
copepods were likely ingested with the consump¬
tion of large pieces of the algal turf, where phytal
harpacticoid copepods are presumably abundant
(Hicks & Coull 1983, Hicks 1985). Ontogenetic
feeding shifts in fishes are common but have not
been well documented (Toepfer & Fleeger 1995).
They appear to function as adaptations for the
maximization of energy intake during growth and
with changes in resource availability (Villiers
1980, Swenson & McCray, 1996). In S. cristata,
numbers of invertebrate prey decreased and the
utilization of algae increased during growth, a
trend opposite of the life history of many fishes
(Villiers 1980, Grossman 1980, Toepfer & Fleeger
1995, Aarnio et al. 1996). There was no obvious
relationship between the SL of fish and the size
of invertebrate prey ; juveniles more frequently
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ingested a higher percentage of biomass of the
largest prey, mysid shrimp. The adult reliance on
algal food resources may be associated with
morphological constraints associated with a die¬
tary specialization to herbivory or to adult beha¬
viors that require large investments in time (i.e.,
territorial defense in males and females and nest

guarding in males are common in blennies),
minimizing available time for other foraging stra¬
tegies.

An effect of collection site on total invertebrate

gut-content biomass estimates was observed be¬
tween the two study sites. Although St. Andrews
and Destin jetties are situated -100 km apart
from each other, they both support similar algal
and faunal communities (Mobley pers obs). Be¬
cause comparisons were made between the two
jetties six weeks apart from each other, time of
year might explain the differences observed in
invertebrate total gut-content biomass estimates.
Demersal invertebrates are known to vary in space
and time (Metaxas & Scheibling 1994) and it is
possible that prey availability was different at the
two jetties studied due to a variety of environ¬
mental factors (tidal regime, season, etc). No site
effect was observed for total gut-content biomass
which suggests that S. cristata may compensate
for differences in prey availability by consuming
a greater amount of alternative food sources.

Total gut-content biomass estimates were simi¬
lar in collections of males during the day and
females during the day and night, although the
relative proportion of invertebrates and organic
matter (mostly algae) significantly differed. There
was no significant difference between the total
invertebrate biomass of male and female S. cris¬
tata during the day, which suggests that adults of
both sexes ingest the same total amount of food.
During the night, however, invertebrate prey be¬
came more common in the gut contents of female
S. cristata. The high proportions of demersal
invertebrates with known nocturnal foraging be¬
havior (Ohlhorst 1982, Youngbluth 1982, Armo-
nies 1989, Oishi & Saigusa 1999) suggest that
nighttime foraging on invertebrates increases in
female S. cristata. Short-term dietary shifts among
fish predators have been correlated with vertical
movements of planktonic crustaceans (Robertson
& Howard 1978) and may explain this dietary
shift. Grossman et al. (1980) hypothesized bene¬
fits in nighttime feeding include avoidance of
visually-oriented predators and an increase in the
availability of major prey.

Male S. cristata were frequently observed de¬
fending nest sites in barnacle and oyster shells at
the time of collection, and multiple egg clutches
in different stages of development (denoted by
color) within a single nest were common (Mobley
pers obs). Furthermore, Smith (1974) noted an
increase in fidelity of S. cristata males to their

burrows during periods of sexual activity. These
observations suggest that male S. cristata were
rare in night collections in the present study (only
three were collected at night thus rendering gut-
content analysis inconclusive) because of a high
incidence of nest guarding of egg clutches. Males
of many blennies contribute a large portion of
their time to the care of eggs and their defense
from predators, and as a result, experience a
decrease in feeding during the breeding season
(Nursall 1981, Marrano & Nursall 1983, Côte &
Hunte 1989). Although total gut-content biomass
of male S. cristata in this study was not reduced
in day collections compared to that in females,
nest guarding may preclude males from taking
advantage of demersal invertebrates during the
nighttime. If so, food quality in male S. cristata
may well be reduced by its nest-guarding beha¬
vior.
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MORE THAN PREDATOR AND PREY : A REVIEW
OF INTERACTIONS BETWEEN FISH AND CRAYFISH
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ABSTRACT. - Crayfish are a major constituent of benthic invertebrate production
in both lentic and lotie habitats. Crayfish also provide an important food resource
for many fish. Because of their abundance and relatively large body size, the
interactions between fish and crayfish can have profound effects on the rest of
the benthic community. In this paper we will 1) review the well-studied trophic
and ecological relationships between fish and crayfish and 2) posit other potentially
important but less-studied interactions. Fish and crayfish have generally been
viewed as predator-prey. Crayfish are not easy prey for many fish because of their
large size and defensive armor, and a number of studies have shown that the
relative size of fish and crayfish is a major factor affecting the predator-prey
interaction between these species. Crayfish may also compete with small benthic
fish for food and shelter. Further, crayfish have been implicated in the declines
of fish populations due to direct prédation on fish eggs, and crayfish may indirectly
affect fish populations through their destruction of macrophyte beds, which are
important juvenile fish habitats. Many of these more subtle interactions between
fish and crayfish were first observed when exotic species of crayfish were intro¬
duced to a new system (either intentionally or accidentally). More experimental
work and long-term data sets are necessary to discover the importance of these
less-studied interactions between crayfish and fish. Careful consideration should
be given to the multiple pathways of fish-crayfish interactions when managing,
farming, introducing, or studying these aquatic macroconsumers.

POISSONS

ÉCREVISSES
PRÉDATION

BENTHOS

INGÉNIERIE D'UN ÉCOSYSTÈME
COMPÉTITION

RÉSUMÉ. - Les Ecrevisses sont un constituant majeur de la production des
invertébrés benthiques dans les habitats lentiques et lotiques. Elles représentent
aussi une importante ressource nutritive pour nombre de Poissons. En raison de
leur abondance et de la taille relativement élevée de leur corps, les interactions
entre les Poissons et les Ecrevisses peuvent avoir de profonds effets sur le reste
de la communauté benthique. Nous présentons ici 1) une synthèse à propos des
relations trophiques et écologiques déjà bien connues entre les Poissons et les
Ecrevisses, 2) d'autres interactions potentiellement importantes mais moins bien
étudiées. Les Poissons et les Ecrevisses ont été généralement perçus comme
prédateurs-proies. Les Ecrevisses ne sont pas des proies faciles pour de nombreux
Poissons à cause de leur forte taille et de leur armement défensif, et nombre
d'études ont montré que la taille relative Poisson-Ecrevisse est un facteur majeur
affectant l'interaction prédateur-proie entre ces espèces. Les Ecrevisses peuvent
aussi entrer en compétition avec de petits Poissons benthiques pour la nouriture
et l'abri. En outre, elles ont été impliquées dans le déclin des populations de
Poissons en raison de la prédation directe sur les œufs de Poissons qu'elles exercent
et elles peuvent affecter indirectement les populations de Poissons par la destruc¬
tion des herbiers de macrophytes qu'elles provoquent, ces derniers constituant des
habitats importants pour les Poissons juvéniles. Nombre de ces interactions subtiles
entre Poissons et Ecrevisses ont été tout d'abord observées lorsque des espèces
exotiques d'Ecrevisses ont été introduites dans un nouveau système (intentionnel¬
lement ou accidentellement). De nouveaux travaux expérimentaux et des données
à long terme sont nécessaires pour découvrir l'importance de ces interactions
Ecrevisses-Poissons peu étudiées. Une attention particulière devrait être accordée
aux multiples possibilités d'interactions en ce qui concerne l'aménagement, l'éle¬
vage, l'introduction ou les études de ces macro-consommateurs aquatiques.
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Table I. - Annual production (kg/ha/yr) of crayfish and percentage consumed by predatory fish
in four natural systems.

System: lotic/lentic Crayfish Annual Percent of Annual Fish species

Production Production

(kg/ha/yr) consumed by fish

References

Lentic

3 Michigan lakes 17-141.8

Lotie

Missouri stream 415-505

Michigan stream 415

West Virginia stream 70

l-40a Salvelinus fontinalis

33b Ambloplites rupestris and

Microplerus dolomieu

15 Micropterus dolomieu

>35° Ambloplites rupestris

31 Ambloplites rupestris

35 Micropterus dolomieu

10 Pylodictis olivaris

Gowing and Momot 1979

Rabeni 1992

Vannote and Ball 1972

Roell and Orth 1993, Roell

1989 (from Rabeni 1992)

dependent upon fish density,b converted from g dry wt/m2 (from Momot 1995),c estimated value from Vannote and Ball (1972).

INTRODUCTION

Recent research in freshwater systems has do¬
cumented a rich array of ecological interactions
between fish and benthic invertebrates. These
interactions include top-down effects of fish on
benthos; e.g., effects of fish on invertebrate
densities (Diehl 1995, Batzer 1998), invertebrate
size-structure (Mittelbach 1988), species compo¬
sition (Power 1992, McPeek 1990), behaviour
(Wooster & Sih 1995, Lima 1998), and morpho¬
logy (Johansson & Samuelsson 1994). Similarly,
bottom-up effects of benthic invertebrates may
significantly influence fish diets (Crowder &
Cooper 1982), habitat use (Werner et al. 1983a),
growth rates (Diehl & Kornijöw 1998), and abun¬
dances (Mclvor & Odum 1988). In many of these
interactions, body size plays an important role.
For example, most freshwater fish are size-selec¬
tive foragers (Wootton 1990, Gerking 1994), often
feeding preferentially on large invertebrates (Mit-
telbach 1988). Consequently, intense fish préda¬
tion may shift the size-structure of benthic
invertebrate communities towards smaller indivi¬
duals and smaller species (Strayer 1991).

In most cases, fish are much larger than the
benthic invertebrates they feed upon. When this
is true, the relationship between invertebrate size
and fish foraging preference is relatively simple
- bigger is better. Larger invertebrate prey ge¬
nerally provide the highest energetic gain (Mittel-
bach 1981, Persson & Crowder 1998), and fish
growth rates have been shown to be positively
correlated with the abundance of large, benthic
invertebrates (Mittelbach 1988). However, some
benthic invertebrates may reach large enough

sizes, or may be sufficiently well armored, that
larger individuals are no longer vulnerable to most
fish predators. When this is the case, trophic
interactions between fish and benthos become
more complex.

Crayfish (Decopoda) are among the largest
freshwater benthic invertebrates. As they often
dominate benthic invertebrate biomass, crayfish
provide a rich prey resources for some freshwater
fish. Due to their large size and defensive armor,
crayfish are not easy prey for all fish which
complicates the trophic interactions. In this paper,
we first document the importance of crayfish to
benthic invertebrate production in many freshwa¬
ter systems, and the importance of crayfish to the
diets of benthic-feeding fish. We then examine
predator-prey interactions between fish and cray¬
fish. Lastly, we explore some less-well studied
direct and indirect interactions between these two

freshwater macroconsumers.

TROPHIC RELATIONSHIPS

Crayfish are often significant components of
benthic invertebrate production (Rabeni et al.
1995, Momot 1995), and many studies report
crayfish dominating benthic standing stock bio¬
mass (Huryn & Wallace 1987, Griffith et al. 1994,
Momot 1995). Because crayfish are omnivores,
they provide direct links from both primary pro¬
duction and detrital-based food webs to fish
(Vannote & Ball 1972, Rabeni 1992, Roell & Orth
1993). Fish have been shown to be important
consumers of annual crayfish production in many
systems (Table I), and fish prédation may provide
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Table II. - Results of gut content analyses in several freshwater systems where fish were found eating crayfish.

System and location Crayfish Species Fish species Proportion of frequency
diet (wt mass) jn diet"

Lentic

Kansas, USA

Illinois, USA

Manitoba, Can

Michigan, USA*

Manitoba, Can

Michigan, USA

Michigan, USA+

Michigan, USA+

Michigan, USA*

Norway

Kansas, USA

Lotie

Michigan, USA

W. Virginia, USA

Michigan, USA

W. Virginia, USA

W. Virginia, USA

s. England, UK

Orconectes nais

Orconectes virilis

Cambarus sp.

Orconectes virilis

Cambarus sp.

Orconectes virilis

Micropterus salmoides

Micropterus dolumieu

Micropterus dolumieu

Ambloplites rupestris

Stizostedion vitreum

Salvelinus fontinalis

O. virilis, O. propinquus Perca flavescens

Orconectes propinquus Percaflavescens

Orconectes virilis Perca flavescens

Astacus astacus Perca fluviatilis

Orconectes nais Ictaluras melas

Orconectes propinquus

various0

Orconectes propinquus

various'

various0

Asticus pallipes

Micropterus dolumieu

Micropterus dolumieu

Ambloplites rupestris

Ambloplites rupestris

Pylodictis olivaris

Esox lucius

Reference

0.6-0.85 Rickett 1974°

44-49 Ross et al. 1995

0.68 Fedoruk 1966

0.42 Chriscinske et al. unpub. data

0.03 Fedoruk 1966

10-70 Gowing and Momot 1979

0.45 Quinn and Janssen 1989

2-60 Wells 1980

0.3 Chriscinske et al. unpub. data

0.93 Dehli 1981

0-0.16 Rickett 1974b

0.97 Vannote and Ball 1972

60-85 Roell and Orth 1993

0.66 Vannote and Ball 1972

55-80 Roell and Orth 1993

70-95 Roell and Orth 1993

<0.1 Mann 1976

proportion of fish found with at least one crayfish in their gut contents (empty stomachs excluded when possible), experimental ponds stocked
with fish and crayfish.0 mixed diets of Orconectes sanbornii, Orconectes virilis, and Cambarus sciotensis. * Lake Michigan Lake Huron

top-down control on crayfish densities. For
example, Mather & Stein (1993) and Lodge &
Hill (1994) found a significant inverse rela¬
tionship between densities of predaceous fish and
crayfish. Svärdson (1972) further showed that in
Sweden, where eels (Anguilla anguilla) and cray¬
fish (Astacus astacus) are largely allopatric, that
the introduction of eels generally leads to the local
extermination of crayfish. Largemouth bass (Mi¬
cropterus salmoides) have also been shown to
significantly reduce or eliminate crayfish from
aquaculture ponds (0.04-1 ha) (Rickett 1974, Taub
1972). In contrast to the above studies, Gowing
& Momot (1979) concluded that prédation by
brook trout (Salvelinus fontanilis) had little con¬
trol of crayfish production in an inland Michigan
(USA) lake. However, due to gape limitation,
brook trout in this study were only able to feed
upon juvenile crayfish, limiting their ability to
control crayfish numbers. Additional long-term
experimental studies using natural densities of
crayfish and their predators are needed to deter¬
mine the extent of "top-down" influences on
crayfish abundances.

The importance of crayfish in diets of several
fish species is summarized in Table II. Some fish

species feed heavily on crayfish (e.g., smallmouth
bass, Micropterus dolumieu, rock bass, Amblo¬
plites rupestris, and flathead catfish, Pylodictis
olivaris), while other fish are more opportunistic
and consume crayfish infrequently (e.g., walleye,
Stizostedion vitreum, black bullhead, Ictalurus
melas, northern pike, Esox lucius). Small, gape-
limited fish or fully-pelagic fish, are likely to feed
on only the smallest crayfish.

The importance of crayfish in fish diets increa¬
ses with fish age and size. In general, YOY
(young of the year) fish rarely consume crayfish
due to limitations in fish mouth gape (Roell &
Orth 1993, Rabeni 1992). For those fish species
that feed extensively on crayfish, the percentage
of crayfish in the diet increases during ontogeny
(Keast 1977, Dehli 1981, Roell & Orth 1993).
These ontogenetic diet shifts are due to changes
in the relative vulnerability of crayfish as fish size
increases (Stein 1977). The proportion of crayfish
in a species' diet may also vary widely among
systems (Table II). For example, Gowing & Mo¬
mot (1979) found that trout from lakes with high
trout stocking densities consumed more crayfish
than trout stocked into lakes at low density. Wells
(1980) found that perch foraging over rocky
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Fig. 1. - Hypothetical relationship between crayfish size (10-30 mm CL), substrate size,
and vulnerability to fish prédation.

substrate in Lake Michigan utilized crayfish to a
greater degree than perch foraging over sandy
bottoms. Crayfish are generally more common in
rocky substrate (Janssen & Quinn 1985, Kershner
& Lodge 1995) and therefore perch may consume
crayfish in proportion to their abundance. Ward
& Neumann (1998) suggested that largemouth
bass consumption of crayfish changes with sea¬
sons (most eaten during summer-fall), and that
bass consume more crayfish in systems where
forage fish are scarce. Seasonal variation in ave¬
rage crayfish size and molting stage also affects
their vulnerability to fish prédation. Most crayfish
molt 1-3 times per growing season. Following a
molt, even a large crayfish can be extremely
vulnerable to prédation (Stein 1977). Below we
consider in more detail the factors that influence
the predator-prey interaction between fish and
crayfish.

TRADITIONAL PREDATOR-PREY
STUDIES

Effects of body size and substrate

A number of studies have examined interac¬
tions between predatory fish and their crayfish
prey. Stein & Magnuson (1976) and Stein (1977)
report a series of experiments in which small-
mouth bass preyed upon crayfish (Orconectes
propinquus). In these experiments, crayfish size
was inversely related to feeding preference with
the smallest crayfish eaten first. Reproductive
(Fl) males and gravid females were the least

vulnerable life stages, while recently molted cray¬
fish were the most vulnerable. Stein (1977) also
found that the interaction between fish and cray¬
fish size was influenced by substrate size. If we
assume that absolute vulnerability to fish préda¬
tion cannot increase above that experienced on
bare sand, we can hypothesize the interaction
between crayfish size and substrate size looks
something like Fig. 1. At small substrate sizes
(sand), small crayfish have the highest vulnerabi¬
lity to prédation. When substrate (rock) size
increases to a threshold value, the smallest cray¬
fish (10 mm) experience a refuge from prédation
by using the substrate as shelter. Consequently,
intermediate-sized crayfish (20 mm) are most
vulnerable and eaten first. As substrate size in¬
creases still further, a greater number of these
intermediate size crayfish can utilize the substrate.
Large crayfish (30 mm) can utilize only large
rocks for shelter but maintain relatively low
vulnerability regardless of the substrate size. Al¬
though this relationship is consistent with experi¬
mental evidence in gravel bottom pools, the ability
of crayfish to burrow in soft sediments or clay
may change the interaction substantially (see Vor-
burger & Ribi 1999).

Effects of fish on crayfish behaviours

In the presence of predatory fish, crayfish alter
their microdistributions (Stein 1977, Hill & Lodge
1994) and activity levels (Stein & Magnuson
1976, Resetarits 1991). Field studies and experi¬
ments indicate crayfish use more cobble habitat
(or otherwise structured habitat) and use less open
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sand in the presence of predaceous fish (Stein &
Magnuson 1976, Stein 1977, Hill & Lodge 1994,
Lodge & Hill 1994, Kershner & Lodge 1995,
Mather & Stein 1993). In the absence of predatory
fish, crayfish tend to prefer the substrate which
provides the greatest food availability, while in
the presence of predators crayfish prefer substrate
with the most available refuge (Hill & Lodge
1994). Regardless of the presence of fish preda¬
tors, crayfish become more evenly distributed
across sand, cobble, and macrophyte habitats at
night (Hill & Lodge 1994).

Crayfish foraging activity is generally suppres¬
sed in the presence of predatory fish (Stein &
Magnuson 1976, Resetarits 1991), while chelae
displays and other behaviours reducing vulnerabi¬
lity increase (Stein & Magnuson 1976). Crayfish
with large chelae (males) seem to be affected least
by the presence of fish predators (Stein 1977,
Stein & Magnuson 1976). Blake & Hart (1993)
studied the effects of chemical and visual predator
cues on crayfish activity levels. Crayfish (Pad-
fasticus leniusculus) given chemical stimuli of
either perch (Perca fluviatilis) or eels (Anguilla
anguilla) reduced activity levels during both night
and day periods. When given visual stimuli wi¬
thout prior chemical cues, crayfish only changed
behavioural patterns during the day. Hamrin
(1987) also found that patterns of crayfish diel
activity levels were altered by the presence of fish
predators. However, in Hamrin's study, total cray¬
fish activity actually increased in the presence of
crepuscular fish predators. Hamrin's (1987) result
runs counter to the findings of Stein & Magnuson
(1976), Resetarits (1991), and Blake & Hart
(1993). This result was probably due to predatory
treatments that did not involve both visual and
chemical cues. In the predator treatments, perch
were placed in plexiglass tubes, which likely
limited the chemical signals necessary for crayfish
to alter (decrease) nighttime activity levels. In
summary, the presence of predatory fish has
negative effects on crayfish activity levels. Fur¬
ther, these reductions in activity have been shown
to have significant negative effects on crayfish
growth rates (Resetarits 1991, Hill & Lodge
1998). In addition, Hill & Lodge (1995) found
increased macrophyte and macroinvertebrate den¬
sities in mesocosms where crayfish experienced
the presence of bass.

Crayfish species are differentially susceptible
to fish prédation (Didonato & Lodge 1993, Gar-
vey et al. 1994), and fish prédation may facilitate
invasions by exotic crayfish species (Hill & Lodge
1998, Söderbäck 1994). For example, in northern
Wisconsin (USA) Orconectes rusticus (the rusty
crayfish) has invaded lakes previously occupied
by two congeners (O. propinquus and O. virilis)
(Olsen et al. 1991, Hobbs et al. 1989). O. rusticus
has excluded the native crayfish in these lakes

and the evidence suggests that fish prédation is a
significant mechanism involved in the replace¬
ment of the native crayfish species by O. rusticus
(Didonato & Lodge 1993, Garvey et al. 1994,
Hobbs et al. 1989, Hill & Lodge 1998). In mixed
species assemblages, O. rusticus are more suc¬
cessful at obtaining available shelters and are
relatively less vulnerable to fish prédation in open
sand (Garvey et al. 1994). As a result, bass
selectively feed on the exposed and relatively
more vulnerable O. virilis and O. propinquus,
while O. rusticus are avoided (and thereby per¬
sist). Overall, O. rusticus is able to maintain
higher growth and lower mortality than the two
native Orconectes in the presence of predaceous
fish (Hill & Lodge 1998). This example is likely
analogous to the replacement of Astacus astacus
by the introduced Pacifasticus leniusculus in
Swedish lakes where the data indicates preferen¬
tial perch prédation on the native A. astacus
(Söderbäck 1994).

INTERACTIONS BETWEEN CRAYFISH
AND SMALL BENTHIC FISH

Although small benthic fish like sculpins (Eu¬
ropean bullheads -Cottus spp.) or darters (Etheos-
toma spp.) are generally too small to feed on
crayfish, these fish species share common adult
sizes, food resources, and predators with crayfish.
Therefore, crayfish and smaller benthic fish may
interact competitively. However, these interac¬
tions are less well-studied than the standard pre¬
dator-prey interactions of fish and crayfish.
Studies of interactions between small benthic fish
and crayfish include competition for limited shel¬
ters (Guan & Wiles 1997), competition for food
(Miller et al. 1992), behavioral interactions in the
presence of predators (McNeely et al. 1990), and
combinations of these interactions (Rahel & Stein
1988, Wojdak & Miner unpubl manuscr).

In studies of competition for shelters, the
results are mixed and dependent upon the species
of fish and crayfish studied. Guan & Wiles (1997)
found significant competition for shelter between
the introduced crayfish Pacifasticus leniusculus
and two benthic fish (Cottus sp. and, Neomacheilus
sp.) in a British lowland river. In laboratory
experiments, crayfish excluded fish from shelters,
and field surveys showed inverse correlations
between fish and crayfish abundances (Guan &
Wiles 1997). Rahel & Stein (1988) found similar
results with darters (Etheostoma sp.) and the
crayfish O. rusticus. In the laboratory, crayfish
evicted darters from shelters and caused them to

increase overall activity ; this increased darter
susceptibility to smallmouth bass prédation. Wo¬
jdak and Miner (unpubl manuscr) found that an
introduced fish species, the round goby (Neogo-



234 DORN N.J., MITTELBACH G.G.

bius melanostomus) had the opposite effect on
crayfish (Orconectes rusticus). In laboratory ex¬
periments, gobies competitively excluded crayfish
from shelters and exposed the crayfish to increa¬
sed bass prédation. Thus, results of competition
for shelter seem dependent upon the specific pair
of species under study.

McNeely et al. (1990) found a complex beha¬
vioral interaction between O. putnami and the
mottled sculpin (C. bairdi). In the presence of bass
and crayfish, sculpins experienced less prédation.
This interaction involved a change in predator-
avoidance behavior by the sculpin, dependent
upon crayfish presence or absence. When crayfish
were absent the sculpin utilized few shelters and
employed a stationary behavior to avoid predator
detection. In the presence of crayfish, sculpin
increased use of shelter to avoid prédation. The
crayfish in this study were relatively invulnerable
to prédation and did not alter shelter use depend¬
ent upon bass presence or absence. However, the
increased benthic activity of crayfish was thought
to « draw the attention of the bass away from the
sculpin » (McNeely et al. 1990).

Crayfish and equivalent-sized small benthic fish
share common predators and shelters. From the above
studies it is clear that competitive outcomes for
common réfugia are less than predictable. Complex
behavioral interactions and agonistic exclusions
act to make the outcomes of these interactions

specific to particular fish-crayfish pairs. If intro¬
duced species of benthic fish and crayfish com¬
petitively exclude natives, this could lead to
restructuring of the benthic food web as carnivo¬
rous benthic fish and omnivorous crayfish replace
each other. Competition between benthic fish and
crayfish for common food resources is a virtually
unstudied area that deserves future research.

Trophic energy transfer, predator-prey interac¬
tions, and competition are the most obvious ways
which fish and crayfish may interact. However,
there are a number of other potential pathways by
which fish and crayfish populations may be lin¬
ked. In the next section, we outline a few of the
more subtle interactions that may occur between
fish and crayfish. Much of the impetus for this
section comes from studies that have examined
the effects of exotic crayfish introductions (Hobbs
et al. 1989) which have led to many insights about
the roles of crayfish in freshwater communities
(Lodge et al. 1998).

POTENTIAL NEGATIVE EFFECTS
OF CRAYFISH ON FISH

Egg prédation

In some northern Wisconsin lakes (USA), the
decline of gamefish populations has been attribu¬

ted to the invasion of the exotic crayfish O.
rusticus (Hobbs et al. 1989). Egg prédation has
been proposed as one mechanism causing declines
in bass, other sunfish (Centrarchidae), walleye,
and lake trout (Salvelinus namaycush). Observa¬
tions indicate that sunfish only nest in areas where
O. rusticus have been experimentally removed
(Wilson, University of Wisconsin, Madison, USA
pers comm). In experiments, crayfish (Orconectes
spp.) ate lake trout eggs (Savino & Miller 1991,
Horns & Magnuson 1981), and rates of egg-pre-
dation ranged from 2-5 eggs/crayfish/day, depen¬
ding upon temperature, substrate, and crayfish
species. Given this rate of prédation, Savino &
Miller (1991) concluded that prédation by crayfish
on lake trout eggs will only be important over a
restricted set of conditions ; high crayfish density
and/or low egg density within cobble habitat.

The potential for crayfish to consume the eggs
of warmwater fish may be greater. Bass and
sunfish spawn at much warmer temperatures than
lake trout, and Horns & Magnuson (1981) have
shown that the rate of egg consumption by cray¬
fish increases with temperature. Further, most
bass and sunfish concentrate their eggs in shallow,
littoral zone nests, which may make them more
vulnerable to crayfish prédation than the widely
scattered eggs of trout or walleye. If crayfish can
infiltrate these nests and/or feed unnoticed at

night, egg prédation on warmwater gamefish may
be significant.

Destruction of macrophyte beds and effects
on fish recruitment

Macrophytes are known to disappear in the
presence of crayfish (Feminella & Resh 1989,
Matthews & Reynolds 1992, Lodge et al. 1994,
Olsen et al. 1991, Chambers et al. 1990). Some
of the macrophyte destruction is due to active
crayfish feeding, while a substantial amount is
apparently due to non-consumptive fragmentation
(Lodge & Lorman 1987, Olsen et al. 1991). In
this manner, crayfish may be viewed as ecosystem
engineers - modifying the structural complexity
of littoral zones through non-consumptive means
(Lawton 1994, Jones et al. 1994).

For many fish species, macrophyte beds serve
as important juvenile habitat (Mittelbach 1981).
Dense stands of littoral-zone macrophytes provide
shelter from predatory fish (Werner et al. 1983b),
and also provide a source of vegetation-dwelling
invertebrate prey (Osenberg & Mittelbach 1989,
Persson & Greenberg 1990). Complex structural
habitats (macrophyte beds) decrease the efficiency
of piscivorous fish (Persson & Crowder 1998),
affording protection for growing juvenile fish.
When juveniles of different fish species take
advantage of this littoral vegetated habitat, com-
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petition may occur (Mittelbach 1984, 1988). If
macrophyte beds shrink following crayfish intro¬
ductions, competition between juvenile fish for
the remaining macrophyte refuge or associated
invertebrate prey may increase. A loss of vegeta¬
ted habitat may also lead to changes in competi¬
tive advantage between fish species (Persson
1991).

When exotic crayfish species such as O. rusti-
cus and Procambarus clarki were introduced to

water bodies, large losses in macrophytes were
observed (Lodge & Lorman 1987, Lodge et al.
1994, Feminella & Resh 1989). Additional studies
of P. leniusculus and O. virilis in Sweden and
Canada respectively, support the hypothesis that
exotic crayfish species will have large effects on
macrophyte biomass, species richness, and asso¬
ciated invertebrate community structure/abun¬
dance when introduced (Nyström & Strand 1996,
Chambers et al. 1990, Hanson & Chambers 1995).
The links between macrophyte losses and effects
on fish recruitment are logically sound, yet remain
unexplored.

CONCLUSIONS

Fish and crayfish have traditionally been vie¬
wed as predator and prey. Recent studies, how¬
ever, document a wealth of potential interactions
between these macroconsumers. Many of these
interactions were first observed when an exotic

species of crayfish entered a system. Although
predatory fish generally suppress crayfish activity,
growth, and population densities, there are a
number of examples where fish have been shown
to have much smaller impacts on exotic crayfish.
In one well-documented example, fish were found
to accelerate the rate at which the exotic crayfish,
O. rusticus, invades new lakes (Hill & Lodge
1998).

Although conclusive data is lacking, introduced
benthic fish (eg., gobies) and crayfish (P. lenius¬
culus), may competitively exclude native fish and
crayfish with potentially important consequences
for structuring of benthic food webs. Future work
in this area should 1) investigate the invasion
ecology and competitive arenas between benthic
fish and crayfish, and 2) examine the trophic
effects of swapping carnivorous benthic fish and
omnivorous crayfish in benthic food webs.

While most studies have focused on the preda¬
tory effects of fish on crayfish, there are a number
of ways in which crayfish may negatively effect
or control fish production. For example, crayfish
eat fish eggs, and warmwater fish species may be
especially vulnerable to crayfish egg prédation.
Crayfish also destroy macrophytes, which in turn

reduce important habitat for juvenile fish (Mittel-
bach 1984, Persson & Crowder 1998). Future
research in these areas should concentrate on the

consequences of egg prédation and macrophyte
destruction (ecosystem engineering) for warmwa¬
ter fish production. Between species differences
in egg prédation and macrophyte destruction
should be examined to highlight potential conse¬
quences of crayfish introductions. Understanding
the mechanisms of interaction between fish and

crayfish is crucial if we are to be able to predict
the consequences of species introductions, both
intentional and accidental (Lodge et al. 1998).
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ABSTRACT. - Manipulative experiments using patches of artificial seagrass were
set up at two temperate Australian locations in order to identify whether inverte¬
brates were principally attracted to the structural features of seagrass habitats or
to high levels of associated food production. Faunal responses to different treat¬
ments were largely consistent at the two sites. Number of species, abundance,
biomass and productivity of invertebrates were all overwhelmingly influenced by
the addition of surface debris to treatments, whereas the presence of artificial
seagrass leaves produced little response. Total invertebrate numbers were negati¬
vely affected by the presence of buried seagrass material, and nematodes were
negatively affected by reduction in quantity of fine organic particles amongst
sediment. Invertebrate communities were therefore inferred to be primarily struc¬
tured by food availability, particularly food in the form of seagrass debris for
epifauna and fine organic particles for infaunal nematodes, and to show little direct
dependence on structural characteristics of seagrass beds.

RÉSUMÉ. - Des expériences utilisant des blocs d'herbier artificiel ont été con¬
duites sur deux sites australiens afin de détecter si les invertébrés sont attirés

principalement par les aspects structuraux des habitats de l'herbier ou par les
niveaux élevés de production de nourriture associée. Les réponses de la faune aux
différents traitements sont tout à fait similaires dans les deux sites. Le nombre
d'espèces, l'abondance, la biomasse et la production des invertébrés sont totale¬
ment influencés par l'addition de débris de surface, tandis que la présence des
feuilles de l'herbier artificiel ne produit qu'une faible réponse. Les nombres totaux
d'invertébrés sont affectés négativement par la présence du matériel enfoui de
l'herbier, et les Nématodes sont influencés négativement par la diminution de la
quantité de particules organiques fines au sein des sédiments. Les communautés
d'invertébrés doivent donc être considérées comme étant structurées tout d'abord
par les disponibilités en nourriture, particulièrement la nourriture sous forme de
débris d'herbier pour l'épifaune et la matière organique particulaire fine pour les
Nématodes des sédiments, et elles ne dépendent que peu directement des caracté¬
ristiques structurales des herbiers.
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INTRODUCTION

One of the longest-running debates amongst
benthic ecologists has concerned the structural
versus trophic importance of seagrass beds.
Seagrass habitats are well known to support
enhanced species richness, abundance and produc¬
tivity of faunas compared to unvegetated habitats
in their near vicinity (Homziak et al. 1982, Edgar
1990b, Fonseca et al. 1990, Heck et al. 1995).
What is not clearly known is whether animals are
disproportionately attracted to seagrass beds be¬

cause of structural elements of the beds, particu¬
larly the value ieaves provide as refuges from
prédation (see Orth et al. 1984, Leber 1985), or
because of enhanced primary productivity that
flows through the secondary food web. The pri¬
mary productivity of seagrass beds, due in large
part to the productivity of epiphytes, is generally
several times higher than adjacent unvegetated
habitats (Moncrieff et al. 1992).

The best way to address the question of whether
animals respond directly to the shelter of seagras-
ses or to the high productivity of food organisms
is to compare abundances of animals in habitats
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with shelter but minimal food with abundances of
animals in habitats with food but minimal shelter.
Such comparisons need to be made using mani¬
pulative experimentation to avoid confounding
caused by intrinsic differences between different
areas. The results of such experiments are descri¬
bed here. Logistical difficulties made it impossi¬
ble to reduce the food value of natural seagrass
beds, hence the experiments involved patches of
artificial seagrass ('artificial seagrass units' or
ASUs; Bell & Westoby 1985). Variation in the
level of associated food was achieved by the
addition of seagrass debris and organic-rich sedi¬
ment. Epifaunal invertebrates were expected to be
rapidly attracted to treatments with debris (Edgar
1990b), while infaunal invertebrates were expec¬
ted to respond to organic enrichment (Spies et al.
1988).

In order to determine if similar trends occurred
over a wide geographic area, manipulative expe¬
riments were conducted at two southeastern Aus¬
tralian sites separated by a distance of 600 km.
Emphasis during the study was placed on varia¬
tion in faunal productivity because this variable
was considered to best reflect community proces¬
ses, including total community respiration and
consumption as well as production (Edgar 1990a
1993, Edgar & Shaw 1995). By contrast, total
abundance and biomass of assemblages were con¬
sidered biased by patterns amongst the dominant
one or two species only. Results for total abun¬
dance and biomass are, however, provided here
to allow comparison with other studies.

Data relating to the seagrass manipulation ex¬
periments have been subdivided into meiofau-
nal/macrofaunal and epibenthic components, as
collected using sediment corer and net, respecti¬
vely. Results for epibenthos (fishes, decapods and
cephalopods) are described in an associated paper
(Edgar 1999). The subdivision between faunal
groups was considered worthwhile because of
different trophic affinities of the two groups, and
different responses shown to seagrass structure.
Meiofaunal and macrofaunal species largely con¬
sume algae, protists and bacteria, and hence are
secondary producers reliant directly on primary
production. Megafaunal species, on the other
hand, are tertiary producers with diets consisting
largely of meiofaunal and macrofaunal invertebra¬
tes.

METHODS

Experiments utilising artificially-constructed
seagrass patches were set out at two Australian sites -

Cowes Bank, Western Port, Victoria (38°27'S
145°17'E), and Cloudy Bay Lagoon, Bruny Island, Tas¬
mania (43°26'S 147°13'E). Artificial seagrass units

(ASUs) used in experiments were constructed by tying
200 clumps of green polypropylene ribbon (5 mm
width) to squares of trawl netting with 1.42 m sides.
Each clump contained 16 artificial seagrass 'leaves',
with each leaf 700 mm long. Thus, each 2 m2 ASU
contained 3,200 leaves with a total surface area of
22.4 m2. The edge of the ASU was attached to a heavy
surrounding chain so that it remained weighted to the
seabed. When placed on site, » 8 wire pegs were pushed
into the substratum through the mesh in order to provide
additional anchorage.

The initial Western Port experiment was located in
an area of well-sorted sand, approximately 50 m from
the Cowes Bank site used for routine seasonal sampling
(Edgar et al. 1994). A total of 32 ASUs were deployed
at ~ 0.1 m above low water mark around low tide over

two succeeding nights (1-2 Oct. 1991). The experiment
was set out during extreme spring tides, with ASUs not
emergent during the remainder of the monthly lunar
cycle. Tides at the site occur semi-diurnally, with an
average range of = 2.5 m.

Three factors (artificial seagrass addition, seagrass
debris addition, sediment enrichment) were manipulated
in experiments using a balanced design, with each of
the eight treatment combinations replicated four times.
An additional set of four control samples were collected
from areas of seabed interspersed amongst ASUs that
were marked for sampling but left undisturbed. Indivi¬
dual ASUs and control plots were placed = 3 m apart
in an array extending over an area 28 m x 15 m, with
different treatments sited randomly.

ASUs lacking artificial seagrass contained the base
netting and chain but lacked artificial leaves. ASUs
with added seagrass debris contained 10 kg (wet
weight) dead seagrass leaves which had been harvested
the previous day and left soaking overnight in freshwa¬
ter to kill associated fauna. This debris was placed
underneath the ASUs before they were pegged to the
substratum. ASUs with organic enrichment were set out
the same way as ASUs with added seagrass debris;
however, the debris was buried = 50 mm deep rather
than placed on the sediment surface. To maintain a
consistent level of disturbance at all sites, ASU sites
without sediment enrichment (but not control plots)
were dug up and refilled with sand in the same way as
sites with sediment enrichment.

Invertebrate colonization of ASUs was monitored at

Western Port by collecting core samples and clumps of
artificial seagrass leaves 2, 8, 24 and 35 days after the
commencement of the experiment. Core samples were
obtained by pushing 50 mm diameter cores (Edgar et
al. 1994) through the sediment to a depth of 100 mm,
and extracting the sediment core and associated
seagrass debris and animals. On the final sampling date
(i.e., day 35), above-ground debris was separately re¬
moved for faunal analysis by collecting debris from a
0.01 m2 quadrat within the ASU, followed by the re¬
moval of a sediment core from the centre of the quadrat.
The larger debris quadrats were taken to adequately
characterise macrofauna associated with debris ; these
samples were processed over a 500 pm sieve rather than
the 125 pm sieve used for all other samples. 'Leaf
samples were also obtained by removing two clumps
of artificial seagrass from each ASU, and placing these
with associated animals into a plastic bag.
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After preservation using formalin and return to the
laboratory, invertebrates were extracted by washing
samples through a stacked series of sieves (described
in Edgar et al. 1994). Core samples and 'leaf' samples
were analysed using 0.125, 0.177, 0.250, 0.355, 0.5,
0.71, 1, 1.42, 2.8, 4, 5.6 and 8 mm sieves; seagrass
debris material was analysed using 0.5, 0.71, 1, 1.4, 2,
2.8, 4, 5.6 and 8 mm sieves. Material retained on each
sieve was sorted under a dissecting microscope and
animals counted after separation into species groups.
Due to sorting time constraints, only three of the four
replicate cores for each treatment were examined.

Calculations of faunal biomass and estimated faunal

productivity of samples were made using numbers of
animals in each sieve size-class and the protocols des¬
cribed by Edgar (1990a) and Edgar et al. (1994). Ana¬
lysis of data < 0.5 mm sieve size required extrapolation
of equations presented in Edgar (1990a), hence should
be treated with considerable caution. The mean water

temperature at the time of sampling was 15 °C ; how¬
ever, estimated productivity (P20) was calculated assu¬
ming a temperature of 20 °C to maintain consistency
with results of associated studies (Edgar et al. 1994,
Edgar & Shaw 1995). Particle size-distribution of se¬
diments was determined by weighing sediments collec¬
ted on each sieve after drying at 60 °C for two days,
and again after ashing at 550 °C for 2 hours (see Edgar
et al. 1994).

The second experiment was conducted in a small
(6.1 km2) marine estuary, Cloudy Bay Lagoon, connec¬
ted by a 100 m wide 5 m deep channel to the Tasman
Sea. Tidal range in the lagoon was = 0.7 m. Salinity
records obtained at the site indicated a low salinity
range (33.0-35.3 %c). Two of the three factors manipu¬
lated - artificial seagrass addition and surface seagrass
debris addition - were the same as for the Western Port

experiment. However, rather than increasing the organic
content of sediments, the third (sand addition) factor
involved reducing organic load by mixing clean beach
sand with little organic content into lagoon sediments.
The imported sand was collected from a nearby ocean
beach.

Sand patches on which ASUs were deployed and
treated by first placing 2 m (length) x 2 m (width) x
0.6 m (height) square metal collars onto shallow seabed
(= 0.2 m depth) at low tide, and then digging out sand
to a depth of 100 mm. Sediments in sand addition
treatments were returned with ~ 50 % clean sand from
the ocean beach ; sediments in other patches were re¬
turned without imported sediment.

ASUs at Cloudy Lagoon were deployed on 29 March
1992. Three replicates for each treatment combination
were used, giving a total of 24 ASUs deployed, and a
further three undisturbed control areas were intersper¬
sed within the experimental array. Samples were col¬
lected at the conclusion of the experiment on 20 April
1992. Cores and artificial seagrass 'leaves' were col¬
lected and sorted for meiofauna and macrofauna using
the same methods described for Western Port. Seagrass
debris was collected using corer rather than separate
quadrat, and time series data were not collected during
the Cloudy Bay Lagoon experiment.

Faunas associated with experimental units were com¬
pared with natural faunas by collecting five replicate
50 mm diameter cores from adjacent (< 200 m distant)
seagrass beds, and also from nearby unvegetated sand

Table I. - Results of three-way ANOVAs using data
on proportion of organic particles < 63 pm in core
sediments obtained from ASUs subjected to different
treatments at Western Port and Cloudy Bay Lagoon.

Western Port

Effect DF MS F P

Seagrass (S) 1 128.8 1.41 0.252

Above-ground debris (D) 1 88.9 0.97 0.338

Below-ground debris (B) 1 7.6 0.08 0.777

S*D 1 129.6 1.42 0.251

S*B 1 25.6 0.28 0.603

D*B 1 1.2 0.01 0.911

S*D*B 1 26.9 0.30 0.594

Error 1 6 91.2

Cloudy Bay Lagoon
Effect DF MS F P

Seagrass (S) 1 1.5 0.04 0.853

Debris (D) 1 641.1 15.40 0.001

Sand (A) 1 276.0 6.63 0.020

S*D 1 62.1 1.49 0.240

S*A 1 22.1 0.53 0.477

D*A 1 118.4 2.85 0.111

S*D*A 1 0.3 0.01 0.934

Error 1 6 41.6

habitats, on 20 April 1992 (described in Edgar & Shaw
1995). Invertebrates were extracted and enumerated
using the same procedures as for ASU cores.

RESULTS

Sediments

Western Port ASUs were located on a mud
bank overlain with a mobile veneer of well-sorted

sand, with sand moving amongst experimental
plots during the study. Patchiness in sand move¬
ment resulted in relatively high variation in sedi¬
ment particles-size variables between replicate
plots. No significant differences between treat¬
ments (a = 0.05) were detected for any sediment
variable investigated (proportion of organic parti¬
cles < 63 pm shown in Table I and Fig. 1 ; median
particle size, proportion < 63 pm, organic content
also examined).

By contrast, substantial differences in sediment
variables were found between treatments in the

Cloudy Bay Lagoon experiment. Significant in¬
creases in the organic content (3-way ANOVA;
DF = 1/16, F = 44.72, P < 0.001) and silt/clay
fraction (DF = 1/16, F = 7.41, P = 0.015) of
sediments were detected for the debris addition
treatment. Treatment effects were most evident
when proportion of fine (< 63 pm) organic parti¬
cles was examined (Fig. 1, Table I). Debris
addition resulted in a significant twofold increase
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Fig 1. - Mean percentage of sediments (± SE) consis¬
ting of fine organic particles in different ASU treat¬
ments and control plots at Western Port and Cloudy
Bay Lagoon.

and sand addition resulted in a significant twofold
decline in the proportion of fine organic particles.
No significant interactions were found between
treatment combinations for sediment variables.

Species richness

The number of species collected in 50 mm
diameter sediment cores at Western Port did not

vary significantly between treatments after 35
days once above-ground seagrass debris had been
removed (Table II). Neither the presence of arti¬
ficial seagrass nor the presence of below ground
seagrass debris affected species richness. After 24
days, a date when above-ground seagrass debris
was included in core samples, the number of
species associated with above-ground debris ad¬
dition cores was significantly higher than treat¬
ments lacking such debris (Table II). The number
of macrofaunal species gradually rose from = 9
species per core at the start of the experiment and
in controls to = 15 species per debris-addition
core after 24 days (Fig. 2). Species richness
apparently continued to rapidly increase because
a mean of 33 species were associated with debris
samples collected using the 0.01 m2 quadrats after
35 days. Analysis of data on the number of
species collected in debris quadrat samples after
35 days revealed no significant effects of artificial
seagrass or below-ground debris addition treat¬
ments (P < 0.1 for treatment and interaction
F-tests in two-way ANOVA).

At the conclusion of the Cloudy Bay Lagoon
experiment, a mean of 29 macrofaunal species
were associated with debris-addition cores, com¬

pared to ~ 9 species in cores lacking debris

Table II. - Results of three-way ANOVAs using data
on number of macroinvertebrate species > 0.5 mm sieve
size collected by core from ASUs subjected to different
treatments at Western Port. Above-ground debris was
removed from cores collected after 35 days just prior
to coring.

Western Port

35 days 24 days

Effect DF MS F P MS F P

Seagrass (S) 1 13.50 1.60 0.225 8.17 0.62 0.442

Above-ground debris (D) 1 8.17 0.97 0.340 294.00 22.33 0.000

Below-ground debris (B) 1 10.67 1.26 0.278 48.17 3.66 0.074

S*D 1 16.67 1.97 0.180 48.17 3.66 0.074

S*B 1 4.17 0.49 0.493 2.67 0.20 0.659

D*B 1 20.17 2.38 0.142 1.50 0.11 0.740

S*D*B 1 32.67 3.86 0.067 6.00 0.46 0.509

Error 16 8.46 13.17

(Fig. 2). As at Western Port, most of the variation
in species richness between cores was attributable
to the highly-significant elevation in species
richness for debris-addition cores, and other treat¬
ments and treatment interactions showed no signi¬
ficant effects (Table III).

Two-way ANOVAs using data on the number
of species associated with artificial seagrass lea¬
ves showed no significant effect of above- or
below-ground debris addition at Western Port or
debris or sand addition at Cloudy Bay Lagoon.
The number of species collected on artificial
seagrass leaves also was not significantly different
between the two study areas (x = 18.9 at Western
Port, x - 19.7 at Cloudy Bay Lagoon; P < 0.1
for all treatments and interactions in 3-way ANO¬
VA). Thus, the presence of artificial seagrass
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Fig 2. - Mean number (± SE) of macrofaunal species
(> 0.5 mm sieve size) collected per 50 mm diameter
core in ASU treatments with surface debris added,
treatments lacking debris and control plots at Western
Port at different times. Data for Cloudy Bay Lagoon
are also shown.
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Table III. - Results of three-way ANOVAs using data
on number of macroinvertebrate species > 0.5 mm sieve
size collected by core from ASUs subjected to different
treatments at Cloudy Bay Lagoon after 32 days.

Effect DF MS F P

Seagrass (S) 1 0.04 0.00 0.964

Debris (D) 1 2223.37 110.48 0.000

Sand (A) 1 18.37 0.91 0.354

S*D 1 12.04 0.60 0.450

S*A 1 0.04 0.00 0.964

D*A 1 40.04 1.99 0.178

S*D*A 1 100.04 4.97 0.040

Error 16 20.125

leaves did not affect the species richness of
invertebrates amongst seagrass debris or sedi¬
ments, and the presence of seagrass debris did not
affect the species richness of invertebrates
amongst artificial seagrass leaves.

Abundance, biomass and productivity
of assemblages

At the conclusion of the experiment, total
abundance of invertebrates collected in cores at

Cloudy Bay Lagoon had increased significantly

(P < 0.001 ; Table IV) over a fivefold range in
debris addition treatments (Fig. 3), whereas no
significant change was detected in abundance for
ASUs in the Western Port experiment after 24
days (Table IV). The invertebrate fauna at Wes¬
tern Port was, however, negatively affected by the
presence of below-ground debris (Table IV), with
a mean abundance of 744 in treatments with
below-ground debris added compared with 1084
in other treatments after 24 days. This relationship
was confirmed in analysis of data using the
ANOVA design described in Table IV for cores
collected after 35 days with surface debris remo¬
ved. A significant decline (P = 0.005) in abun¬
dance of invertebrates was again associated with
below-ground debris addition, and no other treat¬
ments or interactions were found to be significant
(P > 0.2 for all F-tests). Data collected at Western
Port after 2 days and subjected to the same
analysis showed non-significant differences be¬
tween all treatments and interactions (P > 0.1 for
all F-tests). Note that data were not collected on
the abundance of invertebrates in the 125-500 (am
size range for above-ground debris at the conclu¬
sion of the Western Port experiment, hence the
total fauna could not be analysed after 35 days.

The decline in number of animals in the pre¬
sence of below-ground debris principally reflected
a decline in number of nematodes. After 35 days,
the mean number of nematodes in cores lacking
surface debris was 601 in treatments without sub¬
surface debris, 628 in control plots, and 348 in

Table IV. - Results of three-way ANOVAs using log-transformed data on abundance, biomass and estimated
productivity of invertebrates collected by core from ASUs subjected to different treatments at Western Port after 24
days and Cloudy Bay Lagoon after 32 days.

Western Port

Abundance Biomass Productivity

Effect DF MS F P MS F P MS F P

Seagrass (S) 1 0.158 1.90 0.187 0.000 0.00 0.989 0.024 0.11 0.742

Above-ground debris (D) 1 0.320 3.85 0.067 11.918 27.38 <0.001 4.878 22.97 <0.001

Below-ground debris (B) 1 0.994 11.97 0.003 0.454 1.04 0.322 1.011 4.76 0.044

S*D 1 0.078 0.94 0.346 0.225 0.52 0.482 0.228 1.07 0.316

S*B 1 0.116 1.40 0.254 0.039 0.09 0.768 0.091 0.43 0.523

D*B 1 0.124 1.50 0.239 0.621 1.43 0.25 0.104 0.49 0.495

S*D*B 1 0.006 0.07 0.795 0.210 0.48 0.497 0.142 0.67 0.425

Error 16 0.083 0.435 0.212

Cloudy Bay Lagoon
Abundance Biomass Productivity

Effect DF MS F P MS F P MS F P

Seagrass (S) 1 2.210 5.41 0.033 1.346 1.79 0.200 1.648 2.94 0.106

Debris (D) 1 17.873 43.77 <0.001 22.675 30.10 <0.001 23.824 42.56 <0.001

Sand(A) 1 0.480 1.18 0.294 1.606 2.13 0.164 0.746 1.33 0.265

S*D 1 0.035 0.09 0.773 1.243 1.65 0.217 0.355 0.63 0.437

S*A 1 0.536 1.31 0.269 0.023 0.03 0.864 0.104 0.19 0.672

D*A 1 2.096 5.13 0.038 10.219 13.56 0.002 4.981 8.90 0.009

S*D*A 1 1.286 3.15 0.095 4.236 5.62 0.031 2.827 5.05 0.039

Error 16 0.408 0.753 0.560
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Table V. - Mean numbers of major invertebrate taxa collected per 50 mm diameter core from ASUs placed at Cloudy
Bay Lagoon and control plots. Densities of taxa on artificial leaves calibrated to the same seabed area as core
samples are also shown, as are densities of invertebrates collected by core from adjacent undisturbed sand and
seagrass habitats. Experimental treatments found to significantly affect log species numbers using three-way ANOVAs
are shown in final column. - D : detritus treatment, A : sand treatment, SD : seagrass x detritus interaction, DA :
detritus x sand interaction; *, 0.01 < P < 0.05; **, 0.001 < p < 0.01 ; ***, p < 0.001. ANOVAs conducted were
analogous to those described in Table III.

Taxon ASU Seagrass

Present Absent

ASU Detritus ASU Sand ASU
Control

ASU Natural Natural Significant
leaves sand seagrass effects

Present Absent Present Absent

Tethygeneia sp. 5.5 13.5 18.3 0.8 1.3 4.0 15.0 0.0 0.2 3.0 D***

Cymadusa sp. 7.4 4.3 10.9 0.8 0.4 6.5 5.3 0.0 0.2 0.8 D***

Caprella sp. 8.8 18.2 26.9 0.0 0.0 11.8 15.2 0.3 0.0 0.6 D***

laniropsis sp. 17.1 35.4 52.2 0.3 2.1 29.8 22.8 0.0 0.0 8.4 D***

Mysid sp. 3.7 5.7 8.5 0.8 0.0 4.0 5.3 0.0 0.0 0.6 D***,SD*

Zeuxo sp. 11.2 22.6 33.4 0.3 0.0 12.7 21.1 0.0 0.2 50.2 D***

Ostracod spp. 50.7 105.3 77.4 78.6 3.8 72.8 83.3 71.0 126.0 44.6

Harpacticoid spp. 2551.1 2666.3 4804.8 412.5 428.7 2267.7 2949.7 270.3 738.8 3237.2 D***

Hiatella australis 7.8 4.5 12.3 0.0 0.0 7.7 4.7 0.0 0.0 0.6 D***

Phasianotrochus eximius 34.7 33.1 62.7 5.1 19.0 35.6 32.2 0.0 2.0 2.2 D***

Nassarius pauperatus 0.5 1.3 1.6 0.3 0.0 0.8 1.0 1.3 0.0 0.0 D*

Nephtys australiensis 0.9 0.6 0.3 1.2 0.0 0.3 1.2 0.0 1.2 0.6 D*,A*,DA1
Dorvillea sp. 1.2 2.6 3.8 0.0 0.0 2.3 1.4 0.0 0.2 6.2 D*

Eulalia sp. 8.3 21.9 29.1 1.1 1.9 12.2 18.0 1.0 2.4 0.4 D***

Exogone sp. 878.3 950.7 1824.8 4.1 7.1 844.1 984.8 3.7 0.2 707.8 D***

Sabellid sp. 1494.8 1418.0 2906.2 6.6 4.9 1409.0 1503.8 0.3 0.0 172.8 D***

Cirratulid sp. 1.7 15.2 15.6 1.3 0.0 1.5 15.3 0.7 1.2 3.4

Capitella sp. 8.6 2.9 7.9 3.6 0.0 2.2 9.3 1.7 1.8 13.2

Oligochaete spp. 1.6 3.7 1.2 4.1 0.0 2.8 2.4 1.7 2.2 27.0

Actiniarian sp. 1.0 0.1 1.1 0.0 5.4 0.6 0.5 25.3 0.2 0.6 D***

Turbellarian spp. 26.5 88.6 44.3 70.8 0.9 37.8 77.3 30.7 347.2 8.0 SD*

Nematode spp. 880.8 1287.8 938.2 1230.4 4.5 716.5 1452.1 1493.3 2214.6 1273.4 A***,SD*.IDA*

treatments with subsurface debris - a highly si¬
gnificant response (3-way ANOVA : F = 10.30,
P = 0.005).

The presence of artificial seagrass in treatments
at Cloudy Bay Lagoon negatively affected the
total abundance of animals in cores (Table IV ; x
= 4910 in artificial seagrass treatments cf. 6834
in other treatments). Nevertheless, this effect was
minor compared with the debris addition effect (x
= 9903 in debris addition treatments cf. 1841 in
other treatments).

The effects of different treatments on the bio-
mass and estimated productivity of invertebrate
faunas were largely consistent at the two sites,
with above-ground debris addition causing marked
increases in biomass and productivity at both
locations (Fig. 3 ; Table IV). Interactions between
treatments were also detected at Cloudy Bay
Lagoon because of different treatment responses
by different components of the fauna. Virtually
all epifaunal species responded solely to the
addition of seagrass debris and occurred in neg¬
ligible numbers in treatments lacking debris (Ta¬
ble V). By contrast, infaunal species showed
non-significant responses to debris addition (e.g.,
Cirratulid sp., Capitella sp. and turbellarian pla-
tyhelminths ; Table V) or were negatively affected
(.Nephtys australiensis). Nematodes as a group
were not affected by debris addition but showed
a strong relationship with the composition of

sediments. Nematodes in sand-addition treat¬

ments, where the proportion of fine organic par¬
ticles had been halved, showed a halving in
population numbers.

Data presented and analysed in Tables IV and
V relate to cores with and without debris below
the artificial seagrass layer, and thus do not
consider the relative contribution of the fauna

directly associated with leaves. Nevertheless, the
contribution of the leaf fauna to total abundance,
biomass and productivity of ASUs was slight.
Faunal data relating to different components of
ASUs at the conclusion of experiments are sum¬
marised in Table VI, with data expressed per
ASU. A notable feature of this table is that
pronounced differences in densities of invertebra¬
tes per ASU were clearly evident between sites ;
however, estimates of total faunal productivity
and biomass showed very close agreement at the
two sites, particularly for above-ground structural
components.

The overwhelming majority of animals attrac¬
ted to ASUs were associated with surface seagrass
debris. Consequently, virtually no change occurs
in data or tests presented in Table V when the
relative contribution of the ASU leaf fauna is
added. Only one F-test, that for the phyllodocid
polychaete Eulalia sp., produces a significant
result for the seagrass addition treatment when the
contribution of the leaf fauna is added (3-way
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Table VI. - Total density, biomass (g) and productivity (mg.d"1) of invertebrates associated with different componentsof 2 m- ASUs placed at Western Port, Victoria, and Cloudy Lagoon, Tasmania. *No data were collected for fauna
< 0.5 mm sieve size at Western Port. Abundances of animals from sediment cores are those from untreated sediments.

Fauna >0.125 mm Fauna >1 mm

Component Density Biomass Productivity Density Biomass Productivity
Western Port

Artificial seagrass leaves 36,100 3.39 62 3,800 1.29 26.3

Seagrass debris * * * 29,000 56.8 744

Sediment cores 862,000 4.95 159 5,480 4.3 79.3

Cloudy Lagoon
Artificial seagrass leaves 250,000 2.63 68.6 3,600 0.8 17.1

Seagrass debris 8,210,000 85.6 2 CO o 61,000 51.5 765

Sediment cores 1,880,000 21 403 8,320 17.5 204

ANOVA; DF = 1/16, F = 44.72, P = 0.048). In
all other cases, information on leaf faunal densi¬
ties in seagrass addition treatments is swamped
by random variation between core densities. Si¬
milarly, results for total abundance, biomass and
productivity (Table IV) showed virtually no
change in mean-square or F-values when the
artificial leaf fauna contribution was added.

When analysed independently, the density of
animals > 0.125 mm sieve-size associated with
leaves at Western Port was much lower than at

Cloudy Lagoon after 1 mo (181 cf. 1255 animals
per seagrass clump). This highly significant dif¬
ference between sites (Table VI) was principally

caused by many more harpacticoid copepods
being attracted to artificial seagrass leaves at
Cloudy Bay Lagoon compared with Western Port
(126 and 1090 per clump, respectively). By con¬
trast, neither the total biomass of invertebrates
associated with artificial seagrass leaves nor in¬
vertebrate productivity (343 cf. 310 |Jg/d) differed
significantly between the Cloudy Bay Lagoon and
Western Port sites (two-way ANOVA ; Table VII).
Moreover, none of the faunal variables examined
for leaf fauna were significantly affected by the
presence of seagrass debris under ASUs.

Community size-distribution, as assessed by
estimating productivity of invertebrates in dif-

12000-

10000-

120

24 35 32

Days
24 35

Days

Fig 3. - Mean abundance, biomass and estimated productivity (± SE) of invertebrates (> 0.125 mm sieve size)
collected per 50 mm diameter core in ASU treatments with surface debris added, treatments lacking debris, and
control plots at Western Port at different times. Data for Cloudy Bay Lagoon are also shown.
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Table VII. - Results of two-way ANOVAs using log-transformed data on abundance, biomass and estimated
productivity of invertebrates associated with artificial seagrass leaves from Western Port (35 d) and Cloudy Bay
Lagoon (32 d) with and without surface debris addition.

Abundance Biomass Productivity
Effect DF MS F P MS F P MS F P

Site 1 26.479 282.12 <0.000 0.277 1.03 0.320 0.224 1.19 0.287

Debris 1 0.000 0.00 0.988 0.157 0.58 0.452 0.131 0.69 0.413

Site*debris 1 0.003 0.04 0.851 0.089 0.33 0.570 0.075 0.40 0.535

Error 24 0.094 0.269 0.189

ferent sieve size-classes, varied substantially be¬
tween the two sites investigated (Fig. 4). Faunal
productivity of Western Port ASUs with surface
seagrass debris present was primarily concentrated

Cowes Bank

No data
-i 1 1— I ' ' ! " I " I " «
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Fig. 4. - Mean estimated productivity (± SE) of inver¬
tebrates belonging to different sieve size-classes per 50
mm diameter core in ASU treatments with surface
debris added and treatments lacking debris at Western
Port after 35 days and Cloudy Bay Lagoon after 32
days. Comparable data adjusted per m2 substratum for
nearby natural seagrass and unvegetated habitats are
shown for Cowes Bank, Western Port, in Figs 8 and 9,
Edgar et al. (1994), and for Cloudy Bay Lagoon in
Fig. 2, Edgar & Shaw (1995).

in large invertebrate sieve size-classes (2-5.6 mm
sieve size), with crustaceans contributing approxi¬
mately half of the total productivity. Although
data were not obtained for animals < 500 |am sieve
size after 35 d, this faunal component probably
was relatively unimportant - after 24 days this
component contributed only 13 % of total produc¬
tivity. Western Port ASUs lacking surface
seagrass debris showed bimodal productivity
peaks at 2 mm and 125 |am sieve sizes. By
contrast, ASUs at Cloudy Bay Lagoon showed
highest productivity in the 250 pm and 1.4 mm
faunal size classes.

DISCUSSION

Experimental manipulations of ASUs generally
produced consistent faunal responses at the two
sites, particularly for estimated faunal productivi¬
ty and biomass, despite major latitudinal and
environmental differences between sites. Thus,
although faunal productivity for unvegetated ha¬
bitats at the two sites differed by a factor of three,
the addition of artificial seagrass leaves and
seagrass debris resulted in almost identical rises
in net productivity (Table VI). These results
support hypotheses described previously that : (i)
estimated productivity responds consistently to
environmental factors and provides a useful mea¬
sure of community processes (Edgar 1990a, Edgar
1990c, Edgar & Shaw 1995), (ii) faunas inhabiting
standardised artificial plant habitats show little
variation in productivity between sites with simi¬
lar light climates (Edgar 1991, Edgar 1993).

The number of species, abundance, biomass and
productivity of invertebrates at both sites were all
influenced by the surface debris addition treat¬
ment. Fifteen of 22 common taxa examined were

positively associated with this factor, while only
one species (Nephtys australiensis) was negatively
affected and six species showed no significant
change (Table V). Macrofaunal species richness
and productivity also increased in the presence of
artificial seagrass (Table VI); however, this in¬
crease was over an order of magnitude lower than
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the effect of surface detritus addition. A slight
decrease in total animal abundance nevertheless
was found for core samples in artificial seagrass
addition treatments at Cloudy Bay Lagoon.

The above findings are consistent with results
of a study of natural seagrass beds in Western
Australia (Edgar 1990b), where each gram of
seagrass debris was found to increase macrofaunal
productivity by 0.78 mg.d^1, each gram of live
seagrass was found to increase macrofaunal pro¬
ductivity by a lesser amount (0.16 mg.d-1), and
buried debris had no effect on productivity. At
Western Port, buried debris in fact reduced total
infaunal densities. This reduction was probably
caused by sediments becoming anoxic in the
presence of high concentrations of buried debris.
Infaunal abundance and biomass have been found
elsewhere to precipitously decrease when anoxic
conditions prevail (Pearson & Rosenberg 1978),
in contrast to the more generally-recognised po¬
sitive relationship between organic content of
sediment and infaunal numbers (Dauer & Conner
1980, Spies et al. 1988). In this context, the direct
relationship between the proportion of fine orga¬
nic particles in sediments at Cloudy Lagoon and
nematode abundance is notable. When the number
of fine organic particles was halved in sand
addition treatments, the density of nematodes also
declined by half. Thus, infaunal as well as epi-
faunal species apparently responded to changes in
food availability.

Another notable outcome of the study was a
lack of interaction between the presence of surface
debris and artificial seagrass structure for any of
the community variables examined. Few if any
species required both seagrass debris and seagrass
leaves for their survival. Previous studies of

seagrass beds have revealed numerous species that
live amongst seagrass debris at the sediment
surface during the day and migrate onto seagrass
leaves for grazing at night (Ledoyer 1969, Howard
et al. 1989). Such species were either absent at
our study sites, or could survive equally well in
the absence of one of the two plant habitat
elements.

The most important conclusion of the study is
that the trophic importance of seagrass debris, in
the form of detritus and microphytobenthos (see
Novak 1984), far outweighs the structural impor¬
tance of seagrass leaves and the trophic impor¬
tance of epiphytic algae on leaf surfaces. Seagrass
is rarely consumed directly by macrofaunal or
meiofaunal invertebrates (Klumpp et al. 1989),
hence the food content of live seagrass leaves also
presumably has little overall significance. Frag¬
mented seagrass debris possibly also provides a
useful structural role by shielding macrofauna and
meiofauna from small predatory shrimps, crabs
and fishes that forage between seagrass leaves,
and are there shielded from larger predators, but

which have difficulty locating prey amongst the
smallest debris crevices. However, this structural
role is probably much less than the trophic role
of debris, given that little faunal response was
attributable to ASUs with artificial seagrass. The
artificial seagrass treatment provided a fractally-
diverse range of habitats. In this treatment, nume¬
rous artificial leaves lay across the seabed and
shell fragments provided réfugia of different sizes
under these leaves.
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ABSTRACT. - The relative influences that seagrass structure and trophic resources
exert on the species richness, abundance, biomass and productivity of epibenthic
fishes and invertebrates were assessed using manipulative field experiments. All
community variables increased significantly when seagrass structure was added to
experimental plots but were little affected by enhanced food resources in the form
of debris-associated prey. Epibenthic productivity therefore appears much less
strongly coupled with food availability than was macrofaunal and meiofaunal
productivity, possibly because of a lag between epifaunal food accumulation and
fish recruitment. Gut content studies nevertheless indicated that sand-dwelling as
well as seagrass-dwelling fishes in the vicinity of seagrass patches were primarily
foraging on large amphipods and other invertebrates associated with the seagrass
patches, and that the mean size of sand-dwelling species was elevated near
Artificial Seagreass Units. Results of this study suggest that fishes and epibenthic
invertebrates preferentially select seagrass beds over bare areas for settlement but
do not initially discriminate between beds with different levels of food resources.
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RÉSUMÉ. - Les influences mutuelles entre la structure des herbiers et leurs
ressources trophiques, sur la richesse spécifique, l'abondance, la biomasse et la
production des Poissons et des Invertébrés épibenthiques sont estimées à l'aide
d'expériences in situ. Toutes les variables des communautés montrent des valeurs
qui croissent significativement après l'introduction de la structure d'herbier dans
les parcelles expérimentales, mais elles sont peu affectées par l'addition de res¬
sources nutritives sous la forme de proies associées aux débris. La production
épibenthique apparaît donc beaucoup moins fortement liée à la présence de nour¬
riture qu'à la production de la macrofaune et de la méiofaune, probablement en
raison du décalage entre l'accumulation de nourriture de l'épifaune et le recrute¬
ment des Poissons. L'étude des contenus du tube digestif indique que le psammon
et les Poissons vivant dans l'herbier à proximité des parcelles recherchent tout
d'abord les grands Amphipodes et Invertébrés associés aux herbiers des parcelles
et que la taille moyenne des espèces du psammon augmente près des « unités
d'herbier artificiel ». Les résultats de cette étude suggèrent que les Poissons et les
Invertébrés épibenthiques préfèrent les herbiers aux zones dépourvues de végéta¬
tion lors de leur installation, mais ils ne discriminent pas les herbiers selon leurs
niveaux différents de ressources nutritives.

INTRODUCTION

A close association between the productivity of
fishes and the productivity of the macroinverte-
brates, particularly crustaceans - the major prey
group, has been observed in several studies
(Brook 1977, Marais 1984, Connolly 1994), in¬
cluding recent associated studies conducted across

southern Australia (Edgar & Shaw 1993, 1995a,
1995c).

Species richness and productivity of fishes and
macroinvertebrates are also known to be associa¬
ted with the biomass of seagrass (see, e.g., Stoner
1983, Sogard et al. 1987, Lubbers et al. 1990,
Fonseca et al. 1996, Jenkins et al. 1997). Fish
may respond directly to the shelter of seagrasses,
perhaps as a refuge from larger predators (see
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Orth et al. 1984), resulting in a correlation with
crustacean productivity that is due to the two
variables each responding to the same environ¬
mental factor rather than to each other. Alterna¬
tively, fish may respond trophically to the high
productivity of invertebrates themselves. Separa¬
ting these two hypothesis is contentious and can
be unequivocally answered only by manipulative
experiments (Bell & Pollard 1989). The best way
to test predictions of these hypotheses is to
compare the abundance of fishes in habitats with
shelter but minimal food with the abundance of
fish in habitats with food but minimal shelter.

Results of experiments using artificial seagrass
patches to distinguish between the shelter and
food value of seagrass beds for fishes and epi-
benthic invertebrates are described here. This
paper complements an associated paper dealing
with effects of artificial seagrass, seagrass debris
and organic content of sediment on macrofaunal
and meiofaunal abundance and productivity (Ed¬
gar 1999). Variation in the level of associated
food in the present study was achieved by mani¬
pulating the presence of seagrass debris, which
resulted in the total productivity of prey inverte¬
brates increasing by an order of magnitude com¬
pared to treatments lacking debris. Macrofauna
and meiofauna comprise the principal prey items
of fishes and epibenthic invertebrates investigated
(Edgar & Shaw 1995c). If productivity of fish and
other epibenthos is solely a function of food
availability, then very high numbers of fish are
predicted to be associated with debris addition
treatments. If epibenthos is attracted to sites with
high levels of structural complexity, then fishes
and decapods are predicted to primarily respond
to seagrass addition treatments.

METHODS

Relationships between epibenthic fishes and inver¬
tebrates, seagrass and seagrass debris were investigated
using the same experimental protocols as described for
macrofauna and meiofauna in the associated paper (Ed¬
gar 1999). Arrays of artificial seagrass units (ASUs)
were placed in the field then retrieved after one month
at Cowes Bank, Western Port, Victoria, and Cloudy
Bay Lagoon, Tasmania. Faunas were manipulated using
an orthogonal experimental design with artificial
seagrass, seagrass debris and buried seagrass debris as
treatments at Western Port, and artificial seagrass,
seagrass debris and reduction in sediment organic con¬
tent as treatments at Cloudy Bay Lagoon. Undisturbed
control plots within the experimental array were also
sampled.

Fishes, decapods and cephalopods associated with
ASUs were collected by surrounding individual 2 m2
ASU plots with a 1 mm mesh seine net. Each ASU
was then removed and shaken to dislodge associated

fishes and epibenthic invertebrates. The seine net was
then passed through the site and pursed to trap animals
vacating the ASU or associating with the ASU edge.

In the laboratory, the wet weight of fishes and length
of decapods were measured. These data were then con¬
verted to ash-free dry weight values using appropriate
regression equations (Edgar & Shaw 1995c). The esti¬
mated productivity of individual animals was then cal¬
culated using regression equations described in Edgar
& Shaw (1995b) for fishes and Edgar (1990) for inver¬
tebrates.

Data were also obtained on the diets of fishes living
in natural habitats in the near vicinity of the ASU array
(Edgar & Shaw 1995c) - at the same sites that benthic
cores were taken (Edgar 1999). Fishes were collected
from both unvegetated and seagrass habitats using five
replicate seine hauls across an area of = 77 m2 into a
boat. The seine net used was 15 m long by 3 m deep
with 1 mm mesh. In the laboratory, fishes were indi¬
vidually identified and weighed. Diets were then inves¬
tigated using methods fully described in Edgar & Shaw
(1995b). Briefly, gut contents were classified under a
dissecting microscope into the lowest recognisable
taxon, usually species or genus, and then partitioned
by sieve-size class. Data on the mean ash-free dry
weight of animals retained by different sized sieves
were used to estimate the biomass of the different prey
items consumed, and the proportional biomass of each
prey species within the gut then calculated.

Multivariate analysis : Diets of fish species living
in Cloudy Bay Lagoon were graphically compared with
the availability of prey using multidimensional scaling
(MDS). The procedure used initially involved tabulation
of mean biomass of different prey in the guts of com¬
mon fish species associated with vegetated and unve¬
getated habitats, and the mean estimated productivity
of the same prey categories in nearby seagrass and
unvegetated habitats in Cloudy Bay Lagoon. Prey ca¬
tegories used were Linnean classes except for crusta¬
ceans and polychaetes, which were additionally
subdivided into infaunal and epifaunal groups using
criteria described in Table I of Edgar (1994). Gut con¬
tent data were standardised as percentage of total prey
biomass consumed, while benthos data were stand¬
ardised as percentage of total productivity for all fauna
in the habitat type. Habitat types used were based on
both experimental and natural data sets. The experimen¬
tal habitats were artificial seagrass, seagrass debris (cal¬
culated by subtracting values for ASUs lacking debris
from values for ASU with debris addition), bare ASUs
(i.e. treatments lacking both debris and artificial
seagrass) and control plots, while natural habitats were
the seagrass and sand habitats adjacent to the experi¬
mental array. Because previous studies have shown that
fish species respond primarily to prey of a particular
size (Edgar & Shaw 1995b and Edgar & Shaw 1995c),
invertebrate productivity data for different habitat types
was partitioned into five faunal size classes - 125-250
jam, 250-500 |jm, 500-1000 (am, 1-2 mm, and > 2 mm
sieve size.

The table describing proportions of different prey
types in fish guts and habitats was converted to a
pairwise matrix of biotic similarity using the Bray-Cur-
tis similarity index, and the best graphical depiction of
faunal similarities was then determined using MDS
(Clarke 1993). The usefulness of the two dimensional
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Table I. - Results of three-way ANOVAs using data on number of species of fish and invertebrates (combined as
epibenthos) collected from ASUs subjected to different treatments. Treatment interactions were also examined but
not shown as all were non-significant (P > 0.05).

Effect

Seagrass
Above-ground debris
Below-ground debris
Error

Western Port

Epibenthos
DF MS F P

1 52.53 12.45 0.002

1 2.53 0.60 0.446

1 0.28 0.07 0.798

24 4.22

Fish Invertebrates

MS F P MS F P

7.03 4.25 0.050 21.13 8.82 0.007

0.78 0.47 0.499 0.50 0.21 0.652

0.03 0.02 0.892 0.50 0.21 0.652

1.66 2.40

Effect

Seagrass
Debris

Sand

Error

Cloudy Bay
Epibenthos

DF MS F P

1 45.38 4.95 0.041

1 26.04 2.84 0.111

1 12.04 1.31 0.269

9.1716

Fish Invertebrates

MS F P MS F P

8.17 3.06 0.099 15.04 3.68 0.073

2.67 1.00 0.332 12.04 2.95 0.105

2.67 1.00 0.332 3.38 0.83 0.377

2.67 4.08

MDS display of relationships between sites is indicated
by the stress statistic, which if < 0.1 indicates that the
depiction of relationships is good, and if > 0.2 that the
depiction is poor.

RESULTS

Species richness

The number of epibenthic species associated
with artificial seagrass plots was significantly
higher than for ASUs lacking seagrass at both
Western Port and Cloudy Bay Lagoon (Table I).
An average of 3 additional species were collected
in artificial seagrass plots at both sites compared
to plots with basal mesh only (Fig. 1). Other
treatment effects (debris and sand addition), and
interactions between treatments, did not produce
significant differences in species richness.

The increase in species richness in seagrass
ASUs was consistent for fishes and invertebrates
when these two groups at Western Port were
analysed independently (Table I). However, in¬
creases in species richness were less statistically
significant at Cloudy Bay Lagoon, possibly be¬
cause of reduced plot replication and lower power
of tests. Neither fishes nor invertebrates showed
a significant increase when data for the two
groups were analysed independently, despite subs¬
tantial increases in number of taxa associated with
artificial seagrass ASUs.

Abundance

A mean of only 2.2 fish colonised ASUs in the
Western Port experiment. Nevertheless, despite
this low catch rate, the number of fish collected
in association with ASUs that possessed artificial
seagrass was more than double the number asso-

Western Port Cloudy Bay Lagoon

Seagrass Bare Control Seagrass Bare Control

Fig. 1. - Mean number (± SE) of fish and epibenthic invertebrate species collected from ASU treatments with artificial
seagrass, lacking artificial seagrass and control plots at Western Port and Cloudy Bay Lagoon.
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Table II. - Results of three-way ANOVA using log-
transformed data from Western Port on abundance of
fish collected from ASUs subjected to different treat¬
ments.

Effect DF MS F P

Seagrass (S) 1 1.951 4.442 0.046

Above-ground debris (D) 1 0.274 0.625 0.437

Below-ground debris (B) 1 0.000 0.001 0.975

S*D 1 0.012 0.027 0.870

S*B 1 1.931 4.396 0.047

D*B 1 0.215 0.490 0.491

S*D*B 1 0.103 0.234 0.633

Error 24 0.439

ciated with ASUs constructed of basal mesh only
(Fig. 2). This increase was statistically significant
(Table II). Two fish species, the rock flathead
Platycephalus laevigatas and pelagic goby Go-
biopterus semivestitus, occurred in significantly
higher numbers in artificial seagrass plots (Table
III). The disproportionate presence of the latter
species amongst artificial seagrass was unexpec¬
ted because this goby has a pelagic lifestyle.

A significant interaction was also detected
using three-way ANOVA between seagrass addi¬
tion and below-ground debris addition treatments
(Table II). Higher densities of fishes were present
in undisturbed control plots within the ASU array
than in bare ASUs (as assessed using two-tailed
t-test with log data, t = - 2.36, p = 0.040).

An order of magnitude more fishes were col¬
lected from ASUs at Cloudy Bay Lagoon than at
Western Port (Fig. 2). Nevertheless, the majority
of fish collected were gobies that were associated
with sand surrounding the ASU. As at Western
Port, the number of fish collected in control plots
was higher than in ASU treatments (Fig. 2). No
significant change in fish numbers was associated
with any of the three primary treatments (artificial
seagrass addition, debris addition or sand addi¬
tion, Table IV); however, a significant interaction
was detected between artificial seagrass addition
and debris addition treatments due to added debris

depressing fish numbers only in the absence of
artificial seagrass.

Cloudy Bay Lagoon fishes were sufficiently
numerous to be able to be partitioned by habitat
type (Fig. 2). Species characteristic of vegetated
habitats (primarily clinids and syngnathids, Table
V) were distinguished from species characteristic
of sand habitats (gobiids). Seagrass-associated
fishes were significantly associated with the pre¬
sence of artificial seagrass, whereas sand-associa¬
ted fishes significantly declined in the presence
of debris (Table IV). The density of seagrass-as-

8

o

<D 50
o

10

0

Fig. 2. - Mean total number (± SE) of fish collected
from ASU treatments with artificial seagrass plus sur¬
face debris, artificial seagrass only, surface debris only,
no added surface material and control plots at Western
Port and Cloudy Bay Lagoon. Fishes have been cate¬
gorised into those generally associated with seagrass
and those generally associated with sand habitats.

sociated fishes and sand-associated fishes were

both significantly affected by an interaction bet¬
ween seagrass addition and debris addition (Table
IV). Seagrass-associated fishes occurred most
abundantly in seagrass plus debris addition plots,
and least abundantly in bare plots. Sand-associa¬
ted fishes occurred most abundantly in bare plots
and least abundantly in debris addition plots
(Fig. 2).

The total abundance of epibenthic invertebrates
amongst ASUs reflected patterns of the most
abundant species (Tables IV-V). No significant
differences (P < 0.1) between treatments in total
invertebrate abundances were detected at Western
Port because of high complementary numbers of
the small hymenosomatid crab Halicarcinus ova-
tus amongst surface debris and artificial seagrass
treatments and the crangonid shrimp Pontophilus
intermedius in bare areas. The epibenthic assem¬
blage at Cloudy Bay Lagoon was dominated by
the shrimp Macrobrachium intermedium, and ana¬
lysis of the fauna reflected patterns for that
species (see Table V). Total invertebrate abundan¬
ces were significantly affected by artificial
seagrass structure (3-way ANOVA, DF = 1/16,
MS = 13.290, P = 0.002) and seagrass debris (MS
= 6.664, P = 0.020) but not with other treatments
or treatment interactions (P > 0.2).

M. intermedium occurred abundantly at both
sites and was highly significantly associated with
seagrass structure (Tables IV-V). This shrimp was
also significantly associated with debris addition
at Cloudy Bay Lagoon. Another shrimp species
at Cloudy Bay Lagoon, Palaemon serenus, was
also significantly associated with seagrass debris

Western Port

Cloudy Bay Lagoon

□ Sand fish x.

T"1 1 1 I 1 1 1 mfÊm 1 I

Seagrass Seagrass Debris Bare Control
Debris
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Table III. - Mean numbers of fishes and epibenthic invertebrates collected from ASUs placed at Western Port.
Treatments found to significantly affect log species numbers using three-way ANOVAs and two-tailed t-tests (control
versus bare) are shown in final column - S : seagrass treatment, D : above-ground debris treatment, C : control, - :
insufficient data for test; *, 0.01 < P < 0.05; **, 0.001 < p < 0.01 ; ***, p < 0.001. ANOVAs conducted were
analogous to those described in Table I, with below-ground debris treatment and all interactions not producing
significant effects. Fish species were classified into those normally associated with seagrass and those normally
associated with_sand using Last et al. (1983) and Edgar & Shaw (1995a). Standard errors not shown for clarity, but
on average SE/x = 0.6.

Species Se agrass Seagrass Debris Bare Control Significant
Debris effects

Seaarass-associated fishes

Stigmatopora nigra 0 0 0.1 o.r 0.8 -

Platycephalus laevigata 0.4 1.1 0.1 0.1 0 S"
Heteroclinus perspicillatus 0 0 0 0.1 0 -

Acanthaluteres spilomelanurus 0.1 0.5 0 0 0 -

Sand-associated fishes

Arenigobius frenatus 0 0.1 0 0 0 -

Gobiopterus semivestitus 1.3 0.9 0.1 0 0 S*
Ammotretis rostratus 0.6 0.6 0.4 0.3 1.0
Rombosolea tapirina 0.1 0 0 0 0.5 -

Contusus brevicaudus 0 0 0 0 0.3
"

-

Tetractenos glaber 0.3 0.3 0.3 1.0 3.3

Shrimps
Macrobrachium intermedium 2.4 4.1 0.4 0.3 0

Chlorotocella leptorhyncus 0.1 0 0 0 0 -

Hippolyte caradina 0 0.1 0 0 0 -

Pontophilus victoriensis 0.8 1.6 0.8 1.1 0

Pontophilus intermedius 12.5 7.3 11.3 18.0 37.0

Pontophilus flindersi 0 0 0 0 0.3 -

Alpheus euphrosyne 0 0.1 0.1 0.1 0 -

Crabs

Halicarcinus ovatus 32.5 26.5 43.0 11.0 1.0 D*C*

Halicarcinus rostrata 0.4 0.5 1.0 0.4 0

Trigonoplax longirostris 0 0.3 0 0 0 -

Leptomithrax gaimardii 0.5 0 0.1 0 0 -

Nectocarcinus integrifrons 1.5 2.4 1.3 0.9 0

Paragrapsus gaimardii 0.6 0.5 0 0 0

Macrophthalmus latifrons 0 0 0.1 0 0 -

Litocheira bispinosa 0 0.1 0 0 0 -

Ebalia intermedia 0 0 0 0.3 0 -

Philyra laevis 0 0.3 0.3 0 0 -

Cephalopods
Idiosepius notoides 1.5 0.4 0.3 1.4 1.3

Euprymna tasmanica 0.1 0.1 0.1 0.1 0 -

Table IV. - Results of three-way ANOVAs using data from Cloudy Bay Lagoon on abundance of fish collected
from ASUs subjected to different treatments. Treatment interactions not shown were non-significant (P > 0.20). Data
were log-transformed to reduce variance heterogeneity. Fishes collected were partitioned into those normally asso¬
ciated with seagrass and unvegetated habitat types.

Total fish Seagrass fish Unvegetated fish
Effect DF MS F P MS F P MS F P

Seagrass 1 0.315 1.845 0.193 0.778 4.761 0.044 0.127 0.728 0.406
Debris 1 0.587 3.437 0.082 0.248 1.519 0.236 0.811 4.635 0.047

Sand 1 0.000 0.001 0.975 0.000 0.000 0.987 0.002 0.010 0.922

Seagrass'debris 1 0.952 5.576 0.031 0.081 0.496 0.491 1.039 5.939 0.027
Error 16 0.171 0.163 0.175
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Table V. - Mean numbers of fishes and epibenthic invertebrates collected from ASUs placed at Cloudy Bay Lagoon.
Nomenclature for undescribed goby species follows Gomon et al. (1994). Treatments found to significantly affect
log species numbers using three-way ANOVAs and two-tailed t-tests (control versus bare) are shown in final column
- S : seagrass treatment, D : debris treatment, SD : seagrass x debris interaction, C : control, - : insufficient data for
test; *, 0.01 < P < 0.05; **, 0.001 < p < 0.01; ***, p < 0.001. ANOVAs conducted were analogous to those
described in Table I, with below-ground debris treatment and all interactions not producing significant effects. Fish
species were classified into those normally associated with seagrass and those normally associated with sand using
Last et al. (1983) and Edgar & Shaw (1995a). Standard errors not shown for clarity, but on average SE/* = 0.4.

Species Seagrass Seagrass Debris Bare Control Significant
Debris effects

Seaarass-associated fishes

Vanacampus phillipi 1.2 0.5 0.9 1.0 0

Gymnapistes marmoratus 0.1 0 0 0 0

Alabes parvulus 1.9 0.1 0.6 0.5 0

Heteroclinus perspicillatus 0.9 0.7 0.4 0 0

Heteroclinus heptaeolus 0 0 0.1 0 0

Cristiceps australis 0.5 1.4 0.1 0 0.3

Neoodax balteatus 0.5 0.3 0 0 0

Acanthaluteres spilomelanurus 0.1 0 0 0 0

Nesogobius hinsbyi 3.4 3.0 2.0 1.5 3.0

Nesogobius sp.1 8.5 12.0 5.6 13.0 19.0

Nesogobius sp. 7 6.6 3.6 3.3 6.0 1.7

Tasmanogobius gloveri 0.7 0 0 0.5 0.3

Tasmanogobius lasti 2.9 3.6 1.5 6.8 14.0

Shrimp?
Macrobrachium intermedium 41.2 8.7 11.1 1.0 2.3

Macrobrachium sp. 2.9 1.8 0.5 1.4 0.3

Palaemon serenus 2.1 0.1 0.1 0 0

Pontophiius victoriensis 0 0.1 0 0 0

Chlorotocella leptorhyncus 0.1 0 0 0 0

Crabs

Halicarcinus ovatus 0.1 0 0 0 0

Notomithrax ursus 0.6 0 0.1 0 0

Nectocarcinus integrifrons 0.5 0.5 0.1 0 0

Paragrapsus gaimardii 0.1 0 0.1 0 0

Paragrapsus quadridentatus 0.4 0 0 0 0

Philyra laevis 0.1 0 0.3 1.0 0.3

Ovalipes australiensis 0 0.4 0.1 0 0

Idiosepius notoides 1.3 1.9 1.0 0.3 0.3

D*

SD*C*

S**D**SD*

and seagrass structure. Amongst the fishes, the
clinid Cristiceps australis at Cloudy Bay Lagoon,
and Platycephalus laevigata and Gobiopterus se-
mivestitus at Western Port, were significantly
associated with seagrass structure. The crab Ha¬
licarcinus ovatus at Western Port, and the undes¬
cribed goby Nesogobius sp. 1 at Cloudy Bay
Lagoon, were significantly associated with
seagrass debris, the latter species in a negative
direction.

Two-tailed t-tests were also conducted to assess

whether the basal mesh of ASUs or disturbance

during set up significantly affected animal num¬
bers. Significantly fewer Halicarcinus ovatus
occurred in undisturbed control areas than in
areas with basal mesh at Western Port, and the
fish Nesogobius sp. 7 showed similar patterns at
Cloudy Bay Lagoon.

Biomass and productivity

Biomass and productivity data obtained from
Western Port for fishes varied greatly between
treatments due to the paucity of animals collected,
the sporadic presence of the large tetraodontid
Torquigener glaber, particularly in control and
bare ASU plots, and a single large platycephalid
(Platycephalus laevigatus) collected from a debris
addition ASU (Fig 3). Effects of different treat¬
ments on fish biomass and productivity therefore
could not be statistically analysed because of
extreme heterogeneity in variances.

At Cloudy Bay Lagoon, the mean biomass (x
- 36 g wet weight) and productivity (x = 46 mg
AFDW/d) of fish associated with ASUs were

comparable to those recorded at Western Port
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Table VI. - Results of three-way ANOVAs using log-transformed data on biomass and estimated productivity of
fish collected from Cloudy Bay Lagoon ASUs subjected to different treatments. Treatment interactions were also
examined but are not shown as all were non-significant (P > 0.2).

Effect

Seagrass addition
Debris addition

Sand addition

Error

Biomass

Total fish Seagrass fish Unvegetated fish
DF MS F P MS F P MS F P

1 7.865 11.13 0.004 15.167 11.20 0.004 3.469 5.58 0.031

1 1.377 1.95 0.182 6.639 4.90 0.042 5.154 8.29 0.011

1 0.074 0.10 0.751 0.000 0.00 0.985 0.354 0.57 0.462

24 0.706 1.354 0.622

Effect

Seagrass addition
Debris addition

Sand addition

Error

Estimated productivity
Total fish Seagrass fish Unvegetated fish

DF MS

1 3.551

1 1.011

1 0.066

16 0.381

F P MS

9.31 0.008 9.175

2.65 0.123 4.225

0.17 0.683 0.077

0.961

F P MS

9.55 0.007 1.581

4.40 0.052 2.715

0.08 0.780 0.090

0.310

F P

5.10 0.038

8.76 0.009

0.29 0.598

(20 g and 62 mg/d; Fig. 3). Variance of data from
Cloudy Bay Lagoon was homogeneous after log-
transformation, hence experimental results could
be analysed using ANOVA. Two variables, fish
biomass and estimated productivity, varied bet¬
ween treatments in almost identical ways. Only
one treatment, seagrass addition, significantly af¬
fected biomass and productivity of the total fish
fauna (Table VI). However, a lack of significant
overall change between debris treatments reflected
differing responses of seagrass - and sand -
associated fishes rather than a lack of change in
the fish fauna. The biomass of seagrass-associated
fishes was positively-affected by debris addition
treatments while the biomass of sand-associated
fishes was negatively-affected.

In contrast to analyses involving abundance
data, the biomass and productivity of sand-asso¬
ciated gobiids, as well as seagrass-associated
fishes, were significantly enhanced in seagrass
addition treatments. This change was caused by
sand-associated fishes having significantly greater
biomass in the vicinity of vegetated ASUs com¬
pared to bare plots. A three-way ANOVA (fac¬
tors : fish species, artificial seagrass addition,
debris addition) utilising data on the mean bio¬
mass of the four common sand-associated fish
species (Nesogobius sp.l, N. sp. 7, N. hinsbyi and
Tasmanogobius lasti) per ASU revealed signifi¬
cant differences in mean biomass between species
(DF = 3/71, F = 16.45, P < 0.001) and between
seagrass addition treatments (DF = 1/71, F = 6.09,
P = 0.016), but not for the debris addition
treatment or treatment interactions. Thus, consis¬
tent responses were shown by the four species for
an increase in mean biomass near seagrass addi-

Western Port

Seagrass
Debris

Seagrass Debris Bare

Cloudy Bay Lagoon

Control

Seagrass
Debris

Seagrass Debris Bare Control

Fig. 3. - Mean biomass (g wet weight) and estimated
productivity (mg AFDW/d) (± SE) of fish collected
from ASU treatments with artificial seagrass plus sur¬
face debris, artificial seagrass only, surface debris only,
no added surface material and control plots at Western
Port and Cloudy Bay Lagoon. Fishes have been cate¬
gorised into those generally associated with seagrass
and those generally associated with sand habitats.
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Table VII. - Results of three-way ANOVAs using data on biomass and estimated productivity of epibenthic
invertebrates collected from ASUs subjected to different treatments. Treatment interactions were all non-significant
(P > 0.05).

Western Port

Biomass Productivity

Effect DF MS F P MS F P

Seagrass 1 5.548 7.54 0.011 4.153 7.41 0.012

Above-ground debris 1 1.505 2.05 0.166 1.166 2.08 0.162

Below-ground debris 1 0.044 0.06 0.808 0.005 0.01 0.926

Error 24 0.736 0.560

Cloudy Bay Lagoon
Biomass Productivity

Effect DF MS F P MS F P

Seagrass 1 19.354 9.59 0.007 18.069 11.36 0.004

Debris 1 5.222 2.59 0.127 5.472 3.44 0.082

Sand 1 5.849 2.90 0.108 3.253 2.05 0.172

Error 16 2.019 1.590

tion ASUs. The greatest differences in mean
biomass between bare and seagrass ASUs were
observed for Nesogobius sp.l and N. hinsbyi.
These species increased near ASUs from 5.7 g to
9.1 g, and from 0.6 g to 1.46 g, respectively.

Patterns of variation in biomass and producti¬
vity of epibenthic invertebrates were similar at
the two sites (Fig. 4). Both variables were signi¬
ficantly elevated in artifical seagrass ASUs but
were not significantly affected by other treatments
or interactions (Table VII). However, both varia¬
bles showed substantial rises in debris addition
treatments that, while non-significant when F-tests
were conducted at individual sites, became signi¬
ficant when data were combined for the two sites.
A three-way ANOVA (treatments : site, artificial
seagrass addition, surface debris addition) using
biomass data indicated significant effects of arti¬
ficial seagrass (DF = 1/48, F = 17.75, P < 0.001)
and debris (F = 4.80, P = 0.033) but not for site
or interactions (P > 0.1). Similar results were
found in analysis of productivity data (DF = 1/48 ;
artificial seagrass : F = 20.57, P < 0.001 ; debris :
F = 6.09, P = 0.017).

Diets and relationships with benthos

Results of multidimensional scaling of combi¬
ned fish gut content and prey productivity data
sets for Cloudy Bay Lagoon are shown in Fig. 5.
The stress statistic associated with this plot is
0.17, indicating that the diagrammatic reduction
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Fig. 4. - Mean biomass (g AFDW) and estimated pro¬
ductivity (mg AFDW/d) (± SE) of epifaunal invertebra¬
tes collected from ASU treatments with artificial

seagrass plus surface debris, artificial seagrass only,
surface debris only, no added surface material and
control plots at Western Port and Cloudy Bay Lagoon.
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Fig. 5. - Results of multidimensional scaling of data
on invertebrate faunas collected from different habitat

components in experimental treatments (D : detritus ;
A : artificial seagrass leaves ; B : bare ASUs ; C : con¬
trol plots), core samples collected from undisturbed
seagrass (H) and unvegetated habitats (U), and gut
contents of common fish species at Cloudy Bay Lagoon
(+). Benthos data have been subdivided by sieve-size
category into 125-250 (im (1), 250-500 um (2), 0.5-1
mm (3), 1-2 mm (4) and > 2 mm (5) classes. The names
of fish species collected from seagrass habitat are un¬
derlined, fishes collected from unvegetated habitat are
not underlined.

to two-dimensions was adequate but near the
margin of acceptability. MDS axis 1 primarily
discriminated between invertebrate (prey) size,
while axis 2 primarily separated soft sediment
from seagrass faunal assemblages. Polychaete and
crustacean species tended to predominate amongst
the large faunal size classes in both seagrass and
unvegetated habitats, hence considerable overlap
occurred between large-sized assemblages asso¬
ciated with different habitat types.

A group of 3 fish species located in the central
right of the figure, Stigmatopora argus, Acantha-
luteres spilomelanurus and Vanacampus phillipi,
fed on a mixture of prey that was almost identical
to the small (125-250 pm sieve size) invertebrate
assemblage associated with artificial seagrass lea¬
ves. These fishes presumably fed by picking at
meiofaunal harpacticoids and ostracods associated
with vegetated surfaces. By contrast, another fish
that fed on meiofaunal invertebrates, Tasmanogo¬
bius lasti, included a substantial component of
sediment-associated species in its diet. Virtually
no difference was discernible in the diets of V.

phillipi collected from seagrass and unvegetated
habitats, hence animals collected in unvegetated
habitats had most likely fed previously amongst
plant leaves.

The two common species of Nesogobius exhi¬
bited major dietary shifts when collected in dif¬
ferent habitats. Individuals collected over sand
ingested smaller prey and a larger proportion of
infaunal species, whereas animals collected
amongst seagrass consumed numerous amphipods
and other large epifaunal crustaceans. Although
both species are generally considered sand-asso¬
ciated, they appear capable of feeding on elevated
prey densities associated with seagrass.

DISCUSSION

As was the case with the meio-/macrofaunal
data set (Edgar 1999), patterns of variation in
productivity were highly consistent between sites.
No significant variation was detected by ANOVA
in total invertebrate productivity between sites,
nor in site by treatment interactions. Although a
comparable ANOVA could not be conducted for
total fish productivity because of heterogeneous
variances in Western Port data, the mean produc¬
tivity of fish in plots at Western Port was also of
a similar magnitude to mean fish productivity at
Cloudy Bay Lagoon (37 and 62 mg/d, respectively).
In the context of these analyses it is important to
note that 'site' was considered a fixed factor in
tests, and general conclusions should not be
extrapolated outside the two sites examined. Ex¬
perimental work at additional sites, and statistical
analysis of data based on 'site' as a random factor,
is needed before the generality of conclusions can
be adequately assessed.

The concordance between sites in both fish and
invertebrate productivity supports the contention
that assemblage productivity provides a useful,
measurable and conservative variable for investi¬

gating communities, and that this variable res¬
ponds in a predictable manner to environmental
effects (Edgar 1990, 1993, Edgar & Shaw 1995a,
c). By contrast, total abundance varied by an order
of magnitude between Western Port and Cloudy
Bay Lagoon, and was not significantly affected
by artificial seagrass addition at Cloudy Bay
Lagoon. This variable therefore appears to have
little predictive value. Total abundance should be
considered largely as a population rather than
community variable because of a strong depend¬
ence on the abundance of the single most common
species collected. The most abundant species
often possess small body size and contribute little
to total community processes.

The one major difference in fish productivity
between sites related to partitioning of producti¬
vity between body sizes. Numerous gobies and
syngnathids of small body size were present at
Cloudy Bay Lagoon, whereas almost all fish
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productivity at Western Port was confined to a
few relatively-large tetraodontids and platycepha-
lids. Any explanation for this difference is specu¬
lative ; however, one notable distinction between
sites was that negligible crustacean prey was
present at Western Port in the 250-1000 pm size
range (Fig. 4 in Edgar 1999). Small fishes at that
site therefore almost completely lacked a food
base. The one major source of crustacean prey at
Western Port was amongst seagrass debris, where
amphipods and crabs in the 2-5.6 mm size range
were common. Given that fish preferentially feed
on animals at ~ 6 % of their body length (Edgar
& Shaw 1995b), such prey would primarily be
attractive to fish in the 50-100 mm size range,
such as the tetraodontids observed.

Overall, however, fish and decapod productivi¬
ties were not closely coupled with prey producti¬
vity. In contrast to the conspicuous responses of
most macrofaunal taxa to the addition of seagrass
debris (Edgar 1999), fish productivity was not
significantly elevated in debris addition treatments
despite high densities of crustacean and other
macrofaunal prey. Other than the shrimps Macro-
brachium intermedium and Palaemon serenus at

Cloudy Bay Lagoon and the crab Halicarcinus
ovatus at Western Port, fishes and epibenthic
invertebrates showed no clear association with

seagrass debris, or were negatively affected by its
presence (Nesogobius sp. 1). Gobies as a group
selected sand habitats, with the consequence that
numbers were low in debris addition treatments

because of alienation of habitat space.

The only treatment to consistently affect the
epibenthic fauna was the addition of artificial
seagrass. This result is consistent with the hypo¬
thesis that epibenthic species utilise seagrass
fronds as a refuge from larger fish predators
(Heck & Orth 1980, Orth et al. 1984). The number
of fish and invertebrate species, and epibenthic
productivity, all increased amongst ASUs with
artificial seagrass present. Somewhat surprisingly,
this response occurred amongst fishes normally
associated with sand habitats (Table VI) as well
as amongst seagrass-inhabiting species. The in¬
crease in sand-dwelling fish productivity was
largely caused by an increase in mean size of
Nesogobius sp 1. and N. hinsbyi near artificial
seagrass plots ; these animals appeared to be
foraging on large amphipods and other invertebra¬
tes living amongst the ASUs (Fig. 5).

Although analysis of fish diets showed that the
benthic invertebrates consumed by fishes were
much more typically associated with seagrass
habitats than with unvegetated habitats (Fig. 5),
experimental results clearly indicated that fish and
decapods were not nearly as strongly coupled with
food as were macrofaunal and meiofaunal inver¬
tebrates (Edgar 1999). One explanation for this
trophic differences between epibenthos and the

smaller invertebrates is that most fishes and
decapods have a pelagic larval stage lasting in
excess of two weeks that prevents them from
immediately capitalising on newly available ben¬
thic food resources. Nevertheless, considerable
movement of fishes between seagrass beds can
occur after settlement (Sogard 1989). Future stu¬
dies should be carried out in different seasons in
order to determine whether the different responses
of invertebrates and fishes to food resources is
related to fundamental differences in recruitment
or migration rates.

Settlement of seagrass-associated fish on
ASUs, particularly at Western Port, was poor
compared to settlement rates on artificial habitats
used in studies elsewhere (Barber et al. 1979, Bell
et al. 1985, Mills 1991, Sogard 1989, Jenkins &
Sutherland 1997). Possible reasons for this low
settlement are that the sites studied reflected

locally depressed recruitment (Jenkins et al.
1998), that ASUs were deployed during a season
of poor settlement, or that ASUs were not placed
in the field for sufficient time to accrue a full
faunal complement. The latter explanation is un¬
likely as Barber et al. (1979), Sogard (1989)
Jenkins (pers. comm.) found little difference in
the numbers of fish associated with ASUs placed
in the water for 2-3 weeks and those placed on
site for longer periods.

Peak seasonal recruitment of fish and decapods
to seagrasses, and presumably also ASUs, occurs
between November and January in southern Aus¬
tralia (e.g., Neira et al. 1992, Edgar & Shaw
1995a). Our experiments were conducted just
outside this period, possibly contributing to the
low number of fish collected. Very few fish
collected from our ASUs were post-larvae that
had recently recruited from the plankton, unlike
the fish collected in another Australian study in
which ASUs were used (Bell et al. 1985). Almost
all fish associated with ASUs at Western Port and

Cloudy Bay Lagoon had crossed sand patches to
reach the ASUs as large juveniles or adults.

Whatever the reason for the poor recruitment,
experiments at larger spatial (ASU patches > 5
m2) and temporal (> 3 mo) scales should be
undertaken to unequivocally demonstrate the im¬
portance of epifaunal productivity and seagrass
structure to fish productivity. The spatial scale of
experimentation was probably not sufficient to
detect effects amongst the larger animals captured
(Eggleston et al. 1998), such as Tetractenos
glaber at Western Port. A lack of increase in T.
glaber amongst debris addition treatments, where
prey occurred in highest density, may have been
caused by this species responding to increased
prey densities in debris treatments across the
whole experimental ASU array rather than at the
scale of individual ASUs. This possibility is
supported by field data collected in each of four
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seasons during the previous year at the Cowes
Bank study site. Only 36 individuals of T. glaber
were collected from 22 seine hauls through repli¬
cate areas of 77 m2 (x = 0.02 m~2), compared to
a mean of 3.3 animals per « 4 m2 (x = 0.83 nr2)
that was sampled around control plots within the
ASU array.

Overall interpretation of the experimental re¬
sults is greatly clarified when outcomes of a
more-detailed manipulative study in the United
States by Levin et al. (1997) are considered. Levin
et al. (1997) also found that fish recruitment in
seagrass beds was facilitated by seagrass struc¬
ture, and that no differences between treatments
were attributable to food enhancement. They fur¬
ther found that fishes settling in beds grew more
rapidly in treatments with food enhancement, and
that survival of fishes in seagrass beds was
facilitated by faster growth rates enabling them
to reach a size threshhold from predators more
quickly (see also Perkins-Visser et al. 1996).
Available evidence therefore suggests that (i)
fishes preferentially select seagrass beds for set¬
tlement (Bell & Westoby 1986, Bell et al. 1987),
but do not initially discriminate between beds with
different levels of food resources, (ii) mortality
for some species is reduced by structural charac¬
teristics of beds (Orth et al. 1984), and (iii)
growth rates and total fish productivity within and
between beds vary largely with crustacean avai¬
lability, and hence are generally higher within
seagrass beds. However, for the few fish species
that consume non-crustacean food resources, for
example flounder feeding on polychaetes (Sogard
1992), the third postulate may not apply.
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ABSTRACT. - Periodicities in daily food intake, growth, and ammonia concen¬
tration of water were estimated and compared for two size classes of brook trout
(~ 5 g and > 30 g) held at two temperatures (10 and 15 °C) under laboratory
conditions. Periodicities in ammonia concentration of water were also estimated
for a basin containing 37,000 juvenile brook trout of 3-6 g at 8 °C under farming
conditions and compared to those of the laboratory setting. A multi-frequential
periodogram analysis identified short-to-intermediate periodicities in daily food
intake, growth, and ammonia concentration under laboratory conditions. The pre¬
dominant periods in daily food intake ranged from 7 to 12 d (R2 = 82-95 %).
Prevailing periodicities in the temporal trajectory of mean fish weight (7 and 10
d ; R2 = 82-93 %) coincided with those estimated for daily food intake. Ammonia
concentration in the experimental tanks had predominant periods of 7-8, and 12
d (R2 = 86-99 %), coinciding with both the daily food intake and the trajectory
of mean fish weight. Periods were similar at both temperatures for both size
classes, illustrating the absence of an effect of body size and temperature on
periodicities in daily food intake, growth, and ammonia concentration. In the fish
farm, periodic components of the ammonia concentration in basin jointly explained
96 % of the total variation of the data. The predominant period was 7-8 d,
supporting the results obtained in laboratory.

RÉSUMÉ. - Les périodicités dans l'ingestion journalière, la croissance, et la
concentration en ammoniaque de l'eau ont été estimées et comparées pour deux
classes de taille de Truites mouchetées (~ 5 g et > 30 g), à deux températures (de
10 et 15 °C). De plus, les périodicités dans la concentration en ammoniaque de
l'eau d'un bassin de pisciculture contenant 37 000 Truites mouchetées de 3 à 6 g
à 8 °C ont été estimées et comparées à celles du laboratoire. Les résultats de
l'analyse du périodogramme multi-fréquentiel ont confirmé la présence de pério¬
dicités courtes à intermédiaires dans l'ingestion, la croissance, et la concentration
en ammoniaque. Les périodicités prédominantes dans les séries d'ingestion varient
de 7 à 12 jours (R2 = 82-95 %). Les périodicités de 7 et 10 jours, prévalant dans
les séries de poids moyen (R2 = 82-93 %), coïncident avec celles d'ingestion. Les
séries de la concentration en ammoniaque montrent des périodicités prédominantes
de 7-8 et 12 jours (R2 = 86-99 %), coïncidant avec les séries d'ingestion et de
poids moyen. Les périodes sont similaires aux deux températures dans les deux
classes de taille, illustrant l'absence d'un effet de taille et de température sur les
périodicités dans l'ingestion journalière, la croissance, et l'excrétion en ammonia¬
que. Les composantes périodiques dans la série d'excrétion en ammoniaque à la
pisciculture expliquent conjointement 96 % de la variation totale de la série, et la
périodicité prédominante est de 7-8 jours, confortant ainsi les résultats obtenus en
laboratoire.
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INTRODUCTION

The presence of rhythms in fishes has long
been established (see Ali 1992 for historical
account), and circannual rhythms of growth have
often been reported (Brown 1946, Swift 1955,
Eriksson & Lundqvist 1982, Griffiths & Kirkwood
1995, Jensen & Berg 1995, Saether et al. 1996).
Circasemilunar and circalunar rhythms in fish
growth have also been characterized (Brown 1946,
Panella 1971, Campana 1984, Wagner &
McKeown 1985, Farbridge & Leatherland
1987a,b). The analysis of calcareous deposits on
otoliths has also demonstrated the presence of
circadian growth rhythms in fish (Panella 1971,
Taubert & Coble 1977, Campana & Neilson
1982). Recently, Aboul-Hosn et al. 1997 elucida¬
ted non circa rhythms in the growth rate of brook
trout, Salvelinus fontinalis. Thus, it would appear
that fish have the propensity to exhibit both circa
and non circa growth rhythms.

Since the growth rate of a fish under laboratory
conditions is primarily determined by the rate at
which food is consumed (Brett 1979), perio¬
dicities in growth should coincide with perio¬
dicities in food intake, as demonstrated by Brown
1946, Campana 1984, Farbridge & Leatherland
1987a, and Saether et al. 1996. Feeding practices
used in fish farming contrast with the rhythmic
nature of physiological processes in that the
quantity of food distributed on a daily basis
generally represents a constant proportion of fish
biomass. The existence of rhythms suggests that
fish will consume a large proportion of the feed
allotted to them on some days, but on others, a
fraction of the feed distributed may not be inges¬
ted. This situation may lead to a net loss of feed
investment for culturists. Self-feeders or interac¬
tive feeding systems may minimize this situation.
However, these systems are not always used in
intensive farming and they may also be partly
controlled by dominant fish (Tackett et al. 1988;
see also Trudel & Boisclair 1993). The study of
fish rhythms should not be perceived as a means
to supplant demand-feeders, but more as a way
to complement or guide their use.

Based on the established occurrence of rhythms
in growth and food intake in fish, it can be
inferred that rhythms in excretion may also exist.
Ammonia, the predominant end-product of protein
metabolism in fish (Fromm 1963), is excreted
passively through the gills and can account for
over 80 % of the nitrogenous wastes in freshwater
fish (Jobling 1994). Ammonia excretion is most
affected by the daily rate of protein intake (Bea¬
mish & Thomas 1984) and increases substantially
after feeding (Brett & Zala 1975, Kaushik 1980,
Lied & Braaten 1984). It is therefore conceivable
that ammonia excretion rhythms exist and coin¬

cide with rhythms in food intake and/or growth.
Indeed, if ammonia excretion rhythms exist and
coincide with rhythms in food intake and/or
growth, a culturist could use variations in ammo¬
nia concentrations in rearing facilities as an ef¬
fective tool to determine what phase of a food
intake and/or growth rhythm fish are situated.
Culturists could adjust feeding strategies accor¬
dingly and increase production by allotting more
food in periods of increased food intake and/or
growth rates and allotting less food in periods of
decreased food intake and/or growth rates. Thus,
a chronobiological approach to aquaculture could
be used to increase the efficiency in the produc¬
tion of fish (Spieler 1977, Parker 1984).

It was the purpose of this study to estimate and
compare short-to-intermediate periodicities in the
daily food intake and growth of brook trout and
ammonia concentration in the water and determine
the effect of body size (weight) and temperature
on these periodicities. Periodicities in ammonia
concentration estimated for a large group of brook
trout at a fish farm were compared to those
obtained in a laboratory setting.

2. METHODS AND MATERIALS

We compared short-to-intermediate periodicities in
daily food intake, growth and ammonia concentration,
and determined the effects of body size (weight) and
temperature on these periodicities by monitoring daily
food intake, mean weight, and ammonia concentration
in the water for two size classes of brook trout for

approximately one month in a laboratory setting. All
experiments were replicated. The duration of our expe¬
riments was selected to correspond to the average time
between two successive operations of sorting by size
as practiced in fish farms (in fish farms, brook trout
are sorted by size categories and restocked in different
basin on a monthly basis). The length of our experi¬
ments was also selected to insure that rhythms with
short to intermediate periodicities observed in previous
studies (periodicities of 5 to 10 days; Aboul-Hosn et
al. 1997) could be adequately discriminated in our
work. Fish were fed once each day. Daily food intake
of trout and ammonia concentration was estimated e-

very two days on odd days of experiments (day 1, 3,
5, ...). Fish weight was estimated every two days on
even days of experiments (day 2, 4, 6, ...) few hours
before feeding. This strategy was adopted to avoid
handling fish on days when feeding and ammonia con¬
centration were estimated and to minimize the quantity
of food from previous meal in the digestive tract of
fish when estimating fish weight (maximum of 0.5 %
of fish wet weight 24 h after a meal). In the fish farm,
fish were also fed on a daily basis but only ammonia
concentrations in the basin could be estimated over 19

days and compared to variations observed in the labo¬
ratory. Periodicities were assessed using time series
analysis.
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Table I. - Mean weight and weight range of replicates used in Series I & II. Comparison of the mean weights
between replicates was performed using r-tests (n = 46 for each replicate).

Series I (15°C) Series II(10°C)
Size Replicate Mean Range (g) /-test Mean Range (g) West
Class Weight (g) Weight (g)

I 1 4.4 3.5-5.2 p = 0.83 5.3 4.0-7,4 p = 0.94

2 4.3 3.5-5.1 5.3 4.1-7.6

II 1 39.2 34.1-44.8 /> = 0.84 31.3 26.6-37.5 p = 0.96

2 39.3 34.1-45.2 31.3 26.7-37.5

2.1. Experimental tanks and operation : Two experi¬
mental environments were required to provide two dif¬
ferent water temperatures. Experiments conducted at
15 °C (± 0.5 °C) were performed at the Département de
sciences biologiques of Université de Montréal and will
be referred to as Series I. For Series I, trout were
housed in 510-L flow through tanks (0.91 x 0.91 x
0.66 m). Tap water was dechlorinated using a Momen¬
tum CA 1248 carbon filter before entering the tanks.
Observations at 10 °C (± 0.5 °C) were performed at the
Station de Biologie des Laurentides of Université de
Montréal and will be referred to as Series II. The trout
used in Series II were housed in 510-L flow through
tanks (2.2 x 0.5 x 0.5 m). In this case, water from a
nearby lake was pumped and filtered. For Series I and
II, observations were made on four tanks (2 size classes
x 2 replicates). A third time series, limited to the survey
of ammonia concentrations in one basin of brook trout

held at 8.1 °C (± 0.1 °C), was conducted at Pisciculture
Simdar (Saint-Alexis-des-Monts, Québec), and will be
referred to as Series III.

The rate of flow of water into all tanks of Series I
and II was set at 2 L-min"1 using adjustable valves on
the inlets of the tanks. Thus, the entire volume of water
within the tanks was replaced about every 4 hours. All
tanks were 100 % saturated with oxygen. The photope-
riod was held constant for all experiments and consisted
of 8-h light and 16-h dark (fluorescent light, ~ 45 lx
at water surface). Fish were acclimated to the experi¬
mental conditions for two weeks. For Series III, fish
were housed in a concrete raceway (3 m wide x 1 m
deep x 20 m). The rate of water flow into the raceway
was 660 L-.s"1. The basin was 75 % saturated with
oxygen, and the photoperiod was 9-h light and 15-h
dark.

2.2 Experimental animals : For Series I and II, brook
trout were obtained from genetically homogeneous
stocks (Pisciculture Mont-Tremblant) to minimize the
potential effect of genotype on ammonia excretion
(Kaushik et al. 1984). Each experimental tank was
stocked with 46 brook trout (Table I). Each group of
fish was normally distributed with respect to body
weight, and there was no significant difference between
the mean weight of groups of fish used as replicates
(Mest ; p > 0.9). For Series III, the basin contained
approximately 37,100 juveniles aged 0+ (mass : 3-6 g
wet).

2.3. Feeding and food composition : For Series I and
II, the amount of food fed to the trout was dependent
on water temperature and fish biomass. Food was al¬
ways given in excess to insure that the variability of
the daily food intake of the fish was independent of
the food given to the fish. Allotted rations for both size
classes ranged from 4.0 to 7.0 % body weight per day
of Martin Starter Pellets. Replicates were always allot¬
ted the same amount of feed on any given day. Fish
were fed once a day at 0930 and were given 30 minutes
to ingest the given amount (fish would stop eating
approximately 20 min after being fed). Feeding regime
(1 meal per day) was selected to correspond to that
frequently employed by fish farmers for brook trout of
the sizes used in our study at the experimental tempe¬
ratures. Excess food was then retrieved with a fine-
meshed fish net and dried in an oven at 60 °C for 24
h. Preliminary experiments showed that the mass of the
dried excess obtained in this manner should be multi¬
plied by a correction factor of 1.3 to obtain the wet
weight (i.e. the weight of the food when taken out of
the feed bag). Thus, the daily food intake (wet g-day-1)
by any group of fish was defined as the amount given
subtracted by the amount leftover after 30 min (after
drying and corrections). Daily food intake is presented
as a two-day average by combining the intake the day
prior to and the intake of the day of ammonia deter¬
minations. Daily food intake was calculated in this
fashion because parallel experiments demonstrated that
food intake on the day prior to an ammonia determi¬
nation had a significant effect on the ammonia concen¬
tration in the water the following day (Harper 1997).
The brook trout of Series III were fed Moore Clark
feed provided at uneven intervals for eight hours each
day by an automatic feeder (1.5 % of fish biomass).

2.4. Weight determination : For Series I and II, trout
were weighed prior to the commencement of a series
and after the completion of a series. Estimates of the
mean weights of the replicates were obtained every two
days within a series by sampling 20 fish from each
tank. Estimates were obtained on days opposite to those
where ammonia concentrations were determined. Every
sixth weighing period within a series, all the fish of a
given size class were weighed, providing the mean
weight of each replicate. A computer simulation indi¬
cated that sampling 20 of the 46 fish would be sufficient
to attain a mean weight for a given group that is within

1 SD of the "real" mean about 80 % of the time. The
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average intial weight of the brook trout of Series III
was approximately 3 g and the average final weight
was 6 g.
2.5. Ammonia determination : To establish an appro¬
priate sampling time to estimate ammonia concentra¬
tion, we performed 24-h experiments where ammonia
concentrations were sampled every hour subsequent to
feeding in order to elucidate a possible peak in ammo¬
nia concentration. Peak ammonia concentrations were

recorded approximately 6 hours after feeding at 15 °C
and approximately 8 h after feeding at 8-10 °C. Sam¬
pling at the time of a peak in ammonia concentration
within a tank ensures consistency in relating ammonia
to food intake from tank to tank. Every two days within
Series I and II, four 500 ml water samples were remo¬
ved from each aquarium at 1600 for Series I and at
1800 for Series II. For Series III, six 500 ml water
samples were removed daily from the basin at 1800.
One 50 ml subsample from each 500 ml sample was
then analyzed for ammonia using the phenol-hypochlo-
rite method (Soloranzo 1969). For all series, a prelimi¬
nary experiment was performed to test intra-tank
variation in ammonia concentrations ; ten water samples
per rearing facility were removed at the appropriate
sampling time and analyzed for ammonia. The results
demonstrated that four water samples per tank in Series
I and II and six water samples for the basin of Series
III would be sufficient to account for the intra-tank
variation of ammonia concentrations (CV of 3.0 %).
Moreover, water samples were obtained from different
parts of the tanks to account for potential intra-tank
variation.

2.6. Statistical analysis : Dutilleul's multi-frequential
periodogram and the related stepwise procedure (Du-
tilleul 1990, Legendre & Dutilleul 1992, Dutilleul 1998,
Legendre & Legendre 1998) were used to detect the
number and value of periodicities in daily food intake,
mean weight, and ammonia concentration. The multi-
frequential periodogram analysis can reveal several pe¬
riods in a given trajectory ; however, these periods may
not correspond to distinct rhythms. In fact, several
periodic components may compose one true rhythm.
For example, if periods of 6, 8, and 12 d are revealed
for the replicate 1 series of a given variable in a given
size class, the periods of 8 and 12 d will be interpreted
as the true periods, and the 6 d period will be inter¬
preted as a component of the 12-d period (Fig. 6a in
the appendix). Moreover, if periods of 10.78 d and
13.54 d are revealed for the replicate 2 series of the
same variable in the same size class, they will be
interpreted as a pseudo-periodic signal with an approxi¬
mate 12-d period because of the predominant 12-d
period of replicate 1 (Fig. 6b in the appendix).

3. RESULTS

3.1. Series I

The daily food intake, mean weight, and am¬
monia concentration trajectories of the replicates
of Size Class I all displayed rhythmic patterns
(Fig. 1). The multi-frequential periodogram ana¬
lysis revealed a range of periodicities in daily

food intake, from 4 to 13 d, and, on average, the
frequency components in daily food intake of the
replicates of Size Class I jointly explained 83 %
of the total dispersion of the time series (Table
II). The predominant period for both replicates
was about 12 d.

A range in periodicities of about 4 to 10 d was
observed for the mean weight series of Size Class
I (Table II). The frequency components, on ave¬
rage, jointly explained 86 % of the total variation
in the time series. The predominant periods that
emerged from the mean weight rhythms of the
replicates were about 9 and 10 d, slightly shorter
periodicities than the 12 d period observed for the
daily food intake series. The average daily growth
rate for the replicates of Size Class I was 4.6 %
per day. Although the rhythmicity in the mean
weight series is not particularly evident in Fig. 1,
peak growth rates were, on average, 4 times those
observed in the trough of a cycle.

A range in periodicities of about of about 6 to
13 d was observed in the ammonia concentration
series (Table II). The frequency components in
ammonia concentration jointly explained 99 % of
the total variation of the time series for both

replicates. Periods 8 and 12 d were prevalent in
the ammonia concentration series.

The mean weight and ammonia concentration
trajectories of the replicates of Size Class II dis¬
played rhythmic patterns. However, the daily food
intake trajectory did not exhibit a rhythmic pattern
(Fig. 2). Mean weight displayed a range in peri¬
odicities of about 4 to 14 d, and, on average, the
frequency components in mean mass of the repli¬
cates of Size Class II jointly explained 86 % of
the total dispersion of the time series (Table II).
The predominant period for both replicates was
about 9-10 d. A longer periodicity of 14 d emer¬
ged in the mean weight series of replicate 2. The
average daily growth rate for the replicates of Size
Class II was 2.5 % per day. Peaks in growth rates
for the replicates were, on average, 3.6 times those
recorded in troughs.

A range of periodicities in the ammonia con¬
centration series of about 4 to 12 d was observed
(Table II). On average, the frequency components
in the ammonia concentration series of the repli¬
cates jointly explained 88 % of the total variation
of the time series. Periods of about 8 and 12 d
once again emerged for the ammonia concentra¬
tion rhythms.

Comparing the periodic components in the
mean weight and the ammonia concentration se¬
ries of Size Class I and Size Class II, it is evident
that their respective rhythms are similar, sugges¬
ting that body size did not have an effect on the
rhythmic behaviour of the variables. For instance,
the mean weight series of both size classes de¬
monstrated a period of about 9-10 d. Moreover,
periods of about 7-8 and 12 d were found for the
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Table II. - Periodic components estimated at the end of the stepwise procedure involving the analysis of Dutilleul's
(1990) multi-frequential periodogram for the daily food intake, mean weight, and ammonia concentration series of
two size classes of brook trout. AR2 in parentheses. Water temperature was 15 °C.

Size class Variable Replicate
1

Step
2 3

R* Range of
periodicities

1 Daily food 1 12.46 36.19 N.S.1 4.91 N's 0.85
intake (0.64) (0.13) (0.08)

4-13
2 13.41 10.06 N S-' 33.22 N S-t 0.82

(0.46) (0.21) (0.15)

Mean 1 10.55 4.26 19.29Ns * t 0.79

weight (0.40) (0.24) (0.15)
4-10

2 4.75 8.91 27.061 0.92

(0.58) (0.20) (0.14)

Ammonia 1 8.37 6.19 12.08 0.99
concentration (0.66) (0.22) (0.11)

6-13

2* 10.88 13.64 6.36 0.99
(0.47) (0.29) (0.23)

Daily food 1 19.80 Î 3.34N s 2.00 Ns- 0.76
intake (0.45) (0.19) (0.12)

2-5

2 15.02 Î 5.09N S-* 4.33 0.89
(0.44) (0.24) (0.21)

Mean

weight
9.67

(0.50)

10.12

(0.50)

5.51

(0.31)

14.35

(0.31)

4.34

(0.10)
0.91

0.81
4-14

Ammonia 1 7.25 9.42 NS-' 28.45 N s *î 0.91
concentration (0.69) (0.15) (0.07)

4 -12
2 7.96 4.48 N s-* 12.58 0.86

(0.44) (0.21) (0.21)

N S- Non significant periods
N s-* Significance probability 0.05 < P < 0.15
t Fourth significant period not shown
Î Frequency components corresponding to autocorrelation rather than rhythms

ammonia concentration series of both size classes.
While the daily food intake trajectory of Size
Class I displayed a rhythmic pattern with a period
of about 12 d, the daily food intake series of Size
Class II was not rhythmic. Series I, in particular
Size Class I, illustrates that periods in the daily
food intake, mean weight, and ammonia concen¬
tration series do, indeed, coincide.

3.2. Series II

The daily food intake, mean weight, and am¬
monia concentration trajectories of the replicates
of Size Class I all displayed rhythmic patterns
(Fig. 3). A range of periodicities in daily food
intake of about 5 to 10 d was recorded (Table III).
On average, the frequency components in daily

food intake of the replicates of size class I jointly
explained approximately 91 % of the total disper¬
sion of the time series. The prevalent period for
both replicates was about 7-8 d, but a period of
about 10 d emerged in the series of replicate 2.

A range in periodicities of about 4 to 10 d was
observed for the mean weight series of Size Class
I. On average, the frequency components jointly
explained about 81 % of the total variation in the
time series. The predominant periods found from
the mean weight rhythms of the replicates were
about 7 and 10 d, similar to the periodicities
observed for the daily food intake series. The
average daily growth rate for the replicates of Size
Class I was 3.3 % per day. Maximum growth rates
for the replicates were, on average, 10 times
greater than the minimum growth rates recorded.
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Time (days)

Fig. 1. - Profiles of Size class I (mean weight = 4.4 g) of Series I : daily food intake (top), mean weight
(middle), and ammonia concentration (bottom).
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Ammonia concentration demonstrated peri¬
odicities of about 4 to 13 d (Table III), and, on

average, the frequency components in the ammo¬
nia concentration series of the replicates of size
class I jointly explained 88 % of the total variation
of the time series. A period of 5 d emerged for
both replicates. Periods of about 8 d and 13 d
were also observed.

The daily food intake, mean weight, and am¬
monia concentration trajectories of the replicates
of Size Class II all displayed rhythmic patterns
(Fig. 4). Periods of about 7 and 10 d emerged in
the daily food intake rhythms of replicates 1 and
2 (Table III). The periodic components accounted
for about 86 % of the variation of the time series,
and ranged from about 4 to 10 d. The frequency
components of the daily food intake series were
similar to those of Size Class I for the same

variable.

Mean weight displayed a range in periodicities
of about 5 to 10 d, similar to the daily food intake
series, and, on average, the frequency components
in mean mass of the replicates of Size Class II
jointly explained 91 % of the total dispersion of
the time series. The predominant periods were
about 7-8 and 10 d. The average daily growth rate
for the replicates of Size Class II was 1.9 % per
day. Maximum growth rates for the replicates
were, on average, 3.8 times greater than the
minimum growth rates recorded.

Finally, a range of periodicities in the ammonia
concentration series of about 6 to 12 d was

recorded (Table III). The frequency components
of the ammonia concentration rhythms of the
replicates 1 and 2 explained, on average, 90 % of
the total variation in the time series. Periods of
about 8 and 12 d were once again prevalent in
the ammonia concentration series.
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Fig. 2. - Profiles of Size class II (mean weight « 39.0 g) of Series I : daily food intake (top), mean weight
(middle), and ammonia concentration (bottom).

It did not appear that body size had a signifi¬
cant effect on the rhythmic behaviour of the
variables. For both size classes, periods of 7 and
10 d emerged in both the daily food intake and
mean mass series and periods of 7-8 and 12 d
emerged in the ammonia concentration series. The
results of Series II confirm the results of Series
I; periodicities in the daily food intake, mean
weight, and ammonia concentration series coin¬
cide.

3.3. A comparison of temperatures

Similar periodicities in daily food intake, mean
weight, and ammonia concentration emerged at
both temperatures. Periodicities of 7 and 10 d
were common in the daily food intake and mean
mass series at both temperatures, and in most
cases, periodicities of about 8 and 12 d in the
ammonia concentration series emerged at both

temperatures. These results suggest that tempera¬
ture did not affect the rhythms of daily food
intake, growth, and ammonia concentration.

3.4. Comparison with a fish farm

Periodicities in the ammonia concentration se¬

ries observed at a fish farm (Pisciculture SIM-
DAR; Series III) ranged from about 2 to 8 d
(Fig. 5). The périodicités were 7.50, 3.67, and
2.48 d, and accounted for 96 % of the variation
in the series. The first periodicity of 7-8 d
accounted for 70 % of the variation in the series.
The other two periodicities can be considered as
components of the 7-8 d period. The results of
the fish farm experiment support the laboratory
experiments as similar 7-8 d periods were obser¬
ved in the ammonia concentration series of Series
I and Series II. Furthermore, the fact that Series
I, II and III were conducted at temperatures of
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Time (days)

Fig. 3. - Profiles of Size class I (mean weight = 5.3 g) of Series II : daily food intake (top), mean weight
(middle), and ammonia concentration (bottom).

• Replicate 1 observed
Replicate 1 predicted

o Replicate 2 observed
Replicate 2 predicted

approximately 8, 10, and 15 °C, respectively, and
that similar periods were observed further sup¬
ports the notion that temperature did not affect
the periodicities in the ammonia concentration
series of the brook trout.

4. DISCUSSION

The purpose of our study was to estimate
short-to-intermediate periodicities in the daily
food intake, growth, and ammonia concentration
in the water, and to determine the effect of body
size and temperature on these periodicities. Our
work demonstrates that short-to-intermediate pe¬
riodicities in daily food intake, growth, and am¬
monia concentration exist, that they coincide with
each other, and that variations in body size and

temperature do not appear to affect the peri¬
odicities of the measured variables.

Our study suggests the existence of predomi¬
nant short-to-intermediate periodicities of 7 and
10 d in the growth of brook trout. Short-to-inter-
mediate periodicities in growth rate reported in
other studies appear to correspond to the péri¬
odicités in growth observed in our work. Farbrid-
ge & Leatherland (1987b) reported 10 and 13-14
d periods in growth rate for the coho salmon. Yet,
upon re-analysis of these published data using the
multifrequential periodogram used in our study,
Aboul-Hosn et al. (1997) further elucidated two
superimposed périodicités of 8 and 10 d (R2 =
0.70), similar to those found for brook trout in
our work. We also observed short-to-intermediate

périodicités in daily food intake, with predominant
periods ranging from about 7 to 12 d. Others
studies have elucidated the existence of interme¬
diate periodicities in feeding. For instance, Brown
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Table III. - Periodic components estimated at the end of the stepwise procedure involving the analysis of Dutilleul's
(1990) multi-frequential periodogram for the daily food intake, mean weight, and ammonia concentration series of
two size classes of brook trout. AR2 in parentheses. Water temperature was 10 °C.

Size class Variable Replicate Slep R 2 Range of
1 2 3 periodicities

1 Daily food It 16.18 t 8.47 6.54 0.95
intake (0.54) (0.28) (0.13)

2 5.62 7.64 10.68 0 86

(0.44) (0.25) (0.17)

I Mean 1 7.35 20.77 N.S.'I 10.17 0.79

weight (0.36) (0.19) (0.24)

2 30.201 4.72 N S-* 6.13 NS* 0.82

(0.53) (0.15) (0.14)

Ammonia 1 17.15t 8.30 4.86 0.87
concentration (0.49) (0.23) (0.15)

4-13
2 5.00 13.45 21.65 1 0.89

(0.63) (0.17) (0.09)

11 Daily food 1 4.85 6.83 17.42 t 0.87
intake (0.42) (0.28) (0.17)

2 4.23 15.72 Î 10.06 0.84

(0.36) (0.26) (0.22)

Mean it 31.08t 10.76 4.63 0.92

weight (0.50) (0.28) (0.14)
5-10

2 31.07» 8.38 6.99 0.93

(0.44) (0.29) (0.20)

II Ammonia 1 7.82 6.00 12.23 0.89
concentration (0.58) (0.21) (0.10)

2 7.54 6.10 20.92 t 0.91

(0.51) (0.26) (0.14)

N s- Non significant periods
N s-* Significance probability 0.05 £ P < 0.15
t Fourth significant period not shown
t Frequency components corresponding to autocorrelation rather than rhythms

(1946) reported biweekly patterns in the food
intake of brown trout. Shorter periodicities of
about 3.5 (circasemiseptan) to 7 (circaseptan) d
in the food intake and growth of rats have been
reported (Mercer et al. 1993, Temur'Yants et al.
1995). However, our work is the first study, to
our knowledge, that has reported periodicities of
about one week in the food consumption of fish.
The fact that periodicities in growth coincide with
périodicités in feeding is not surprising since,
under laboratory conditions, growth rate is prima¬
rily determined by food intake (Brett 1979).
Findings similar to ours regarding the coincidence
of growth and feeding rhythms were obtained by
Farbridge & Leatherland (1987a). Predominant
short-to-intermediate periodicities of 7-8 and 12

d in the ammonia concentration were also demons¬
trated in this study. These periodicities coincide
with those of daily food intake and growth.
Ammonia production is intrinsically related to
nitrogen metabolism (Savitz 1971, Brett and Zala
1975, Paulson 1980, Jobling 1981, Lied & Braaten
1984, Tatrai 1986). While body weight and tem¬
perature can affect ammonia excretion (Savitz
1969, Guerin-Ancey 1976, Paulson 1980, Jobling
1981, Cai & Summerfelt 1992, Forsberg & Sum¬
merfeit 1992), sampling ammonia concentrations
at the peak of ammonia concentration generally
gives a good indication of the amount of nitrogen
consumed within a 48 hour period (Harper 1997).
This is confirmed by the coincidence of periods
of daily food intake and ammonia concentration.
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Fig. 4. - Profiles of Size class II (mean weight = 31.3 g) of Series II : daily food intake (top), mean weight
(middle), and ammonia concentration (bottom).

All studies that examine the interactions be¬
tween growth and feeding rhythms are subjected
to problems associated to the manipulation of fish
that must be weighed on a regular basis. Our study
is no exception. In addition, the sampling regime
we adopted to weigh 50 % of the fish at two day
intervals only exacerbates this situation, and fur¬
ther increases the probability that the rhythms we
observed have nothing to do with rhythms of fish
that would not be manipulated. However, we
speculate that the fact that the periodicities in
ammonia concentration found in the laboratory
are undistinguishable from those found in a fish
farm (where fish were not handled during the
experiment) suggests that the rhythms we obser¬
ved may reflect those of fish unaffected by
manipulations. Furthermore, similarities between
the rhythms in ammonia concentration in the
laboratory and the pisciculture setting suggest that
short-term forecasting of rhythms in food intake
and growth using ammonia concentrations as a

surrogate descriptor may be possible for large
groups of fish in a pisciculture setting. The
detection of periodicities in groups of fish homo¬
genous in body size, similar to those found at
piscicultures, may be less complicated since rates
of nitrogen consumption and utilization by the
fish should then also be homogenous. In the
present study, groups of fish were normally dis¬
tributed with respect to size to satisfy statistical
analyses. However, the resulting range of body
sizes may have confounded the measurements of
the chosen variables since rates of ammonia
excretion, nitrogen consumption, and growth for
the large fish in a given group would be different
from the smaller fish of the same group (Jobling
1981).

Our study was not designed to assess the ulti¬
mate cause(s) of the rhythms we observed. While
our study does not allow us to draw definitive
conclusions in this respect, we can nevertheless
make parallel between our results and published
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Fig. 5. - Observed (dots) and predicted (curve) ammo¬
nia concentrations in a brook trout basin in a fish farm

(Pisciculture SIMDAR; Series III).

studies on the origin of the rhythms we observed.
For instance, short-to-intermediate periodicities in
growth rate may be related to pineal gland acti¬
vity. Circasemiseptan and circaseptan periodicities
in pineal gland activity have been demonstrated
in rats (Mercer et al. 1993) and, more recently,
in pike (Cornélissen et al. 1995). The pineal organ
may play a role in mediating the effects of pho-
toperiod which, in turn, may affect growth
through variations in hormone secretions (Vodi-
cnik et al. 1978, Weatherley & Gill 1987). Thus,
it appears that short-to-intermediate periodicities
in growth rate may be a result of controlling
factors such as the endocrine system. In addition,
since the periodicities we observed were apparen¬
tly unaffected by water temperature, fish mass,
the origin of the water (lake or aqueduct), fish
density (difference between laboratory and fish
farm settings), and whether or not fish were ma¬
nipulated, our results are compatible with hypo¬
theses suggesting that short to intermediate
periodicities in growth and feeding may be driven
by endogenous rather than exogenous factors.
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Appendix
Periodic Signal and Pseudo-Periodicity

The objective of this appendix is to set up the
guidelines that we followed in the interpretation and
discussion of our results, by using two simulated
examples inspired from results of Table II (ammonia
concentration series of Size Class I, Series I). These
results were the detected periodic components with
periods of 8, 6, and 12 days. The question that we
address hereafter is whether such periodic components
correspond to three distinct rhythms, or two rhythms,
a "true" and a "false" one, or only one rhythm. In the
first of our two examples, we show that several (i.e.,
we chose to work with four) periodic components may
compose a periodic signal. In other words, there is one
rhythm to be seen in Fig. 6A, but this rhythm has four
components. This type of signal is "truly" periodic
because the time interval separating successive main
peaks is exactly 12. Of course, because of noise, the
time interval separating peaks in the observations (whe¬
re noise is superimposed to the signal) may vary, de¬
pending on the signal-to-noise ratio. To generate the
signal in Fig. 6A, we used the equation :

St = cos(2t/12) + sin(2t/12) + cos(lt/6) + sin(2t/6) +
cos(2t/4) + sin(2t/4) + cos(2t/3) + sin(2t/3)

for t = 1,..., 50.

The period of 12 is called the fundamental period
and the periods of 12/2 (6 days), 12/3 (4 days), and
12/4 (3 days) are the first, second and third harmonics,
respectively. The components of a periodic signal thus
correspond to periods of which the fundamental period
is a multiple.

For the second example (Fig. 6B), the equation used
was :

St = cos(2t/8) + sin(2t/8) + cos(lt/6) + sin(2t/6)
for t = 1,..., 50.

The objective here is to show that two cosine-sine
waves with periods close to each other generate a
pseudo-periodic signal. "Pseudo-periodic" because 1)
the amplitude of the signal is not constant over time,
the signal tending to disappear when the two cosine-
sine waves are out of phase, and 2) the time interval
separating two successive peaks is not constant any
more, but is about 7 on average in the example. Only
the pseudo-periodic signal and the approximate 7 d
period are biologically meaningful ; the periodic com¬
ponents generating it are not, or at the least, much less.
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ABSTRACT. - Landscape scale is used to analyze the distribution of trophic fish
groups in Alacranes Reef, Yucatan, Mexico. In order to relate reef landscapes, or
reefscapes, and the trophic groups of fishes, 47 sample transects were done to
characterize the reefscapes and to obtain abundance fish data. Canonical Corres¬
pondence Analysis was used to detect the relationship between the mean biomass
of trophic fish groups and 20 reefscape characteristics. The analysis showed three
main groups : 1) fish and Zooplankton feeders associated with the reefscapes Spurs
and grooves (I), Calcareous bottom with algal mats (K), and Sandy bottom with
algal mats (G) ; 2) "shelled" invertebrate feeders and generalized carnivores related
to Rubble (A), Seagrass flats (B), Meadow (C), Sand with branching coral patches
(F), and Algae assemblages (L) reefscapes ; and 3) plant and detritus feeders and
sessile invertebrate feeders associated with Dead structures and soft coral (D),
Dead structures and massive coral (E), Algal mats on dead structures (H), and
Calcareous bottom with Palithoa (J). Environmental characteristics that were a
determiner of distribution and abundance of trophic fish groups including : bottom
complexity ; depth ; encrusting biota ; algal coverage ; and massive, soft and en¬
crusting coral coverage for fish and Zooplankton feeders. For generalized carni¬
vores and "shelled" invertebrate feeders, they included dead structure, rubble, sand,
branching coral and sea grass coverage ; for plant and detritus feeders and sessile
invertebrate feeders they included soft coral coverage and calcareous substrata.
Estimates of mean biomass, production and consumption were maximum in the
Meadow reefscape (C) and minimal in the Algal mats on dead structures reefscape
(H). The reefscape scale offers a different point of view for the analysis and
interpretation of coral reef fish community structure and function.

RÉSUMÉ. - L'échelle du paysage est utilisée pour analyser la distribution des
groupes trophiques des Poissons récifaux sur le Récif d'Alacranes, Yucatan,
Mexique. Afin de caractériser les groupes trophiques en fonction des paysages
récifaux, 47 transects ont été réalisés. L'Analyse Canonique de Correspondance
entre la biomasse moyenne des groupes trophiques et 20 caractéristiques des
structures récifales a montré trois groupes principaux de corrélation : 1) les
Poissons piscivores et zooplanktonophages associés avec les coraux massifs (I),
substrat calcaire et tapis algaux (K) et substrat sablonneux et tapis algaux (G);
2) les carnivores d'invertébrés à coquille et les carnivores généralistes liés aux
Fond de débris (A), pâturage (B), prairies (C), substrat sableux avec corail ramifié
(F), et tapis algaux (L) ; et 3) les Poissons hervibores et prédateurs d'invertébrés
sessiles associés aux structures mortes et coraux mous (D), structures mortes et
coraux massifs couverts d'algues (E), tapis algaux sur des structures mortes (H),
et substrat calcaire avec Palithoa (J). Les caractéristiques de l'environnement
déterminent la présence des groupes trophiques des Poissons : pour les piscivores
et les zooplanctonophages ce sont la profondeur, la présence de biota incrusté,
couverture d'algues et couverture de coraux massifs et mous; pour les prédateurs
d'invertébrés à coquille et les carnivores généralistes, ce sont les structures mortes,
cailloux, sable, coraux rameux, et la couverture de l'herbier. Enfin, pour les
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herbivores et les prédateurs d'invertébrés sessiles, ce sont les substrats calcaires.
La biomasse, la production et la consommation maximales ont été estimées sur le
paysage de prairie (C), et les minimales sur le paysage de tapis algaux et de
structures mortes (H). L'échelle des paysages récifaux donne une option différente
pour l'analyse et l'interprétation de la structure et du fonctionnement des commu¬
nautés de Poissons.

INTRODUCTION

Fish communities have been found to be highly
associated with diverse reefscape mosaics,
whether for energy or refuge needs. The fish
communities can be distinguished within a reef
complex because they can be associated with the
main geomorphological reef zones (Harmelin-Vi-
vien 1979, Galzin 1987, Galzin & Legendre 1987,
Harmelin-Vivien 1989). However, within a parti¬
cular geomorphological reef zone, fish distribu¬
tion is highly heterogeneous. This heterogeneity
may be partially related to specific fish habitat
characteristics (Hixon & Beets 1993), the nature
and size of its habitat interval (Harmelin-Vivien
1989), or to the spatial distribution of food. Other
probable causal factors in fish distribution hete¬
rogeneity are the live coral cover (Bell & Galzin
1984, Bell et al. 1985, Bouchon-Navaro et al.
1985), topographical complexity (Risk 1972,
Luckhurst & Luckhurst 1978, Sano et al. 1984,
Grigg 1994, Oman & Rajasuriya 1998, Nunez-
Lara & Arias-Gonzalez 1998) and the physical
nature of substrata (Carpenter et al. 1981, McCor-
mick 1994, Chabanet et al. 1997).

Structural complexity is a simultaneous mani¬
festation of live substrate diversity, that produces
highly heterogeneous zones and microenviron-
ments available for reef organisms, particularly
by fish. On the one hand, the two words microen-
vironment generation increases fish species
richness and diversity (Munday et al. 1997). On
the other hand, coral reef fish community struc¬
ture is modified as a function of changes in
benthic community structure (Levin & Hay 1996,
McClanahan et al. 1996). Traditionally, fish com¬
munities have been associated with relatively
homogeneous reef zones (e. g. seagrass beds, reef
slopes), "reef fish species are an example of
spatially divided populations in a partitioned en¬
vironment" (Sale 1991b).

Recently, in the search for relationships be¬
tween live organisms and the structures that
constitute their habitat, the concept of landscape
ecology has been considered, where ecological
units correspond to different reefscapes (Chance-
relle 1996). Each reefscape has aspects such as
biotic diversity, structural complexity and distri¬
bution pattern. The knowledge of its structures
and patterns allows an understanding of the pro¬

cesses that determine them (Turner & Gardner
1991, Jongman 1995, Chancerelle 1996). Three
useful landscape characteristics to consider are
structure, function and change : structure refers to
the spatial relationship between distinctive eco¬
systems (distribution of material and species in
relation to the sizes, shapes, numbers, kinds and
configurations of their components) ; function re¬
fers to the spatial interaction between elements
(flow of energy, materials and organisms) of the
component ecosystems ; and change refers to al¬
teration in the structure and function of the

ecological mosaic through time (Turner &
Gardner 1991).

The present study addressed the description of
reefscape structural characteristics and their rela¬
ted trophic fish communities in a coral reef
system. Considering the different reefscapes as
separate ecological units, it is hoped that each
reefscape will have fish groups with determined
trophic prerogatives associated with particular
environmental characteristics. The question is :
how variable are these trophic patterns within
these divided ecological units ? The principal
objective of this study was to make a preliminary
description of the distinctive characteristics of the
structure of trophic fish groups in relation to
reefscapes.

MATERIALS AND METHODS

Study Area : Alacranes Reef is an oval-shaped emer¬
gent formation, covering an area of 293 km2, with a
maximum length 26.51 km and maximum width
14.84 km (Bello-Pineda 1998). It is located between
22°21' and 22°35' N latitude and between 89°38' and
89°49' W longitude (Fig. 1), out on the Campeche Bank
in water 56 m deep (Kornicher & Boyd 1962). The
windward zone of the reef system arises at sea level,
while the leeward zone is between 1 and 10 m below
the surface. These two extremes enclose a lagoon with
numerous reef bottoms, microatolls, sandy bottoms and
islands. The undulating bottom has a maximum depth
of 23 m, and in the eastern portion there is a net of
coral patches. Near the western and southern reef edges
are five small islands formed of sand and unconsolida¬
ted gravels : Pajaros, Chica, Perez, Desertora, and Des-
terrada (Hildebrand et al. 1964). The bathymetry and
lithology of the reef suggest a system based on a
massive calcareous rock formation. Despite its apparent
structural and biotic complexity, the organic construe-
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tion, called the "Alacranes Reef Complex" (Kornicher
& Boyd 1962), can be divided into 4 major lithofacies :
1) a rigid, resistant reef wall; 2) hard bank and sub¬
merged reef bank deposits ; 3) clastic deposits ; and 4)
lagoonal carbonate deposits (Logan et al. 1969).

Sampling desing : The study was conducted on the
lagoon, windward and leeward zones in Alacranes Reef.
47 stations, placed lmile apart of each other, were
determined using a systematic method by regular posi¬
tioning of stations (Fig. 1).

Reefscapes : Reefscape data was taken from Mem-
brillo-Venegas (1999), who defined 12 different types,
as described below.

• Rubble reefscape (A) characterized by a high non-li¬
ving coverage composed by coral rubble (37 %) and
sand (16 %), with the best represented biological groups
being macroalgae (20%), seagrass (10%), octocoral
(8 %), algal mats (5 %) and hard coral (4 %).
• Seagrass flats reefscape (B) dominated by seagrass,
the highest living coverage corresponding to Thalassia
testudinum (69 %) and macroalgae (7 %), with hard and
soft corals having less than 1 % coverage. The non-li¬
ving coverage consisted of sand (23 %).
• Meadows reefscape (C) with a high primary producer
coverage, including seagrass, T. testudinum and Syrin-
godium filiforme (44 %), macroalgae (21 %), algal mats
(7 %) and filiform algae (6 %), with approximately 4 %
hard coral coverage and 14 % non-living coverage.
• Dead structures and soft coral reefscape (D) is a
complex and heterogeneous system with coverage divi¬
ded among primary producers (66 %), soft coral (11 %),
hard coral (9 %), and non-living material (14 %).
• Dead structures and massive coral reefscape (E) char¬
acterized by a high algal coverage (Dyctiota, Turbina-
ria, Gracillaria and Galaxaura) on dead hard coral
structures (70 %), hard coral cover 7 %, soft coral cover
2 % and the non-living coverage, consisting of sand
and coral rubble (21 %).
• Sand with branching coral patches reefscape (F) char¬
acterized by a high non-living coverage (78 %) inclu¬
ding rubble and dead branching coral, leafy and
calcareous articulated algae (5 %), branching coral
(4 %), massive coral (2 %), and seagrass (9 %).
• Sandy bottom with algal mats reefscape (G) has high
algae coverage (42 %) on dead coral and sand, as well
as high non-living coverage (39 %). Hard coral covers
approximately 7 % and soft coral 8 %.
• Algal mats on dead structures reefscape (H) has a
high coverage of primary producers such as algal mats
(56 %) and seagrass (14 %), whereas hermatypic corals
and octocoral are little represented, with 3 % and
8.85 %, respectively. Non-living coverage was about
12 %.
• Spurs and groove reefscape (I) consists of very struc¬
turally complex massive coral with algae coverage on
dead coral as high as 61 %. Hermatypic corals cover
13 % of this reefscape, octocorals 5 %, and non-living
coverage 13 %.
• Calcareous bottom with Palithoa (J) characterized
mainly by the presence of the zooanthid genera Pali¬
thoa (31 %) with hermatypic coral covering 10 %, hy-
drocoral 7 %, soft coral 1 %, primary producers 6 %,
and non-living calcareous material 43 %.

Fig. 1. - Study area and reefscape distribution in Ala¬
cranes Reef system. Yucatan Peninsula and Alacranes
Reef system.

• Calcareous bottom with algal mats (K) characterized
by the presence of a calcareous bottom (30 %) and algal
mats (46 %), with Palithoa representing 6 % of the
coverage, octocoral 9 %, and hard coral 6 %.
• Algae assemblage reefscape (L) has a high (73 %)
primary producer coverage growing on a bulk dead
coral massive about 70m long, with very small colonies
of live hard coral covering 13 %, octocorals 7 %, and
non-living material 7 %.

Fish Data : A total of 47 fish censuses were done

using 100 x 3 m transect samples (English et al. 1997),
free-diving in shallow zones (less than 3 m) and SCU¬
BA diving in zones with more than 3 m depth. The
censuses were done during the day, preferably between
0900 and 1400 hours, the period of highest fish activity,
occurred in the same places and at the same time that
the video transects recorded the reefscape, done by
Membrillo-Venegas (1999) (Fig. 1).

The fishes were quantified according to the abun¬
dance groups 1, 2, 3-5, 6-10, 11-30, 31-50, 51-100
following Chabanet (1994) modification of the groups
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used by Harmelin-Vivien & Harmelin (1975). Fish
length was also estimated during the census using the
following length ranges (in cm) : 1-10; 11-20; 21-30;
31-40; 41-50; 51-60; 61-70; 71-80, 81-90 and 91-100.
To evaluate the length estimation error, a paired T-test
(English et al. 1997). Registered fish lengths were
converted to biomass using isometric growth equations
(W = aLb), the constants for each fish species were
obtained from Sierra et al. (1994) for Caribbean fishes.
For species which isometric values could not be found,
the constants used were the same as for species of the
same family or genus with similar sizes and body form.
To calculate biomass (g wet weight m~2), the average
weight values obtained for each species were multiplied
by total abundance of each species and divided by the
sampled area.

Fishes were grouped into 7 trophic categories : 1)
plant and detritus feeders ; 2) Zooplankton feeders ; 3)
sessile invertebrate feeders ; 4) "shelled" invertebrate
feeders ; 5) generalized carnivores ; 6) ectoparasite fee¬
ders and 7) fish feeders (Randall 1967). The species
were grouped by their trophic position and the percent¬
age share of each trophic group was calculated for each
reefscape. In order to estimate annual production and
consumption, both in g wet weight irr2 y"1, for the
different fish trophic groups in each reefscape, the mean
estimated biomass values for each fish species were
multiplied by the allometric values of the P/B and C/B
ratios, as calculated by Opitz (1991) for coral reef
species in the Virgin Islands. As a first step, a P/B and
C/B ratio value was assigned to each species. Then a
weighted mean value for each of these parameters was
calculated using fish species biomass. For species
which values of P/B or C/B could not be found, values
for similar species were used, and species biomasses
that had no assigned P/B or C/B were not used in the
analysis.

Canonical Correspondence Analysis (CCA) : An or¬
dination analysis using Canonical Correspondence Ana¬
lysis (CCA) technique was done to visualize and define
the relationships between the distinct trophic fish com¬
munity groups and 20 reefscape characteristics. The
principal advantage of this method is the ability to
directly and simultaneously relate community attribu¬
tes, in this case mean biomass values and measures
environmental variables. The statistical significance of
the effect of the environmental variables on the trophic
fish groups was evaluated by a Monte Carlo permuta¬
tion test implemented in the CANOCO 3.1 computer
program (ter Braak 1991).

RESULTS

Trophic fish functioning

The values of relative mean biomass, produc¬
tion and consumption among reefscapes showed
differences, being the relative variation of those
values more important between reefscapes with
different characteristics (Fig. 2, Table I). The
ectoparasited feeders trophic group was not con¬
sidered because it represented less than 1 % in all
estimations.

For the Rubble reefscape (A), the mean bio¬
mass of fish groups was calculated as 121.47 g
wet weight m~2, of which approximately 92 % was
attributed to the generalized carnivores, plant and
detritus feeders, and "shelled" invertebrate fee¬
ders. A small portion of the total average biomass
is provided by sessile invertebrate feeders
(3.05 %), fish feeders (2.62 %) and Zooplankton
feeders (1.59 %). The total estimated production
for the fish groups in this reefscape was 138.65
g wet weight m~2 y_1, corresponding 39.1 % to
generalized carnivores, 27.5 % to plant and detri¬
tus feeders and 18 % to "shelled" invertebrate
feeders. The lowest estimated production was for
Zooplankton feeders (2.9 %). Total estimated con¬
sumption was 1545.95 g wet weight nr2 y_1.

For the Seagrass flats reefscape (B) the mean
fish group biomass was estimated as 42.1 g wet
weight rrr2. In contrast to the previous group,
"shelled" invertebrate feeders were the most im¬

portant, contributing to 60 % of the total average
biomass, with plant and detritus feeders providing
18 % and generalized carnivores 13 %. As in the
Rubble reefscape (A), the other trophic groups
provide little contribution, with fish feeders pro¬
viding scarcely more (5 %) than in the previous
one. Total production was estimated at 60.71 g
wet weight m~2 y_1, which 67.7 % is from "shel¬
led" invertebrate feeders and 1.3 % from sessile
invertebrate feeders. Total consumption was esti¬
mated at 507.41 g wet weight m~2 y~', which
45.7 % is from "shelled" invertebrate feeders and
0.6 % from sessile invertebrate feeders.

In the Meadow reefscape (C), mean estimated
fish group biomass was 174.6 g wet weight m~2.
As this reefscape is closely related to the Pasture
Reefscape (B), the "shelled" invertebrate feeders
were the most important group, contributing 51 %
of total biomass. Compared to reefscape B, the
contribution of plant and detritus feeders dropped
to 8 % in this reefscape, that of generalized
carnivores increased to 32 %, and a small increase
was noted for Zooplankton feeders. Total estima¬
ted production was 211.31 g wet weight m-2 y-1,
the "shelled" invertebrate feeders having the
highest value (53.3 %), and fish feeders having
the lowest (0.5 %). Total consumption was
1881.72 g wet weight mr2 y_1, exhibiting a similar
pattern to that of production, with 43.1 % for
"shelled" invertebrate feeders and 0.7 % for fish
feeders.

For the Dead structure and soft coral reefscape
(D), mean estimated fish group biomass was 85.74
g wet weight irr2. In this reefscape an important
biomass contribution came from plant and detritus
feeders (54 %), as well as similar contributions
from both generalized carnivores (19.5 %) and
"shelled" invertebrate feeders (20.6 %). Relative
to the previously mentioned reefscapes, an increa¬
se was observed in sessile invertebrate feeder
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Table I. - Total and relative biomass (g wet weight m"2), production (g wet weight nr2 y"1) and consumption (g
wet weight rrr2 y_1) of the trophic groups by each reef scape.

REEFSCAPE A

Trophic group 1 2 3 4 5 7 TOTAL
Biomass gm "2 169.04 11.62 22.32 160.19 350.18 19.19 732.53

Average biomass gm :: 28.17 1.94 3.72 26.70 58.36 3.20 122.09

Production gm'V 38.18 3.97 5.57 24.99 54.25 11.68 138.65

Consumption gm'V 648.14 19.58 42.15 259.77 545.21 31.11 1545.95

REEFSCAPE B

Trophic group 1 2 3 4 5 7 TOTAL
Biomass gm "2 30.65 4.54 2.00 99.60 22.40 9.22 168.42

Average biomass gm"2 7.66 1.13 0.50 24.90 5.60 2.31 42.10

Production gm'V' 9.67 1.96 0.77 41.10 4.51 2.69 60.71

Consumption gm'V1 184.61 14.07 2.98 231.68 50.84 23.22 507.41

REEFSCAPE C

Trophic group 1 2 3 4 5 7 TOTAL
Biomass gm 2 27.27 16.54 7.61 178.62 110.00 9.05 349.10

Average biomass gm"2 13.64 8.27 3.80 89.31 55.00 4.53 174.55

Production gm'V1 16.24 26.93 3.84 112.65 50.54 1.13 211.32

Consumption gm"V 306.45 131.66 26.06 811.34 591.37 14.84 1881.72

REEFSCAPE D

Trophic group 1 2 3 4 5 7 TOTAL

Biomass gm "2 138.91 3.07 12.13 52.96 50.18 0.00 257.25

Average biomass gm"2 46.30 1.02 4.04 17.65 16.73 0.00 85.75

Production gm"V 44.45 3.08 6.28 27.24 10.68 0.00 91.73

Consumption gm'V 1025.99 15.36 33.22 162.91 129.74 0.00 1367.22

REEFSCAPE E

Trophic group 1 2 3 4 5 7 TOTAL

Biomass gm "2 680.53 4.76 98.92 267.03 136.92 27.75 1215.91

Average biomass gm2 48.61 0.34 7.07 19.07 9.78 1.98 86.85

Production gm'V 50.35 1.24 8.04 29.24 7.24 2.30 98.40

Consumption gm'V1 1024.64 6.13 57.08 173.99 91.61 18.83 1372.28

REEFSCAPE F

Trophic group 1 2 3 4 5 7 TOTAL
Biomass gm 2 26.05 1.38 2.57 99.97 181.37 0.43 311.77

Production gm'V 22.18 4.65 2.54 91.42 133.49 0.50 254.79

Consumption gm'V 590.64 23.04 23.54 899.85 1470.83 4.34 3012.25

REEFSCAPE G

Trophic group 1 2 3 4 5 7 TOTAL

Biomass gm 2 243.66 4.57 46.39 129.72 168.64 60.42 653.40

Average biomass gm2 27.07 0.51 5.15 14.41 18.74 6.71 72.60

Production gm'V 27.34 0.83 6.14 18.28 15.85 7.68 76.13

Consumption gm'V 742.06 7.56 45.10 130.52 179.39 66.33 1170.96

REEFSCAPE H

Trophic group 1 2 3 4 5 7 TOTAL
Biomass gm "2 13.34 0.56 18.35 2.89 7.12 0.00 42.26

Production gm'V 16.15 0.97 18.15 2.87 6.30 0.00 44.44

Consumption gm'V 313.72 5.41 163.53 25.41 73.55 0.00 581.62

REEFSCAPE I

Trophic group 1 2 3 4 5 7 TOTAL

Biomass gm"2 138.49 109.11 35.20 33.54 86.51 46.33 449.18

Average biomass gm" 34.62 27.28 8.80 8.39 21.63 11.58 112.29

Production gm'V 35.55 47.19 13.62 14.21 19.10 12.36 142.02

Consumption gm'V 809.33 342.05 11.63 77.42 209.31 101.70 1551.44

REEFSCAPE J

Trophic group 1 2 3 4 5 7 TOTAL

Biomass gm "2 153.46 4.34 22.19 2.52 5.20 0.00 187.71

Production gmV 157.77 7.51 27.33 2.49 11.23 0.00 206.33

Consumption gm'V 3284.93 42.01 255.96 24.14 48.16 0.00 3655.19

REEFSCAPE K

Trophic group 1 2 3 4 5 7 TOTAL
Biomass gm 2 25.64 5.15 1.71 2.05 6.23 21.75 62.54

Production gm'V 27.27 8.91 2.68 2.03 13.28 24.15 78.32

Consumption gm'V 599.53 50.01 23.64 20.52 50.71 209.67 954.07

REEFSCAPE L

Trophic group 1 2 3 4 5 7 TOTAL

Biomass gm "2 18.69 0.16 7.83 26.56 30.84 3.60 87.67

Production gm V 25.31 0.28 10.98 30.98 27.36 0.90 95.80

Consumption gm'V 401.9 1.53 57.88 240.27 324.39 11.81 1037.78
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Reef Scapes

Fig. 2. - Percentage of biomass (g wet weight m~2) of each trophic group in the twelve reef scapes. 1, plant and
detritus feeders (herbivores) ; 2, Zooplankton feeders ; 3, sessile invertebrate feeders ; 4, "shelled" invertebrate feeders ;
5, generalized carnivores ; and 7, fish feeders. Due to that results in biomass, production and consumption patterns
were similar among reefscapes, only biomass results were presented.

biomass, and fish feeders were not recorded. Total
estimated production was 91. g wet weight m~2
y_I, and total consumption was 1367.22 g wet
weight mr2 y_1. The highest production and con¬
sumption were observed in plant and detritus
feeders (48.5 % and 75 % respectively) and the
lowest in Zooplankton feeders (3.3 % and 1.1 %
respectively).

In the Dead structures and massive coral

reefscape (E) the total mean estimated fish group
biomass was 86.99 g wet weight nr2. As in the
previous reefscape, the plant and detritus feeders
contributed a high percentage of the mean bio¬
mass (57 %). In contrast, there was a decrease in
the generalized carnivores (11 %), and an increase
in Zooplankton feeders (1.3 %). Total production
was 98.73 g wet weight m~2 y_1, with the highest
production coming from plant and detritus feeders
(29.7 %) and the lowest from Zooplankton feeders
(1.3 %). Total consumption was 1372.28 g wet
weight m~2 y_1, following the same pattern as
production with plant and detritus feeders which
contributed the most (74.7 %), and Zooplankton
feeders the lowest (0.4 %).

For the Sand with branching coral patches
reefscape (F) the total estimated mean fish group
biomass was 311.8 g wet weight m~2, with ge¬
neralized carnivores and "shelled" invertebrate
feeders making the highest contribution (91 %
combined). In this reefscape, there was little zoo-
plankton feeder (0.4%) or fish feeder (0.1%)

present. Total estimated production was 254.79 g
wet weight m~2 y~\ which 52.4 % was from ge¬
neralized carnivores and 35.9 % from "shelled"
feeders. In relation to the total estimated con¬

sumption of 3012.25 g wet weight m~2 y_1, these
same two groups contributed strongly (48.8 % and
39.8 % respectively), as did the plant and detritus
feeders (19.6 %).

Of the 72.6 g wet weight m~2 total estimated
mean fish group biomass for the Sandy bottom
with algal mats reefscape (G), a major proportion
was given by plant and detritus feeders (37 %),
as well as by generalized carnivores (26 %) and
"shelled" invertebrate feeders (20 %). The contri¬
bution of fish feeders (9 %) increased in compa¬
rison with the previous reefscapes. Total estimated
production was 76.13 g wet weight m~2 y_1, 24 %
coming from plant and detritus feeders, 18.2 %
from "shelled" invertebrate feeders, and 15.9 %
from generalized carnivores, with the least per¬
centage (1 %) from Zooplankton feeders. This pat¬
tern also held true for the total estimated

consumption of 1170.96 g wet weight nr2 y-1,
with the highest consumption among the plant and
detritus feeders (63.4 %) and the lowest among
the Zooplankton feeders (0.6 %).

For the Algal mats on dead structures reefscape
(H), the estimated fish group mean biomass was
42.28 g wet weight m 2, with the highest contri¬
bution from the sessile animal feeders (42 %),
followed by the plant and detritus feeders (32 %)
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and the generalized carnivores (17 %). There was
also an important decrease in "shelled" inverte¬
brate feeders (7 %) and an absence of fish feeders.
Total estimated production was 44.44 g wet
weight nr2 y1, with the highest production in the
sessile animal feeders (40.8 %), and the lowest in
Zooplankton feeders (2.2 %). The consumption
and production presented a similar tendency with
the highest percentage (53.9 %) coming from
plant and detritus feeders and the lowest (0.9 %)
from Zooplankton feeders. The total consumption
was 581.62 g wet weight m~2 y_1.

The total estimated mean fish group biomass
for Spurs and groove reefscape (I) was 112.29 g
wet weight m~2. The contribution of the zoo-
plankton feeders (24 %), fish feeders (10 %) and
sessile invertebrate (8 %) trophic groups increased
in relation of previous reefscape, especially in the
first group. As with the majority of the reefscapes,
the plant and detritus feeders represented the
highest percentage (32 %) and the "shelled" in¬
vertebrate feeders the lowest, decreasing notably
to 7 %. Both Zooplankton feeders (33.2 %) and
plant and detritus feeders (25 %) made an impor¬
tant contribution to the total production level of
142.02 g wet weight m-2 y-1. The lowest was from
the fish feeders (8.7 %). For the total estimated
consumption of 1551.44 g wet weight m~2 y_1,
plant and detritus feeders represented the highest
percentage (52.2 %), followed by Zooplankton
feeders (22.0 %), while sessile invertebrates fee¬
ders were only 0.7 % of the total.

Plant and detritus feeders had the highest
percentage (82 %) of the 187.72 g wet weight m-2
total estimated mean fish group biomass for the
Calcareous bottom with Palithoa reefscape (J),
followed by sessile invertebrate feeders (12 %).
Of note are the strong decrease in the percentages
of generalized carnivores (3 %) and "shelled"
invertebrate feeders (1 %), and the absence of fish
feeders. Total estimated production was 206.33 g
wet weight m~2 y-1, with plant and detritus feeders
representing the highest percentage (76.5 %), and
"shelled" invertebrate feeders the lowest (1.2 %).
Of the total estimated consumption of 3655.19 g
wet weight m~2 y_1, 89.9 % was from plant and
detritus feeders and only 0.6 % from "shelled"
invertebrate feeders.

In the Calcareous bottom with algal mats
reefscape (K), the plant and detritus feeders and
fish feeders groups contributed similar propor¬
tions, representing 76 % of the total estimated fish
group biomass (62.55 g wet weight m-2). The
lowest percentages were given by sessile inverte¬
brate feeders (2.7 %) and "shelled" invertebrate
feeders (3.2 %). The highest percentages of the
total estimated production (78.32 g wet weight
m-2 y-D were from the plant and detritus feeders
(34.8 %) and fish feeders (30.8 %). Similarly, the
plant and detritus feeders had the highest percent¬

age (62.8 %) and the "shelled" invertebrate fee¬
ders the lowest (2.2 %) of the total estimated
consumption (954.07 g wet weight m~2 y_1).

The generalized carnivores and "shelled" inver¬
tebrate feeders represented 66 % of the total
estimated fish group biomass (87.7 g wet weight
m~2) in the Algae assemblage reefscape (L), with
the sessile invertebrate feeders representing only
9 % and the Zooplankton feeders just 0.2 %. The
major portion of the total estimated production
(95.8 g wet weight m-2 y_I) came from the
"shelled" invertebrate feeders (32.3 %), generali¬
zed carnivores (28.5 %) and plant and detritus
feeders (26.4 %). Plant and detritus feeders had
the highest percentage (38.7 %) of the estimated
consumption (1037.78 g wet weight m~2 y_1) and
the lowest were Zooplankton feeders (0.1 %).

Ordination Analysis

The CCA analysis explained that approximately
95 % of the fish variation in distribution and
abundance of the trophic fish groups through
relation with the environmental variables. Total
inertia was 0.773, with 52 % of the total variation
in fish-environment relationship occurring on the
first environmental gradient ("x" axis), and 24 %
on the "y" axis. Three principal groups are shown
where detected in the ordination diagrams (Fig. 3
a,b) : 1) the fish feeders and Zooplankton feeders
groups were distributed in the Spurs and groove
(I), Calcareous bottom with algal mats (K) and
the Sandy bottom with algal mats (G) reefscapes ;
2) the "shelled" invertebrate feeders and genera¬
lized carnivores were associated principally in the
Rubble (A), Algae assemblage (L), Sand with
branching coral patches (F), Meadow (C), and
Seagrass flats (B) reefscapes ; and 3) plant and
detritus feeders and sessile invertebrate feeders,
whose distribution center is based in mean bio¬
mass values were associated with Dead structures
and soft coral (D), Dead structures and massive
coral reefscape (E), Algal mats on dead structures
(H), and Calcareous bottom with Palithoa (J)
reefscapes.

The distribution of trophic groups into the three
pairs, as seen in the ordination diagrams, suggest
that there are similar biomass values among the
trophic fish groups included in this cluster (Fig. 3
a, b). The reefscape characteristics determining
the presence of fish feeders and Zooplankton
feeders species were depth, encrusting biota, algae
coverage, and encrusting soft and massive coral
coverage (Table II). For generalized carnivores
and "shelled" invertebrate feeders, the best asso¬
ciated reefscape characteristics were : dead struc¬
ture, rubble, sand, branching coral, and seagrass
coverages. Hydrocorals, the calcareous substrate
and temperature were the most important variables
related to the abundance and distribution of plant
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Table II. - Monte Carlo permutation test of the effect of the environmental variables on the trophic fish groups in
the twelve reef scapes. L fit = eingenvalue n variable ; F = Significance level of the effect as obtained with a Monte
Carlo permutation (199 random permutations); P = Statistical significance.

Number Reefscape characteristic L F P *95% **90%

1 Hydrocoral 0.22 3.92 0.01 *

2 Algae 0.22 3.71 0.01 *

3 Calcareous substrata 0.22 3.99 0.02 *

4 Depth 0.22 3.54 0.03 *

5 Seagrass 0.21 1.36 0.22
6 Rubble 0.2 1.23 0.28

7 Complexity 0.19 0.9 0.50

8 Dead coral 0.17 2.74 0.10 M

9 Encrusting coral 0.17 2.11 0.15

10 Sand 0.17 1.77 0.21

11 Branching coral 0.14 0.45 0.96
12 Encrusting biota 0.11 0.79 0.54
13 Coverage of dead structures 0.11 2.08 0.09 M

14 Temperature 0.09 0.75 0.44
15 size of live coral 0.07 0.6 1.05
16 Octocoral 0.06 0.41 0.50
17 Massive coral 0.06 0.9 0.07 **

18 Agrégations 0.04 1.14 0.40
19 Distance to the cost 0.04 0.03 0.92
20 Esponges 0.03 0.02 0.97

and detritus feeders and sessile invertebrate fee¬
ders. Taking into account the position of the
environmental variables line in the bi-dimensional

plane of the diagram, high positive correlations
can be inferred between massive coral cover and

complexity, alga coverage and soft corals, encrus¬
ting biota and encrusting coral, dead structures,
rubbles and sand, and between the calcareous
substrate and hydrocoral coverage (Fig. 3 a,b).

Using the Monte Carlo permutation test, the most
important reefscape characteristics in the determi¬
nation of the different abundance of fish groups
(expressed in terms of biomass) and distribution
patterns were established. In this case, the prin¬
cipal environmental gradient was a function of the
presence of hydrocorals and algae, as well as
calcareous substrate and depth (Table II). These
characteristics significantly (p 0.05) explained the
variation in trophic fish groups mean biomass in
the reefscapes of Alacranes Reef system.

DISCUSSION

Coral reef fish community structure is a reflec¬
tion of different processes and factors operating
at different scales, both in space and time. By
virtue of the high level of reefscape diversity in
coral reef ecosystems, analysis of fish communi¬
ties at a scale other than those used most com¬

monly (from tens of meters to kilometers, zones)
creates the possibility of finding new structural
and functioning patterns.

The analysis of the relationship between fish
trophic groups and reefscape can generate new

interpretations for distribution patterns, given that
the presence of trophic groups in determined
reefscapes will be a function of refuge needs and
food availability. According to Membrillo-Venegas
(1999), the reefscapes in Alacranes Reef show
differences in both structural complexity and their
principal biological components. These differences
also suggest a division in fish community struc¬
ture and function, and consequently in the distri¬
bution, production, consumption, and importance
of different trophic groups in each reefscape.

Analysis of the ichthyofaunistic components in
relation to reefscapes shows differences that are
manifested in the different biomass, production
and consumption values of trophic groups. Fish
and Zooplankton feeders were associated mostly
with the Spurs and groove reefscape (I), although
they have a certain relation with the Calcareous
bottom and alga mats (K) and Sandy bottom with
alga mats (G) reefscapes. The Spurs and groove
are located in the protected leeward portion of the
reef system, and the reefscapes K and G near this
reef zone. In open, deep zones, there are marine
current flows that bring with them large quantities
of planktonic organisms, which allows for the
occurrence of numerous plankton feeders (e.g.
Chromis multilineata and C. cyanea). For fish
feeders, Claro et al. (1994) found that large pre¬
dators, such as the serranids, predominate in deep
waters, and that given their feeding habits, they
also need ample refuges in which to wait for their
prey (e.g. Mycteroperca venenosa and M. intersti¬
tial is).

Fish and Zooplankton feeders represent a small
proportion of the species common in all reefsca¬
pes, corroborating suggestions in other studies
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complexity. The highest occurrence of fish feeders
(34 %) was in the Spurs and groove reefscape,
these principally represented by Epinephelus
cruentatus, E. guttatus, Mycteroperca bonaci and
M. interstitialis. However, dwarf and giant grou¬
pers exhibit contrasting size distribution patterns,
reflecting an interaction between species compo¬
sition, size, and habitat (Sluka & Sullivan 1996).

The "shelled" invertebrate feeders and genera¬
lized carnivores were principally located in the
Rubble (A) Seagrass flats (B), Meadow (C),
Sandy bottom with branching coral patches (F),
and Algae assemblage (L) reefscapes. "Shelled"
invertebrate feeders, such as Haemulon plumieri
and H. sciurus, dominate in these reefscapes.
These are species that prefer open space habitats
with little coral cover or structural complexity,
where they can look for their prey among the sand
and coral rubble. The low structural complexity
of these zones favors the presence of large fish
feeders (e.g. Sphyraena barracuda) that forage for
food in these zones. The dead massive coral
structures, as well as the isolated coral formations
in these reefscapes, serve as daytime refuge for
grunts and snappers that feed in the Meadow and
Seagrass flats reefscapes at night (Claro et al.
1990). The few coral formations in these reefsca¬
pes allow for the grouping of fish, primarily
generalized carnivores (e.g. Lutjanus griseus,
Haemulon parrae, Epinephelus adscensionis) and
"shelled" invertebrate feeders (e.g. Haemulon fla-
volineatum, H. plumieri, H. sciurus). The presence
of plant and detritus feeders smaller than 10 cm
(e.g. Scarus iserti, Sparisoma radians) is impor¬
tant as these species feed on grass and algae
epiphytes, but, because of their small size, they
add little to the total biomass of these reefscapes.
According to Overholtzer & Motta (1999) indivi¬
duals or groups of Scaridae occasionally engage
in foraging activities in zones of seagrass, retur¬
ning later to reef zones.

The plant and detritus feeders and sessile
invertebrate feeders were principally distributed
in the Dead structures and soft coral (D), Dead
structures and massive coral (E), Alga mats on
dead structures (H), and Calcareous bottom with
Palithoa (J) reefscapes. In Alacranes Reef, these
reefscapes are generally located in the central area
(Fig. 1). Algae are present very strongly in all
these reefscapes, which allows for a great abun¬
dance of plant and detritus feeders. The basic
element of these reefscapes are large patches of
dead coral overgrown with algae, being the dif¬
ference between them the extent of this over¬

growth. These reefscapes comprise a large portion
of the reef lagoon, and exhibit high levels of
herbivorous fish activity. Parallel studies in Ala-
cranes Reef have shown very important bite
indices for herbivorous fish in these zones when

compared to other reef zones, indicating that

-1.0

Fig. 3 a, b. - Canonical correspondence analysis ordi¬
nation diagram with the following elements : trophic
reef fish groups, reefscapes and vectors for environ¬
mental variables. The axes (environmental gradients)
are standardized to zero weighted mean and unit weigh¬
ted variance. The eigenvalue of axis «x» is 0.39 and
the axis "y" is 0.18. The environmental variables are
complexity (COMPL), massive coral (MC), octocoral
(OC), algae (ALG), depth (Z), encrusting biota (EB),
encrusting coral (EC), sponges (ESPJ), aggregations
(AGR), distance to the cost (DIST), size of live coral
(SLC), sea grasses (SG), coverage of dead structures
(CDS) branching coral (BC), dead coral (DC), sand (S),
rubbles (R), temperature (TEM), hydrocoral (HC) and
calcareous substrate (CALSUS). Reef scape and trophic
group distributions in the diagram are approximately
similar. Due to the program requirements the variable
were divided in two parts.

(Diaz et al. 1998) that these groups have a strong
specialization in their associated habitat, in this
case deep reef slopes with high topographical
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feeding behavior and food availability play an
important role in distribution patterns within these
reefscapes. The abundance of sessile invertebrate
feeders and plant and detritus feeders, suggests
an important relationship between these reefsca¬
pes, probably due to the high frequency of coral
boring organisms and the high amount of benthic
organisms associated with algal cover.

The role played by the "shelled" invertebrate
feeders, generalized carnivores, plant and detritus
feeders and sessile invertebrate feeders is very
important since in their daily migration on the
reef they contribute to energy distribution between
reefscapes. Not only do these daily migrations
contribute to daily energy intake for these groups,
but they also have an effect on the way energy
is returned to the environment through prédation,
excretion, and defecation. It may, in fact, be one
of the most efficient mechanisms for energy and
nutrient export and import between the reefscapes
(Diaz et al. 1998). This daily activity of the
different trophic groups within the reefscapes can
not only control the distribution of different
benthic groups via prédation, but also through the
release of energy in the form of excretion pro¬
ducts.

The biological characteristics of each reefscape
give them differences that favor the partition of
fish communities in these ecosystems, generating
trophic groups related to substrate type, biological
characteristics, and the relationship between
reefscapes and the exposed windward and leeward
zones. The coherence of the study results provide
a base for considering the reefscape scale in the
design and analysis of reef fish studies. The
processes that act on reef fish are multi-scale.
They are frequently analyzed at a local habitat
scale to study resident fish and at large scales of
tens and hundreds of kilometers for larval and
settlement studies. However, species interaction
can operate on significantly different spatial sca¬
les (Sale 1998).

The present study reinforces the knowledge that
reef fish populations are spatially structured, and
shows some of the functional patterns operating
between groups of species. The reefscape unit as
a heterogeneous spatial structure may explain
preferences of fishes for a particular environment
as a function of life stage. In this case, a
meta-assemblages would consist of a species
group in each of a series of reefscapes (Hanski
1991). The energy dynamics at this spatial level
is little studied and very complex, as species
interact in open and spatially heterogeneous envi¬
ronments (Chesson 1986, Sale 1991a).

The replication of data collection in each
reefscape may support the predictive character of
the correspondence analysis. That means, accor¬
ding to the observed characteristics in each of the

environmental spatial division units (reefscape),
the presence and abundance of species with de¬
termined feeding habits may be predicted. As an
extension, this may facilitate the separation of
trophic blocks for the analysis of coral reef energy
dynamics. Future research should be directed
toward developing a spatial level for food web
analysis, and establishing the energy exchange
between the partitioned reef environments.

The importance of detecting new spatial scales
of analysis in the ecology of coral fish commu¬
nities generates the possibility of finding new
patterns, factors, and causal processes, with a
proper spectrum of interpretation. The obtained
results showed that it is possible to detect certain
tendencies in the relationships between the para¬
meters of fish communities (in this case, mean
biomass per trophic group) and spatial units, with
defined scales in terms differentiated from the
conventional terms (in this case, reefscapes). The
certainly and predictable character of the fish-
reefscapes relations are yet to be confirmed,
nevertheless, the present paper is a first approxi¬
mation intended to amplify our understanding of
coral reef systems. If correct, some of the rela¬
tionships detected are intuitively logical (e.g.
plant and detritus feeder-high algae coverage)
others do not appear clearly defined. This suggests
two important perspectives, on the one hand,
amplifying the interpretation of the relationships
that were found, may be to decipher what char¬
acteristics of each reefscape determines the pre¬
sence and abundance of certain trophic fish
groups ; on the other hand, defining these rela¬
tionships, testing for repeatability in new studies
and thus solidifying the explanation of these
relationships.
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ABSTRACT. - The stomach contents of 893 specimens of Trachinus draco taken
at monthly intervals off the eastern coast of the Gulf of Valencia (Spain), were
analyzed to determine diet according to fish size and season. Crustaceans (Mysi-
dacea and Decapoda) and teleosts constituted the main prey. Feeding habits varied
with predator size ; small specimens contained a greater number of mysids in their
stomachs, while decapods and fishes were more abundant in the stomachs of larger
specimens. Little seasonal variation in food habits was noticed.

RÉSUMÉ. - Les contenus stomacaux de 893 individus de la Grande Vive Tra¬
chinus draco capturés avec une périodicité mensuelle dans le Golfe de Valence
(Espagne), ont été analysés en vue de lier le régime alimentaire à la taille des
Poissons et à la saison. Crustacés (Mysidacés et Décapodes) et Téléostéens cons¬
tituent les proies préférentielles. Le régime alimentaire varie avec la taille du
prédateur; les estomacs des petits spécimens contiennent un grand nombre de
Mysidacés ; dans ceux des exemplaires de grande taille, les Décapodes et les
Poissons sont les plus abondants. Un léger changement du régime alimentaire en
fonction de la saison a été mis en évidence.

INTRODUCTION MATERIALS AND METHODS

The weever, Trachinus draco Linnaeus, 1758
is a common trachinid found in the Mediterranean,
Black Sea and North-eastern Atlantic, from Nor¬
way to Morocco and Madeira (Tortonese 1975).
It lives in relatively deep water of 30-100 m, but
may be taken on occasions as shallow as 5 m
(Férnandez et al. 1990).

Published information on the diet of the weever

only points out that its main diet comprises
crustaceans and fish (Muus & Dahlstrom 1971,
Wheeler 1978). Only Vivo & Sanz (1989) studied
its diet more thoroughly in the Western Mediter¬
ranean, applying a numerical method which over¬
rates the importance of small but numerous preys
and no statistical significance of the variations is
discussed.

This paper describes the feeding habits of T.
draco in the Gulf of Valencia (Western Mediter¬
ranean), including the influence of predator size
and seasonal variations in the stomach contents.

Monthly samples of Trachinus draco were taken
from diurnal commercial catches landed at the port of
Valencia (Spain) taken at 50 to 100 m depth in the
Gulf of Valencia (Western Mediterranean), between
October 1991 and October 1993. A total of 893 speci¬
mens were measured with a total length between 10
and 30 cm (Fig. 1), to the lower half cm, dissected and

R i 1 I : [ ■ ITS,! R
10 12 14 16 18 20 22 24 26 28 30

Size (cm)

Fig. 1. - Length-frequency distribution of 893 indivi¬
duals of Trachinus draco caught in the Gulf of Valen¬
cia.
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the stomachs were removed and preserved in 6 % for¬
malin. Upon opening, stomach contents were preserved
in a 70 % ethanol solution. Evidence of regurgitation
was never observed in any fish.

In the laboratory, identification of prey was carried
out to species level whenever possible. We registered
their number and wet weight of the food items, after
removal of surface water by blotting on tissue paper.

The contribution of each prey to the diets of both
species was determined by the frequency of occurrence
(%F), numerical composition (%Cn) and biomass com¬
position (%Cw) (Hyslop 1980). Percentage of empty
stomachs (V) was also recorded. The Index of Relative
Importance (IRI) (Pinkas et al. 1971), as modified by
Hacunda (1981), was calculated for consumed prey
item : IRI = %F. (%Cn + %Cw)

To assess for possible changes in diet with respect
to size, fish were divided into three size-classes : small
(15 cm), medium (15.5 to 19,5 cm) and large (> 20
cm).

Statistical differences (P < 0,05) in diet composition
as a function of size and season were assessed by
applying a chi-square test (Sokal & Rohlf 1981). This
was applied over the number of individuals of a specific
prey. To avoid small expected frequencies for chi-
square test, numbers of prey items were pooled into
seven categories using contingency tables as applied by
SPSS Inc. Pc. These categories were : mysids, natantids,
reptands, other crustaceans (copepods, isopods, amphi-
pods and euphausiids), molluscs, teleosts and "others"
(polychaetes, algal remains and non-identified remains).

The variation of index of emptiness was also tested
by a chi-square test over a contingency table of number
of empty stomachs.

The significance of variation of mean number of
prey and weight per stomach was tested by analysis of
variance (ANOVA), after checking the normality of
each variable and the homogeneity of variances (Sokal
& Rohlf 1981).

RESULTS

Emptiness index

Of the 893 stomachs of Trachinus draco exa¬

mined, 394 were empty (44,12 %). This percent¬
age varied significantly over the year (%2= 12,20,
df = 3, P < 0,01), with a maximum of 52,61 %
during summer.

The percentage with empty stomachs increased
significantly (x2= 17,77, df = 2, P < 0,01) with
decreasing weever size from 34,35 % in large size
class to about 53 % in small specimens.

Overall composition of the diet

Table I shows the frequency of occurrence,
numerical composition, biomass composition and
the Index of Relative Importance, of all prey items
found in Trachinus draco.

The stomach contents of the weever consisted
of at least 40 different prey species, with a low
average number of prey per stomach (2,09). Crus¬
taceans were the most numerous ingested preys,
constituting 90,39 % of the total. Among these,
mysids were present in the greatest number and
also occurred most frequently in the stomachs.
Despite the great variety of crustacean species in
the stomachs, the most frequent prey was the
mysid Leptomysis gracilis. Less abundant crusta¬
ceans included natantids (Alpheus glaber) and
reptands (Goneplax rhomboides and Liocarcinus
depurator).

Gobiids and callionimids were the dominant
teleosts, although these were less numerous than
crustaceans (5,26 %).

Other taxa found in the stomach contents, but
of lesser importance, were molluscs (Sepiola ron-
deletti), amphipods, isopods, copepods, euphau¬
siids and polychaetes.

According to the IRI, the most important prey
was L. gracilis, followed by A. glaber and G.
rhomboides.

Variation in stomach contents relative to fish
length

The average number of prey and weight per
stomach increase from the smallest individuals to

the largest (ANOVA, P < 0,05) (Fig. 2A).
Table II displays the stomach contents for size

groups of Trachinus draco with regard to frequen¬
cy of occurrence, numerical composition, biomass
composition and Index of Relative Importance of
the seven main prey categories. Frequency of
occurrence of the various prey types varied with
weever size : the frequency of molluscs, natantids,
reptands and teleosts increase with increasing
weever size whereas the frequency of «others»
and other crustaceans decreased. The numerical

composition index indicates that mysids were the
most numerous prey ingested in all size classes,
even the large size class. By weight, however,
teleosts and decapods were more important than
mysids.

A chi-square test revealed significant differen¬
ces between ingestion by weever size of natantids
(5C2 = 6,79, df = 2, P < 0,05), reptands (%2 = 9,34,
df = 2, P < 0,01) and teleosts (%2 = 46,47, df =
2, P < 0,01) due to the low number which
appeared in the small size class. There was a
tendency for mysids to be mostly consumed by
the small and medium specimens (%2 = 67,29, df
= 2, P < 0,01). No significant values were found
for other crustaceans (%2 = 1,28, df = 2), molluscs
(%2 = 2,31, df = 2) and "others" (%2 = 3,41, df -
2).



TRACH1NUS DRACO FROM SPAIN = FEEDING HABITS 289

Table I. - Diet composition of 499 T. draco containing food (f % frequency of occurrence ; Cn '
composition; Cw, biomass composition; IRI, Index of Relative Importance).* = < 0.01.

numerical

Food items f(%) Cn (%) Cw(%) IRI

Algal remains 1.80 0.48 0.16 1.16

POLYCHAETA 1.60 0.54 3.03 5.71

MOLLUSCA
• Bivalvia 3.21 0.86 0.14 3.21

Chlamys sp. 0.40 0.11 0.02 0.05

Cavolinia sp. 0.20 0.11 0.02 0.03

Gasteropoda 0.20 0.05 0.01 0.01
Turrilella communis 0.80 0.21 0.10 0.25

Cephalopoda 0.40 0.11 1.04 0.46

Teithoidea

Alloteuthis media 0.80 0.21 1.17 1.11
Illex coindeti 0.60 0.16 2.46 1.57

Decapoda
Sepioidea 1.20 0.32 3.12 4.14

Sepiola rondeletli 3.01 0.86 8.33 27.63

CRUSTACEA

Copepoda 0.80 0.32 * 0.26

Caligus sp. 0.20 0.05 * 0.01

lsopoda 0.60 0.16 0.01 0.10

Amphipoda 0.40 0.11 # 0.04

Gammaridae 1.00 0.32 0.01 0.33
Eusirus longicornis 0.20 0.05 * 0.01

Vibilia armala 0.20 0.21 0.01 0.04

Phytisica marina 0.40 0.11 * 0,04

Mysidacea
Lophogaster typicus 1.00 0.32 0.14 0.46

Mysidae 2.00 0.54 0.01 1.10

Sirielia sp. 2.00 1.50 0.04 3.10

Siriella jaltensis 0.80 0.21 0.01 0.18

Gastrosaccus normani 3.61 1.61 0.04 5.94

Anchialina agilis 6.41 3.81 0.09 25.01

Amblyops sp. 0.60 0.21 0.01 0.13

Leptomysis gracilis 33.06 61.62 1.45 2085.35

Leptomysis mediterranea 2.20 0.81 0.02 1.82

Stomatopoda
Risoides desmaresti 0.80 0.21 0.66 0.71

Euphausiacea 0.40 0.20 0.01 0.10

Decapoda
Natantia 1.60 0.43 0.63 1.71

Solenocera membranacea 1.60 0.43 0.20 1.01

Sicyonia carinata 0.60 1.16 0.18 0.21

Caridea 0.20 0.05 0.02 0.02

Chlorotocus crassicornis 0.40 0.11 0.79 0.36

Alpheus glaber 14.83 6.87 22.74 439.15

Processa sp. 0.80 . 0.27 0.20 0.37

Processa mediterranea 1.80 0.48 0.35 1.51

Crangonidae 0.20 0.05 * 0.01

Philocheras sculptus 0.40 0.16 0.05 0.09

Philocheras bispinosus 0.60 0.21 0.01 0.14

Reptantia
Calocaris macandreae 0.60 0.21 0.60 0.49

JJpogebia sp. 0.80 0.21 0.07 0.23

Galathea intermedia 0.40 0.11 0.02 0.05
Pisidia longimana 0.60 0.16 0.06 0.13

Brachyura 1.20 0.32 0.92 1.50

Liocarcinus sp. 1.00 0.38 1.08 1.46

Liocarcinus corrugatus 1.80 0.54 1.39 3.48

Liocarcinus pusillus 1.60 0.48 1.39 3.00

Liocarcinus arcuatus 1.20 0.86 2.23 3.71

Liocarcinus depurator 4.81 1.77 5.16 33.36

Goneplax rhomboïdes 12.02 3.76 10.90 176.19

TELEOSTEI 1.60 0.43 2.85 5.27
Anguilliformes 0.20 0.05 0.11 0.03
Conger conger 1.40 0.38 0.74 1.56

Gadidae 1.00 0.27 1.98 2.26
Gobiidae 0.60 0.16 1.08 0.74
Lesueurigobiusfriesii 3.21 0.86 5.75 21.18

Cepola rubescens 1.40 0.38 2.50 4.03

Capros aper 1.20 0.32 1.74 2.48
Sardina pilchardus 0.40 0.16 0.67 0.33

Engraulis encrasicolus 0.40 0.11 0.44 0.22
Pleuronectiformes 0.20 0.05 0.22 0.06

Arnoglossus lalerna 1.20 0.32 1.33 1.99
Citharm linguatula 0.40 0.11 0.44 0.22

Callionimydae 0.60 0.16 0.85 0.61

Callionymus lyra 1.60 0.43 2.27 4.34

_ Callionymus maculalus 3.61 0.97 5.12 21.95

Callionymus rissoi 0.40 0.11 0.57 0.27

Non-identified remains 1.20 - 0.32 0.21 0.64

Based on IRI, mysids were the most important
prey group in all size groups, although teleosts
were also important.

Seasonal variation in the diet

Average prey per stomach values decrease
significantly from spring to summer (ANOVA, P
< 0,05), whereas mean weight of stomach contents
decrease significantly from spring to autumn
(ANOVA, P < 0,05) (Fig. 2B).

Little seasonal variation in food habits of
Trachinus draco within the studied area was

noticed (Fig. 3). Mysids were the dominant food
during all the seasons. Decapod crustaceans and
teleosts were common throughout the year. How¬
ever, during winter the IRI of natantids increased
with respect to the other seasons, whereas rep-
tands were present primarily during spring (IRI =
1694). Teleosts were less common in winter (IRI
= 295). Statistical analysis only revealed signifi¬
cant differences for reptands (%2 = 28,17, df = 3,
P < 0,01) because they appeared most frequently
in spring.

DISCUSSION

Few detailed reports are available for Trachinus
draco feeding habits in the Mediterranean Sea.
Our study indicates that, like for other species of
the family Trachinidae (Muus & Dahlstrom 1971,
Wheeler 1978), crustaceans (mysids and deca¬
pods) and teleosts are the main identifiable prey.
Vivo & Sanz (1989) in another area of the Gulf
of Valencia, confirm the overall dominance of
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Table II. - Dietary groups for each size range of T. draco, with regard to the frequency of occurrence (f), numerical
composition (Cn), biomass composition (Cw) and Index of Relative Importance (IRI).

S 15 cm 15.5-19.5 cm £ 20 cm

f<%) Cn (%) Cw(%) IRI f<%) Cn (%) Cw(%) IRI f(%) Cn <%) Cw(%) IRI

Others 12.50 6.20 21.67 348.4 4.65 1.23 2.99 19 63 2.59 0.66 1.69 6.09

Other crustaceans 6.25 3.10 0.09 19.92 5.81 2.15 0.52 15.52 3.63 0.92 0.90 6.60

Molluscs 6.25 2.33 17.28 122.55 9.69 2.77 21.81 238.15 13.47 3.43 12.65 216.5

Mysids 54.17 70.54 1.93 3925.36 61.24 77.23 2.79 4900.22 22.80 62.19 1.10 1442.80

Natantids 16.67 7.75 5.78 225.49 17.83 5.95 22.11 500.20 27.46 13.70 29.42 1184.20

Reptands 8.33 3.10 9.70 106.64 22.87 8.31 32.44 931.72 29.02 10.41 19.49 867.54

Teleosts 6.2 6.98 43.56 947.64 8.53 2.36 17.36 168.15 34.20 8.70 34.76 1485,90
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Fig. 3. - Seasonal variation of the Index of Relative
Importance (IRI) in the main prey categories of Tra¬
chinus draco.

mysids in the diet of weever, and in addition
supply detailed information on the specific com¬
position of this taxon. These authors reported that
decapods (A. glaber and G. rhomboides) were also
important, whereas fishes (C. maculatus) consti¬
tuted a secondary group.

Like all members of the family, T. draco is a
bottom-living fish which lies buried in the sandy
sea-bed during daylight and emerges to forage at
night (Wheeler 1978). The diet examined is basi¬
cally composed of benthic species (A. glaber, G.
rhomboides, Liocarcinus depurator, Lesueurigo-
bius friesii, C. maculatus) or species which live
just above the bottom {Leptomysis gracilis). Most
of these prey, such as A. glaber, G. rhomboides,
C. macandreae and L. friesii, are able to bury
themselves. Therefore capturing prey must be
active, as the fish has to dig in the bottom in
search of food.

The high percentage of empty stomachs
(44,12 %) obtained from this study agrees with
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observation of Vivo & Sanz (1989). Stomach
fullness showed a seasonal cycle with a minimum
in summer, the reproductive period (Muus &
Dahlstrom 1971, Nichols & Miller 1981). How¬
ever, reproduction seems to have little effect on
feeding intensity since the highest vacuity was
found in the small size class. In the work of Vivo
& Sanz (1989), the highest vacuity for T. draco
was found in winter.

Our results indicate that the diet of T. draco

changed with growth : small prey were caught by
smaller specimens and, as specimen size increa¬
sed, prey also became bigger, in the first place
mysids, secondly decapods and then teleosts. Vivo
& Sanz (1989) report similar results.

Maximum occurrence of a specific prey species
often coincided with the breeding period of that
species. For example, L. gracilis and L. friesii are
more abundant in autumn, coinciding with the
breeding period (Macquart-Moulin 1965, Casade-
vall et al. 1994). A. glaber breeds between March
and August (Casadevall et al. 1994) and maximum
occurrence was found in May. Breeding in L.
depurator begins in November and lasted until
January (Abellö 1989) when its occurrence coef¬
ficient increases. This indicates that observed
seasonal variations in food ingestion may be
related to fluctuations of the prey in the environ¬
ment. Although no data are available in the study
area in relation to the availability of the food
supply, previous studies in the Gulf of Valencia
on the feeding habits of several fish point out that
several prey species, such us L. gracilis, A.
glaber, L. depurator, G. rhomboides and L. friesii,
occurred more frequently in the stomach contents
(Vivo & Sanz 1989, Redön et al. 1994; Morte et
al. 1997, Morte et al. in press).
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Feeding rhythms of juvenile Atlantic salmons (Salmo salar L.)

and trophic relationship with invertebrate drift
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RÉSUMÉ. - Cette étude porte sur l'analyse qualitative et quantitative du régime
alimentaire de jeunes Saumons Atlantiques (Salmo salar L.) de 25 à 160 mm de
longueur, au cours de 8 nycthémères, entre la période d'émergence et l'âge de six
mois. Les invertébrés dérivants, constituant la nourriture principale de ces Poissons,
sont aussi récoltés. Les analyses stomacales montrent que la majorité des jeunes
Saumons échantillonnés s'alimente en continu, avec souvent plusieurs périodes d'ali¬
mentation plus intenses partagées au cours du nycthémère. Le nombre de proies et la
quantité de nourriture contenus dans les estomacs sont étroitement liés à la longueur
des Poissons. Le nombre de captures rapporté au poids du prédateur est proportionnel
au nombre d'invertébrés dérivants. Les larves d'Ephéméroptères (Baetidae) et de
Diptères (Chironomidae) constituent les principales proies et sont également les plus
nombreuses dans la dérive. Pour ces deux taxons, les variations journalières et
saisonnières des effectifs dérivants et des quantités capturées par les Poissons sont
étroitement liées. Les larves de Baetis sont plutôt consommées la nuit, les larves de
Chironomides dans la journée, au cours de leur période intense de dérive.

ABSTRACT. - Qualitative and quantitative analyses of feeding rhythms were
performed on Atlantic salmon (Salmo salar L.) juveniles, 25-160 mm long, during
eight diel cycles, between the period of emergence and the age of six months.
Drifting invertebrates, which constitute the main part of the fish diet, were also
collected. The stomacal analyses showed that the majority of the young salmon
fed continuously. Often, several more intense feeding periods occurred during the
diel cycle. The ratio of prey number to predator weight was proportional to the
number of drifting invertebrates. Ephemeroptera (Baetidae) and Diptera (Chirono¬
midae) larvae were the main food items and were also the most numerous
invertebrates in the drift. The daily and seasonal variations of the drifting stocks
and the quantities captured were closely linked for those two groups. The Baetis
larvae were eaten preferentially at night, the Chironomidae larvae during day time.

INTRODUCTION

De nombreuses études portent sur l'alimenta¬
tion des Saumons, sur les variations journalières
et saisonnières de leur régime (Wankowski 1981,
Jorgensen & Jobling 1992, Huru 1986, Nicieza
1993, Amundsen et al. 1999) et sur les relations
avec la nourriture disponible (Morrisson 1983,
Strademeyer & Thorpe 1987a, Godin & Rangeley
1983, Garnas & Hvidstein 1985, Jorgensen &
Jobling 1992, Erkinaro & Erkinaro 1998). Ces
travaux montrent que chez les jeunes Saumons les
rythmes alimentaires ne sont pas bien définis au
cours du nycthémère, de la saison, et qu'ils
évoluent en fonction de l'âge des Poissons.

L'abondance du macro-benthos représentant la
source essentielle de nourriture pour les Salmoni¬
dés, est un paramètre limitant la densité des
Poissons (Waters & Hokenstrom 1980, Richard-
son 1993); il apparaît donc important d'analyser
l'influence des ressources trophiques. La défini¬
tion du régime alimentaire permet d'aborder une
telle analyse.

Dans cette optique, le travail présenté ici, en
limite de l'aire de répartition du Saumon Atlanti¬
que, tente de définir certaines modalités alimen¬
taires quantitatives et qualitatives des juvéniles,
de l'émergence à l'âge de six mois et cela en
relation avec la nourriture disponible. Ces expé¬
riences menées dans un chenal expérimental per-
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Tabl. I. - Dates, températures moyennes journalières de l'eau, nombres de pêches au cours des 24 heures, longueurs
et poids (mini-maxi et moyennes) des Poissons échantillonnés et densités (nombre par m2).
Dates, average daily water temperature of water, number of sampling bouts during 24 hours, lengths and weights
(mini-maxi and average) of sampled fish, density (number per m2).

Dates T°C Nombre Nombre Lt (mm) Poids (g) Densité/m2

pêches poissons min-max moy

02-04 10,5 6 180 25-29 28,1 0,15-0,35 0,22 296

22-04 10,1 6 180 27-33 28,8 0,19-0,41 0,25 24

13-06 14,4 8 203 40-80 55,2 0,40 - 4,70 1,65 11
21-06 14,6 8 263 40-80 55,9 0,40 - 4,80 1,66 9,2
30-06 17,0 8 128 50-69 57,0 1,00-2,70 1,73 7,4
03-07 16,6 8 240 53-80 65,8 1,40-5,00 2,78 6,0
24-08 17,6 8 240 52-84 70,0 1,40-7,00 3,77 4,2
13-10 12,5 6 203 66 - 120 84,0 2,60 - 7,20 6,17 3,0

mettent, tout en gardant les caractéristiques tro-
phiques du milieu naturel, de maîtriser certains
paramètres : densité, absence de prédateur, com¬
pétition, échantillonnage représentatif de la dé¬
rive, etc.

MATÉRIEL ET MÉTHODES

Le milieu : Les expériences sont conduites dans un
chenal de frai expérimental pour Salmonidés. Cette
installation située dans le sud-ouest de la France, à
Ainhoa (ait = 100 m, 43°17 lat N et 1°28 long W) est
alimentée par 2 ruisseaux affluents de la Nivelle (petit
fleuve côtier de l'ouest des Pyrénées).

Ce canal possédant une pente de 2 %, est composé
de 13 biefs de tailles identiques (L = 10 m et 1 = 2,80
m), placés en série. Le substrat est constitué de galets
de 1 à 8 cm de diamètre sur une épaisseur de 60 cm.
Dans chaque bief, la zone aval de radier occupe près
de 90 % de la surface du bief, la hauteur d'eau y varie
de 10 à 25 cm. La partie amont située sous l'arrivée
d'eau, est plus profonde (h = 40 cm). La vitesse du
courant sur la zone de radier se situe entre 15 et 30
cm/s.

La scotophase est délimitée par les valeurs en deçà
de 1 lux. La température de l'eau varie au cours des
divers rythmes d'études (Tabl. I). Les plus basses sont
enregistrées en avril avec un minimum de 8,9 °C, les
plus élevées en juin, 20 °C.

Échantillonnages des poissons : Les Poissons utilisés
pour ces expériences (N = 1637), sont issus de pontes
naturelles produites sur ce site par des géniteurs sau¬
vages, introduits avant leur reproduction.

La densité des jeunes Poissons est contrôlée par
pêches électriques et rééquilibrée (Tabl. I) si nécessaire
dans chaque bief, 10 jours avant les prélèvements. De
6 à 8 biefs sont utilisés, un bief par prélèvement,
échantillonnés de l'aval vers l'amont. Les quantités
conservées dans les biefs sont limitées afin de réduire
toute compétition territoriale et trophique. De 296
ind/m2 en avril la densité diminue régulièrement (dé-
valaison, mortalité, pêches) et ne compte plus que 3
ind/m2 en octobre. Aucun Poisson prédateur n'est pré¬
sent dans ce milieu (grilles amont et aval).

Les jeunes Saumons (16 à 45 individus par pêche,
Tabl. I) sont capturés à l'électricité par 6 à 8 pêches,
réparties à intervalles réguliers au cours de 8 nycthé-
mères, entre leur émergence (avril) et l'âge de 7 mois.
Ils sont aussitôt sacrifiés dans un bain de phénoxyétha-
nol pour éviter les régurgitations et conservés dans une
solution formolée à 4 %.

Les invertébrés présents dans les estomacs sont
déterminés (précision taxonomique : famille) et comp¬
tabilisés. Les contenus stomacaux sont pesés individuel¬
lement (précision 0,01 mg) après séchage de 24 h dans
une étuve à 60 °C (excepté en avril où ils sont regroupés
par pêche, étant donné leurs très faibles poids).

Les données recueillies à partir des contenus stoma¬
caux ont été analysées par régression sur la longueur à
la fourche des Poissons, selon les méthodes de Snedecor
& Cochran (1967) en utilisant le modèle exponentiel
(Log y = Log a + bx), la signification statistique par
le test de Student.

Échantillonnage de la faune dérivante : Le piégeage
des organismes dérivants est mené à l'amont de chaque
bief péché au cours des 3 h précédant le prélèvement
des Poissons. Le filet utilisé de type « Waters » possède
des mailles de 0,25 mm et filtre 16,7 % du débit du
chenal au cours de tous les rythmes.

Les dérives du 2 et du 22 avril n'ont pas été préle¬
vées.

RÉSULTATS

Macro-faune dérivante

Au cours des expériences les variations de
débit, tributaires des ruisseaux d'alimentation,
sont importantes : de 1,0 à 22,1 m3 pour la totalité
du chenal en 24 h. Rapporté à un débit identique,
aucune relation n'est visible entre les invertébrés
piégés et le volume d'eau filtré (Tabl. II).

Les larves d'Ephéméroptères (Baetidae), sont
les plus fréquentes dans la dérive en juin et
octobre, les larves de Chironomidae en période
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Tabl. II. - Nombres d'invertébrés dévalants au cours des divers nycthémères, ramenés à 1 m3 d'eau filtré en 24 h.
Fréquences numériques (F) des animaux collectés de jour et de nuit. Fréquences (fi) des divers groupes dérivants.
Numbers of drifting invertebrates during the various diel cycles per 1 m3 of filtered over 24 hours. Numerical
frequencies (F) of animals collected during day-time and night-time. Frequencies (fi) of the various drifting taxa

F fi
Dates Nombre (N) N/ m3 Dérive

Jour Nuit Ephém, Dipt, Plécop, Trichop, Coléop, Div, aqua Exogène!

13-06 213 816 22,1 11,3 88,7 88.8 9,1 1,6 0,1 0 0,3 0,1
21-06 31 849 2,2 34,5 65,5 59.7 33,3 5,5 0,8 0 0,4 0,3
30-06 7 667 1,0 37,1 62,9 23,9 15,9 2,3 0,1 23,1 1,5 33.2
03-07 49 301 14,3 47,4 52,6 22,4 58.7 0,2 1,8 5,5 0,1 11,3
24-08 16 830 7,2 75,0 25,0 3,1 70.5 0,3 2,2 2,3 1,0 20,6
13-10 10 042 2,8 24,6 75,4 62.1 23,7 7,2 0,3 5,1 1,5 0,1

Tabl. III. - Variations journalières des indices de vacuité des estomacs (indice de Hynes, E = 100 x N estomacs
avec aliment/N estomacs analysés (Indices soulignés = scotophase; * = pas d'échantillonnage).
Daily changes in stomach vacuity indices (Hynes 1951) : E = 100 x N stomachs with food/N analysed stomachs
(underlined indices = night; * = no sampling).

Heures 10 13 16 19 22 1 4 7

02-04 43,3 * 26,7 66,7 40,0 (21h) * 56,7 7^3
22-04 0 * 0 * 0 1^3 0 0
13 -06 0 9,5 0 0 3,8 0 0 Ö
21 -06 3,0 0 0 9,1 7,7 £6 Ö Ö
30-06 0 8,3 0 12,5 0 0 Ö Ö
03 - 07 0 0 0 3,3 0 Ô Ö Ö
24 - 08 0 0 13,3 10,0 0 Ö Ö Ö
13- 10 0 6,7 * 4,3 0 * 0 Ö

estivale, particulièrement le 3/07 où ces Diptères
représentent près de 70 % de la dérive (Tabl. II).
Les invertébrés exogènes (adultes de Chironomi-
dae, de Simuliidae et d'Hyménoptères) représen¬
tent parfois près du tiers des organismes dérivants
(30 juin et 13 octobre). Les larves de Plécoptères
et de Trichoptères dévalent peu. Les Coléoptères
peuvent parfois migrer en grand nombre (29 % le
30 juin).

C'est très souvent (5 fois sur 6 dérives) au
cours de la scotophase que se déroule la majorité
de la dérive et que se produit un, parfois 2 pics
d'activité. Cette migration nocturne est particuliè¬
rement visible le 13 juin lorsque près de 89 %
des organismes sont capturés de nuit. Le maxi¬
mum de dérive peut aussi se situer dans la journée
(24 août), les Ephéméroptères ne constituent alors
que 3,1 % de la dérive. Les Diptères possédant
une dévalaison à forte tendance diurne, atteignent
alors 70,5 % des animaux piégés. Le 3 juillet, la
migration se partage équitablement entre les 2
phases, la dévalaison des Chironomes est aussi
plus faible. Sur les 6 rythmes nycthéméraux, la
dérive nocturne représente 58,2 % des effectifs
dérivants au cours de 24 heures.

ANALYSE QUANTITATIVE DU REGIME

Rythme journalier

Les fréquences de vacuité des estomacs révè¬
lent plusieurs stratégies trophiques (Tabl. III). En
période de première dévalaison des alevins (2
avril), une forte proportion d'individus ne s'ali¬
mente pas. Une vingtaine de jours plus tard, les
Poissons s'alimentent en continu et l'indice de
vacuité est très faible. En juin, la nuit, tous les
estomacs renferment de la nourriture ; dans la
journée, certains sont vides. Par la suite, à partir
de fin juin la totalité des contenus stomacaux
contiennent des proies au cours de la nuit. Dans
la journée, une faible partie de la population ne
s'alimente pas et cette diminution semble assez
constante en fin de journée.

Les résultats montrent que le nombre de proies
(Np) contenues dans les estomacs au cours des 24
h augmente avec la longueur des Poissons (L
en mm). Ainsi avec la formule calculée, pour N
= 58,

Np = 0,840 e 0,041 L(r2 = 0,41),
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le coefficient de régression b = 0,041 (erreur type
= 0,006) est très hautement significatif (t = 6,34,
significatif à p = 0,001).

Cette relation se confirme aussi en période
nocturne (r2 pour N = 23),

Nn = 0,691 e°-044 L(r2= 0,43)

Le coefficient de régression b = 0,044 (erreur
type = 0,009) est très hautement significatif (t =
4,68, significatif à p = 0,001).

Dans la journée, le nombre de proies (Nj) est
toujours proportionnel à la longueur du prédateur,
pour N = 35,

Nj = 1,182 e°'036 L(r2 = 0,37)

Le coefficient de régression b = 0,036 (erreur
type = 0,009) est très hautement significatif (t =
3,96, significatif à p = 0,001).

Le nombre maximum de proies rencontrées
dans un estomac est de 128 (125 larves de
Chironomidae et 3 de Baetidae) chez un individu
de 55 mm, le 24 août à 1 h.

Relations entre le poids du contenu stomacal
et la longueur du poisson

Les quantités de nourriture présentes dans les
estomacs (Q en mg), augmentent très régulière¬
ment avec la taille des prédateurs (L en mm), au
cours du nycthémère, pour N = 58,

Q = 0,040 e °-0743 L (r2 = 0,71)

Le coefficient de régression b = 0,0743 (erreur
type = 0,006) est très hautement significatif (t =
11,98 , significatif, à p = 0,001).

Il en est de même au cours de la photophase
pour N = 35,

Qp = 0,051 e°'070 L(r2 = 0,70)

Le coefficient de régression b = 0,070 (erreur
type = 0,009) est très hautement significatif (t =
8,04, significatif à p = 0,001).

Au cours de la scotophase, le poids du contenu
stomacal (Qs) reste aussi proportionnel à la lon¬
gueur du prédateur, pour N = 23,

Qs = 0,035 e°'076 L (r2 = 0,71)

Le coefficient de régression b = 0,076 (erreur
type = 0,009) est très hautement significatif (t =
8,49, significatif à p = 0,001)

ANALYSE QUALITATIVE DU RÉGIME
ALIMENTAIRE

Sélection taxinomique des proies (Tabl. IV)

La quasi-totalité des taxons présents dans la
dérive est capturée mais avec des intensités très
variables. Le spectre alimentaire n'est composé
que de 10 taxons, en période d'émergence des
Saumons (2 avril) et atteint 23 taxons le 30 juin.
Les indices de diversité de Simpson comparant la
structure des spectres alimentaires montrent une
diversité plus forte chez les alevins non expéri¬
mentés en avril. Par la suite, les indices de
diversité sont fonction de l'importance des larves
de Baetidae et de Chironomidae qui se partagent
la plus large part du bol alimentaire.

Sur la totalité des expériences, ces 2 ordres
représentent en moyenne, 45 % pour les Ephémè¬
res (entre 9 et 81 %) et 30 % pour les Diptères
(entre 4 et 70 %), de la totalité des proies con¬
sommées. Près de 65 % (entre 29,2 et 95,1 %) des
Saumons consomment des Baetis et 38,7 % (entre
9,9 et 64,6 %) des larves et des nymphes de
Chironomes. Une seule fois, le 24.08, une forte
prédation (49 % des captures) est exercée sur les
Mollusques (Ancylidae). La faune exogène est peu
exploitée, elle peut toutefois atteindre 8 à 9 % des
captures en période estivale. La diversité des
proies aériennes (dérive de surface) est réduite et
composée essentiellement par des adultes de Dip¬
tères aquatiques (Chironomidae et Simuliidae),
quelques subimagos et imagos d'Ephéméroptères
et peu d'Hyménoptères (Fourmis aptères).

Si les deux principales proies sont, dans la
majorité des expériences, toujours les plus appré¬
ciées, les taxons secondaires subissent des pres¬
sions de captures variables.

Relations entre la sélection trophique
et les proies disponibles

Au cours des 6 rythmes où la dérive a été
collectée, le nombre d'invertébrés consommés par
g de Poisson (Np) augmente en relation avec le
nombre d'invertébrés (D) dérivants (Fig. 1), pour
N = 6

N = 732,41 e°-183D (r2 = 0,68)

Le coefficient de régression b = 0,183 (écart
type = 0,057) est significatif (t = 2,94, significatif
à p = 0,005).

Les captures sont peu nombreuses quand peu
d'invertébrés dérivent (30 juin et 24 août). Par
contre lorsque la dévalaison est très abondante (13
juin et 3 juillet), le nombre de captures est très
important.
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Tabl. IV. - Fréquences numériques des divers groupes rencontrés dans les estomacs (soulignés = supérieur à 30 %,
* = moins de 0,1 %). Nombres de taxons et indices de diversité de Simpson.
Frequencies of the various groups in the stomachs (underlined = above 30%; * = less than 0,1 %). Number of
taxa and Simpson diversity index

02 - 04 22 - 04 13 - 06 21-06 30 - 06 03 - 07 24 - 08 13- 10

Ephéméropteres
Baetidae 33.8 34.1 76.5 76.2 41.2 8,0 3,3 55.8

Ephemellidae 13,7 1,7 1,3 1,2 3,0 1,3 1,0 1,0
Ecdyonuridae 4,3 5,8 2,6 3,8 5,1 3,9 4,6 4,4
Caenidae 0 0 * * 0 0 0 *

Plécoptères
Leuctridae 1,4 0,9 0,3 0,5 2,4 0,1 0,4 20,6
Nemuridae 0 0 0 * 0 0 0 *

Tricoptères

Limnophilidae 0 0 0 0 0 0 0 *

Philopotamidae 0 0,1 0,3 0,3 0,3 * 0 *

Sericostomatidae 4,3 1,0 ik 0,3 2,0 5,0 3,8 11,6
Hydropsychidae 0 0 * 0,2 0 0 1,1 0,1
Rhyacophilidae 0 0 0 0,1 0,2 0 0,1 0

Polycentropidae 0 0 0 * 0 0 * 0

Lepidostamatidae 0 0 * 0 0 * 0 0

Diptères
Chironomidae larves 38.9 36.1 14,6 U,5 39.4 67.3 22,9 2,0
Chironomidae nymphes 0 10,2 0,3 0 1,7 3,4 4,0 0,1
Simuliidae larves 1,4 2,2 2,7 2,5 0,6 0,1 0,1 1,5
Simuliidae nymphes 0 0,3 0 0,5 0,6 * 0,1 0

Tipulidae 0 # * 0,1 * 0,1 0 #-

Dixidae 0 0 * 0,2 0,3 0 0 0

Ceratopogonidae 0 0,9 * 0 0,1 0 0 0

Blepharoceridae 0 0 * * 0 0 0 0

Coléoptères
Elminthidae larves 0 0,1 0 0 0 0,1 0,1 0,1
Elminthidae adultes 1,4 1,3 0,2 0,1 0,2 0,5 0,5 0,5
Hydraenidae adultes 0 0 0 0 0 0 *

Helodidae adultes 0 0 0 * * 0 0 o'
Haliplidae adultes 0 0 0 0 0 * 0 0

Crustacés
Asellidae 0 0 * 0,3 1,0 0,2 0,2 0,8
Gammaridae 0 0,5 0,3 0 0,1 0 0,4 0,4

Mollusques 0,7 2,6 0,1 0,1 0,2 0,6 48.8 0,6

Divers Aquatiques 0,1 0 0 * 0 * 0 0

Divers exogènes 0 2,1 0,3 1,6 1,5 9,0 8,6 0,5

Nombres d'individus 176 802 3 888 3 720 1 139 6 986 2 129 2 615

Nombres de taxons 10 17 21 23 20 18 19 20

Indices de diversité 0,72 0,74 0,39 0,40 0,67 0,45 0,70 0,63

Les fréquences numériques des 2 proies essen¬
tielles (Baetides et Chironomides) dans les esto¬
macs et dans la dérive au cours de la nuit et de
la journée sont aussi étroitement liées (Fig. 2). La
nuit, les Baetis qui dérivent plus intensément sont
nettement plus nombreux dans les estomacs. Ce
phénomène est inversé pour les Chironomes qui,
de jour, constituent souvent la majeure partie du
contenu stomacal et des invertébrés dévalants.

Les fréquences des larves de Baetidae capturées
par les Poissons (Cl) et leurs densités dans la
dérive (dl, Fig. 3) sont proportionnelles (N = 12),

Cl = 4,216 e °-0031 dl (r2 = 0,60)

Le coefficient de régression b = 0,0031 (erreur
type = 0,0008) est hautement significatif (t = 3,87,
significatif à p = 0,01).
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Fig. 1. - Relation entre le nombre d'invertébrés dérivants et le nombre de proies présentes dans les estomacs (par
g de Poisson), au cours des divers nycthémères.
Relation between the number of drifting invertebrates and the number of preys present in the stomachs (per gram
offish), during the various diel cycles.

13-06
o

30-06

Baetis
F/o

19-jun 21-jun 30-jun 03-jul 24-aoû 13-oct

Chironomides
P/o

1 Est.Jour Est.Nuit ------ Dérive jour —■— Dérive nuit j

Fig. 2. - Comparaison de la répartition au cours du jour et de la nuit des fréquences numériques des larves de
Baetidae et de Chironomidae présentes dans les contenus stomacaux et dans la dérive.
Distribution comparison between the day and the night of numerical frequencies of Baetidae and Chironomidae
larvae present in stomach contents as well as in the drift.

Il en est de même pour les larves et les
nymphes de Chironomidae (C2), pour N = 12,

C2 = 5,079 e °'036 d2 (r2 = 0,49)

Le coefficient de régression b = 0,036 (erreur
type = 0,011) est hautement significatif (t = 3,09,
significatif à p = 0,01).

DISCUSSION

Ces résultats confirment des études expérimen¬
tales conduites sur ce site concernant les relations
entre la taille des juvéniles et certaines caracté¬
ristiques de leurs proies (Vignes 1998). Le poids
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du contenu stomacal, le nombre, la taille et le
poids des proies augmentent avec la taille des
Saumons, mais les relations s'inversent lorsque
ces variables sont exprimées au prorata du poids
des Poissons.

Sur les cycles analysés, la capture des proies
sur le substrat n'apparaît évidente que le 24 août
lorsque près de la moitié des proies (Mollusques,
48,8 %) sont des animaux dérivant peu. Les Ephé¬
mères et les Diptères sont alors très peu convoités,
respectivement, 8,9 et 27,1 % des proies. Cette
cueillette des proies sur leur support est aussi
observée sur des Renoncules lorsqu'un grand
nombre de larves de Simuliide et de Chironomide
sont associées à des fragments de ces plantes dans
les estomacs (Neveu 1980, Vignes 1995).

L'activité trophique des Saumons est liée à des
variations saisonnières en relation avec la tempé¬
rature (Stradmeyer & Thorpe 1987) et l'abon¬
dance des proies. Une alimentation élevée d'avril
à septembre est observée par Wankowski (1981)
et Nicieza (1993). Elle diminuerait à l'automne
(Metcalfe et al. 1986, Amundsen et al. 1999) et
en hiver l'alimentation serait nécessaire, mais très
réduite (Wankowski 1981). Le climat tempéré de
la région maintenant l'eau à des températures
hivernales de 8-10 °C, pourrait atténuer ces varia¬
tions saisonnières

Si l'alimentation est plus intense au cours de
la scotophase, les rythmes journaliers chez les
jeunes Saumons n'apparaissent pas aussi bien
définis que pour d'autres espèces. Huru (1986)
n'observe pas non plus un rythme journalier
d'alimentation très marqué chez les Poissons de
l'année. Gries et al. (1997), Amundsen et al.
(1999) constatent que les Saumons (0+) ont un
taux de consommation faible au cours de la nuit,
contrairement aux juvéniles plus âgés (1+ à 3+)
qui prennent leur repas principal en phase noc¬
turne. Par contre, Higgins & Talbot (1985),
Browman & Marcotte (1986) montrent que les
juvéniles ne se nourrissent pas de jour.

Le spectre alimentaire des Saumons apparaît
relativement étendu (10 à 23 taxons) mais les
larves d'Ephéméroptère et de Diptère prennent
souvent une très large part dans leur régime (Huru
1986, Cunjak 1992, Reiriz & Anadon 1995, Vi¬
gnes 1995, Erkinaro & Erkinaro 1998) et cela
depuis l'émergence (Vignes & Héland 1995).
L'opportunisme des Salmonidés et la flexibilité
de leur comportement trophique ont été souvent
mis en évidence (Ringler 1983; Grant & Noakes
1986, Sagar & Glova 1987, etc.). Ce mode d'ali¬
mentation s'exerce aussi dans cette étude : les

jeunes Saumons se nourrissent aux dépens des
invertébrés les plus abondants (Metcalfe et al.
1986, Stradmeyer & Thorpe, 1987) lorsque ces
derniers dérivent en pleine eau, comportement les
rendant plus vulnérables (Sagar & Glova 1987).

Les Poissons se tenant sur les zones de courant

minimisent alors l'effort de capture (Metcalfe et
al. 1986). De part cette étroite relation entre
prédateur et proies, la distribution de l'activité
alimentaire peut varier au cours du nycthémère.
Lorsque les Baetis sont les plus fréquents dans le
milieu, les repas importants sont nocturnes, pé¬
riode correspondante au maximum de dévalaison.
Pour les Chironomes dérivant préférentiellement
de jour, les prises de nourriture sont alors majo¬
ritairement diurnes. Il demeure toutefois difficile
de déterminer sans observation le lieu précis de
capture des proies. En effet, l'activité des animaux
sur le fond et dans la dérive est étroitement liée

(Allan 1995).

Il apparaît aussi que l'abondance des proies
dérivantes limite les quantités consommées : ainsi,
le 30 juin, la consommation est très faible, le débit
est également bas et peu d'animaux dérivent. Mais
aucune relation n'est cependant visible entre le
débit et le taux de consommation des Poissons

pour la période étudiée.
Ces observations sur les modalités trophiques

des juvéniles de Saumon Atlantique sont prati¬
quées en limite sud de l'aire de répartition de
l'espèce. Les résultats obtenus sont cependant
proches des études menées dans les pays septen¬
trionaux où la température de l'eau est nettement
plus basse.
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RÉSUMÉ. - La prédation du méiobenthos par les juvéniles de Poissons benthiques
est un phénomène bien connu dans lequel les Copépodes Harpacticoïdes prennent
une part prépondérante. De nombreux auteurs se sont efforcés de décrire les
modalités et d'estimer l'importance de cette prédation. Au vu des résultats obtenus,
y compris à Banyuls-sur-Mer, on peut considérer que : - les Copépodes benthiques
sont indispensables à la survie des juvéniles de nombreuses espèces de Poissons
démersaux après le recrutement benthique des larves planctoniques ; - les modalités
de cette prédation sont liées d'une part à la morphologie buccale des Poissons, et
d'autre part à la taille et aux mouvements des proies. Les caractéristiques faunis-
tiques du biotope ont leur rôle et une même espèce peut avoir des régimes
différents en fonction de sa localisation. - la recherche de l'impact des relations
proies-prédateurs doit tenir compte de la diversité des phénomènes qui gèrent
l'évolution du biotope.

ABSTRACT. - The prédation on meiobenthos by the young benthic fishes is a
well-known phenomenon in which the harpacticoid copepods take an important
part. Many authors tried to describe the modes and to evaluate the impact of this
prédation and the results obtained show that : - the benthic copepods are essential
for the surviving of many species of demersal fishes after the benthic recruitment
of the planktonic larvae ; - the modes of prédation are linked to the morphology
of fish jaws and to the size and the mobility of the preys. The faunistic charac¬
teristics of the biotope play their part and the same species can have different
diets in relation with its localization. - the evaluation of the impact of the
prey-predator relations must take into consideration the diversity of the events
which manage the biotope.

INTRODUCTION

Le rôle du méiobenthos dans la nutrition des

représentants de l'ichthyofaune benthique a été
mis très tôt en évidence par la découverte de ses
représentants en quantités non négligeables dans
les estomacs de très jeunes Poissons plats (Scott
1920) ou de diverses espèces de Poissons littoraux
(Lebour 1918a et b, 1919), en particulier des
Copépodes Harpacticoïdes, mais aussi des Ostra-
codes, des Cumacés et divers nauplii.

Malgré une période de doute pendant laquelle
certains auteurs ont pensé qu'il pouvait s'agir
d'un cul-de-sac écologique (Mclntyre 1964, Mar¬
shall 1970, Mclntyre & Murison 1973, Heip &
Smol 1975), il est maintenant parfaitement admis
que certains groupes de la méiofaune, et en

particulier les Copépodes benthiques, jouent un
rôle très important dans la nutrition de la macro¬
faune benthique et des Poissons de petite taille
(Hicks & Coull 1983, Gee 1989).

Les Copépodes Harpacticoïdes présentent un
certain nombre de caractéristiques qui en font une
source de nourriture disponible et bien adaptée
aux besoins des prédateurs. Ils sont nombreux
(plusieurs centaines d'individus par 10 cm2) et
beaucoup d'espèces sont épibenthiques ou hyper-
benthiques, ce qui les rend plus-vulnérables en
tant que proies car ce sont les espèces de surface
qui sont prélevées en priorité par les prédateurs
(Coull et al. 1989). Ils constituent un lien entre
le monde végétal et les Poissons du groupe zéro
(Keats & Steele 1993) car ils transforment la
production primaire peu digeste en matière orga¬
nique animale facilement assimilable (Sogard
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1984), conditionnée en petits volumes adaptés aux
exigences des prédateurs (Coull 1990). S'ils ne
sont pas capturés, ils apportent sur le fond une
matière organique dont la décomposition, beau¬
coup plus rapide que celle des débris végétaux,
contribue au cycle des décomposeurs (Gee 1987).
Ils recolonisent plus rapidement que les autres
représentants de la méiofaune les aires dépeuplées
(Olafsson & Moore 1990). Enfin ils présentent de
grandes qualités nutritives en raison de leur teneur
en acides gras polyinsaturés répondant aux be¬
soins spécifiques des jeunes Poissons marins (Wa-
tanabe et al. 1983). Ces qualités nutritives influent
sur la rapidité de croissance et la mobilité des
Poissons et augmentent leurs chances de survie
dans le milieu par une prédation plus efficace et
un évitement plus facile des prédateurs (Volk et
al. 1984).

Les travaux réalisés dans les sables fins infra-
littoraux de Banyuls-sur-Mer ont montré que les
juvéniles de Poissons démersaux et néritiques
bénéficient de cet apport trophique particulière¬
ment important après le recrutement benthique des
larves planctoniques (Bodiou & Villiers 1978,
Villiers 1980, Morais 1984, Morais & Bodiou
1984).

Ce biotope de sables fins se situe dans la frange
littorale marine dont les principales caractéristi¬
ques sont liées à la variabilité des conditions
physico-chimiques et à la diversité des ressources
trophiques. La faible profondeur lie les facteurs
abiotiques du milieu aux variations saisonnières
et à la météorologie. Quant aux apports trophi¬
ques, ils peuvent provenir de la production pri¬
maire benthique, microphytobenthos et débris des
macroalgues du littoral, de la colonne d'eau et
des apports continentaux, tout cela en relation
avec les variations saisonnières.

Cette diversité des conditions trophiques et
environnementales engendre une variabilité des
populations macro- et méiobenthiques propre à
donner aux relations proies-prédateurs un grand
éventail de possibilités. Cela est d'autant plus
important que les Harpacticoïdes sont considérés
comme un élément beaucoup plus important du
régime des jeunes Poissons sur les sables que sur
les vases (Gee 1987). Hicks & Coull (1983)
reconnaissent l'importance des formes épipsam-
miques et phytophiles dans la ration alimentaire
des Poissons prédateurs.

Par rapport aux sables fins des mers à marées,
les sables infralittoraux présentent l'avantage de
laisser plus de temps aux prédateurs pour prélever
leur quantité nécessaire de nourriture et la quantité
de méiofaune n'apparaît pas comme un facteur
limitant dans ce type de milieu (Currin et al.
1984). Cela justifie leur appellation de nurserie
car les juvéniles de Poissons ont absolument
besoins de grandes quantités de nourriture dans

la mesure où ils doivent grandir le plus vite
possible pour échapper à la prédation (Sogard
1992). Là se situe peut-être la réponse à la
question d'Amara & Bodin (1995) : pourquoi les
jeunes Soles ne restent-elles pas au voisinage des
aires de ponte ? La nourriture méiobenthique y est
présente, mais est-elle assez abondante ?

Le fait que les Copépodes benthiques soient
consommés par les Poissons de petite taille amène
à se poser trois questions sur l'importance et les
modalités de ce phénomène :

-— les Copépodes Harpacticoïdes sont-ils indis¬
pensables ?

— les prédateurs font-ils un choix ?
— quelle est la nature des relations proies-pré¬

dateurs ?

A. La méiofaune est-elle indispensable
aux jeunes Poissons ?

Au vu des résultats obtenus à Banyuls et en ce
qui concerne les Copépodes, la réponse est posi¬
tive : il y a des espèces de Poissons dont les
jeunes ont absolument besoin des Copépodes
Harpacticoïdes pour se nourrir. Depuis le recrute¬
ment benthique et jusqu'à une taille maximale à
partir de laquelle le pourcentage des proies de la
macrofaune (Péracarides surtout) augmente pro¬
gressivement jusqu'à la disparition totale des
Copépodes. Ceux-ci constituent la quasi-totalité
de la nourriture des jeunes Gobies Deltentosteus
quadrimaculatus (Bodiou & Villiers 1978) et des
solenettes Buglossidium luteum (Morais 1984,
Morais & Bodiou 1984) jusqu'à respectivement
23 et 50 mm de longueur.

On peut dire qu'il existe un créneau de temps
pendant lequel la présence de Copépodes benthi¬
ques est indispensable à la survie des juvéniles.
Cette période peut être très brève et ne correspon¬
dre qu'à quelques mm de croissance, elle n'en est
pas moins indispensable pour la survie des espè¬
ces concernées.

Ce phénomène de quasi-exclusivité des Copé¬
podes dans le régime de jeunes Poissons a été
retrouvé dans de nombreux travaux : Feller &

Kaczynski 1975, Sibert et al. 1977, Healey 1979,
Sibert 1979, Alheit & Scheibel 1982, Carie &
Hastings 1982, Hicks 1984, Sogard 1984, Do-
ornhos & Twisk 1987, Gee 1987, Nelson & Coull
1989, Coull et al. 1989, Ellis & Coull 1989,
McCall 1992, Shaw & Jenkins 1992, Keats &
Steele 1993, Toepfer & Fleeger 1995, Gregg &
Fleeger 1997.

B. Les prédateurs font-ils un choix ?

En règle générale, la vulnérabilité des proies
est fonction du pourcentage de rencontres avec le
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prédateur et de la facilité de capture. Le choix est
obligatoirement actif sur les proies immobiles et
il peut être passif quand les proies sont mobiles.
La prédation passive n'est pas un choix et dépend
des caractéristiques de la proie alors que la
prédation active implique une sélection dépen¬
dante des rencontres et du comportement d'évite-
ment. Les chances de rencontre sont ainsi liées à
la fois au comportement des proies et des préda¬
teurs, avec une combinaison permanente de ces
deux composantes.

Au vu des résultats obtenus à Banyuls, il existe
un choix basé sur la taille des individus. Les
Gobies et les Poissons plats sélectionnent princi¬
palement 2 espèces, Longipedia scotti et Halecti-
nosoma canaliculatum qui sont des formes
supérieures à 1mm de longueur. Si on compare la
population dans le biotope à la population fictive
obtenue en regroupant l'ensemble des contenus
stomacaux, on trouve 70 fois plus de Copépodes
dont la taille est supérieure à 1mm dans les
estomacs des jeunes Gobies que dans le milieu
naturel (Bodiou & Villiers 1978).

On retrouve une correspondance entre la taille
de la proie et la distance de réaction du prédateur
chez des Truites (Ware 1972).

Le type de sélection est le même chez les
jeunes Saumons de la Nanaimo Bay. Harpacticus
uniremis n'est pas dominant dans le peuplement,
mais il est de grande taille (1,5 mm), donc bien
visible et il vit au voisinage de l'interface (Sibert
1979). Il satisfait la totalité des besoins des jeunes
Saumons, soit 3 100 kg de poids sec pour la durée
de leur vie dans l'estuaire. De telles quantités de
Copépodes par rapport aux densités relevées sur
le fond ne peuvent être expliquées que par le fait
qu'il existe des montées de Copépodes dans la
colonne d'eau avec des densités supérieures à
celles du sédiment : cela a été effectivement
observé par Armonies (1988, 1989), puis par
McCall & Fleeger (1995).

Longipedia et Harpacticus sont des espèces
bentho-pélagiques (Coull & Vernberg 1970, Haus-
pie & Polk 1973) plus faciles à capturer que les
formes strictement benthiques ; elles appartiennent
au moins temporairement au contingent de l'hy-
perbenthos (Mees & Jones 1997) qui regroupe des
formes particulièrement exposées à la prédation.

La taille est importante en termes de vision des
proies par les prédateurs, elle l'est aussi en termes
d'économie d'énergie et les gros individus sont
en général significativement préférés aux petits
(Main 1985) car la capture de trop petites proies
peut entraîner des pertes d'énergie et les régimes
doivent être optimisés en fonction d'une rentabi¬
lité maximale de l'effort de prédation (Li et al.
1985). L'estimation de la taille de proie optimale,
c'est-à-dire celle qui offre le meilleur rapport
coût/bénéfice en calories est en rapport avec la

capacité d'avalement de la bouche du Poisson,
donc avec sa taille. Plus le Poisson est affamé,
plus il s'éloignera de la taille optimale et quand
la faim diminue, la sélection des proies est plus
pointue car les proies non optimales sont plus
coûteuses en termes d'énergie (Kislalioglu &
Gibson 1976a).

La plus grande taille des proies diminue aussi
la durée de la quête de nourriture donc le risque
d'être soi-même victime d'un plus grand prédateur
(Grossman 1980). Ainsi selon Magnhagen (1988),
les Poissons affamés prennent plus de risques que
les repus car ils doivent choisir un comportement
qui optimise les possibilités de survie et on peut
ainsi prévoir le degré de risque qui va être pris
par un individu en fonction de son métabolisme.
D'une manière générale, il existe une balance
permanente entre les risques liés à la prédation et
les risques liés au manque de nourriture. Ainsi
selon Mangel & Clark 1986, la quête alimentaire
est liée à 4 paramètres principaux simultanés qui
sont : le coût en énergie par unité de temps, la
probabilité de mort par prédation par unité de
temps, la valeur énergétique des proies et la
probabilité de capturer une proie par unité de
temps.

On peut associer l'activité des proies à leur
taille car la sélection peut aussi se faire en
fonction de leurs mouvements (Russo 1987, Nel¬
son & Coull 1989). Selon Kislalioglu & Gibson
(1976b), les stimuli peuvent être rangés de la
façon suivante : mouvement taille couleur
forme et il existe des indications montrant que les
stimuli sont additifs.

Globalement on peut en conclure, comme Aar-
nio & Bonsdorff (1993) que la sélection des proies
est liée à la fois à leur disponibilité, leur visibilité
et leur mobilité.

Le sexe des proies peut intervenir dans la
prédation : des bivalves carnivores seraient capa¬
bles d'imiter la bioluminescence des femelles ou

de libérer des phéromones-pièges pour capturer
exclusivement des mâles de Copépodes (Hicks &
Marshall 1985); la montée dans la colonne d'eau
des mâles du Copépode Microarthridion littorale
au moment de l'accouplement les rend plus vul¬
nérables et explique leur importance dans les
contenus stomacaux alors que cette espèce n'est
pas dominante dans le milieu (McCall 1992);
enfin les femelles d'Amphiascus lobatus sont
particulièrement sélectionnées par des Blennies
car c'est l'espèce la plus lente du peuplement et
les femelles sont plus grosses que les mâles (Coull
& Wells 1983).

Les caractéristiques faunistiques du biotope
influent sur le choix des proies. Shaw & Jenkins
(1992) ont montré que la même espèce de Poisson,
Rhombosolea tapirina, consomme des Copépodes
là où ils sont abondants (sables fins avec des
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débris végétaux) et qu'elle les remplace rapide¬
ment par des Amphipodes là où ils sont trop peu
nombreux (sables grossiers). Il apparaît que les
critères de la distribution des proies et corrélati¬
vement du régime des jeunes Soles sont dépen¬
dants de la composition du sédiment et plus
précisément des variations spatiales de son con¬
tenu organique.

De la même manière, Zander & Heymer (1992)
ont montré que Gobius auratus et Trypterigion
delaisi ont des régimes alimentaires différents
selon les sites de capture et que ce sont les proies
disponibles qui gèrent les paramètres alimentaires
de ces deux espèces.

En règle générale, les Poissons peuvent rester
longtemps dans une aire restreinte si la quantité
de nourriture présente est suffisante et, inverse¬
ment, un trop faible taux de captures (considérées
comme des « récompenses » à l'effort de quête)
les incite à quitter la zone (Ware 1972). Les
Copépodes Harpacticoïdes sont petits, mais beau¬
coup plus disponibles que les autres proies poten¬
tielles (Feller & Kaczynski 1975) et les petites
proies en fortes densités représentent finalement
une économie d'énergie et un gain de temps pour
les prédateurs (McCullough & Stanley 1981). Les
prédateurs sélectionnent les proies dont la taille
est optimale quand elles sont vulnérables, mais
s'éloignent des prédictions quand celles-ci sont
peu vulnérables (Onkonburi & Formanowicz
1997) : la difficulté de capture des Amphipodes,
trop rapides, peut ainsi renforcer ou faire perdurer
la prédation sur les Copépodes. Certains Poissons
peuvent même changer de type de nutrition pour
conserver les mêmes proies. D'une nutrition par¬
ticulate quand ils sont de petite taille, ils passent
au mode filtreur à l'état adulte car la filtration est

le mode le plus économique quand les proies sont
petites et présentes avec de fortes densités : la
rentabilité énergétique maximale de la nutrition
est toujours recherchée par les prédateurs
(Crowder 1985). Mais si de grosses proies sont
disponibles en nombre suffisant, les petites proies
restent alors ignorées par les Poissons (Gardner
1981). Selon Gibbons (1988), les jeunes Clines,
Clinus superciliosus, ne mangent des Copépodes
que quand elles sont affamées.

La prédation peut aussi s'effectuer sans choix
défini. C'est le cas des Spots, Leiostomus xanthu-
rus, qui avalent des bouchées de sédiment avec
un tri qui se fait au niveau des arcs branchiaux.
Billheimer & Coull (1988) ont estimé que le fond
est ainsi complètement remanié en 120 jours sur
2 mm d'épaisseur. Cette bioturbation par une
seule espèce s'ajoute aux actions de tous les autres
organismes, ce qui montre bien l'importance que
peut avoir la résultante de l'activité totale des
différents peuplements d'un biotope. Coull et al.
(1989) ont aussi montré une altération de la
distribution verticale de la méiofaune dans les 4

premiers mm de sédiment. La granulométrie in¬
tervient dans ce type de prédation car les grains
de sédiment doivent pouvoir passer au travers des
filtres branchiaux des Poissons (Smith & Coull
1987).

Les jeunes Spots sont capables de repérer et
d'utiliser les taches de fortes densités de méio¬
faune, ce qui accroît l'efficacité de leur compor¬
tement nutritif (McCall & Fleeger 1993). Le
Poisson réalise qu'il a réussi une bonne prise et
garde sa bouchée plus longtemps, ce qui influe
sur le comportement des autres individus du
groupe et permet d'exploiter au mieux l'abon¬
dance de nourriture. La recherche et l'utilisation
des plaques de hautes densités peut inciter les
Poissons à consommer plus de méiofaune et d'en
tirer un profit plus important que celui indiqué
par les densités moyennes.

Il faut enfin préciser que si beaucoup d'espèces
de Poissons benthiques de petite taille mangent
des Copépodes, cela n'est pas une règle univer¬
selle. Ainsi les Arnoglosses de Banyuls consom¬
ment directement des petits représentants de la
macrofaune tels que les Crustacés Péracarides ou
les Annélides Polychètes (Morais 1984). La taille
des jeunes individus au moment du recrutement
benthique, mais aussi la morphologie fonction¬
nelle des mâchoires (Yazdani 1969) déterminent
la taille minimale des proies qui seront prélevées.
Chaque espèce se nourrit dans le microhabitat qui
lui est propre, d'où une certaine complémentarité
des régimes alimentaires et l'utilisation de la
diversité des ressources trophiques du milieu
(Toepfer & Fleeger 1995). Mais ce qui semble
certain, c'est que les Poissons qui incluent les
Copépodes benthiques dans leur régime les préfè¬
rent alors à tous les autres organismes de la
méiofaune (Gee 1989).

C. Quelle est la nature des relations
proies-prédateurs ?

Le premier point est de savoir s'il existe une
régulation des proies par les prédateurs. L'exis¬
tence d'interactions entre les proies et les préda¬
teurs ne fait pas de doute, mais il est difficile
d'isoler une relation particulière parmi l'ensemble
des interactions présentes dans un écosystème.
Les nombreuses expériences réalisées dans des
cages ne peuvent donner qu'une vision réduction-
niste des phénomènes qui se déroulent dans la
réalité car une des caractéristiques fondamentales
des systèmes biologiques vivants est de pouvoir
développer des stratégies de survie face à l'im¬
prévu, donc de modifier leur comportement en cas
de circonstances exceptionnelles. L'expérimenta¬
tion en est une.

Au-delà des considérations énergétiques, il
existe de nombreux effets indirects de la prédation
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et il faut travailler dans le contexte du temps et
de l'espace de son expérience, tout en connaissant
bien les limites de sa technique car il est difficile
de délimiter à priori quels niveaux et quelles
composantes de la communauté le prédateur va
affecter (Hall et al. 1990a). Même si l'expérimen¬
tation sur le terrain est le moyen le moins
équivoque pour approcher l'impact d'un préda¬
teur, il faut garder en mémoire tous les effets
secondaires de la prédation. Cela d'autant plus
que la plupart des idées sur la dynamique de la
nutrition sont basées sur un concept de fortes
relations entre proies et prédateurs, relations que
l'on peut créer en expérimentation, mais qui ne
sont pas aussi prépondérantes en milieu naturel
(Hall et al. 1990b, Service et al. 1992). De toute
manière, les modifications significatives sur une
population ne peuvent être que la résultante d'une
pression de prédation constante et à long terme
(Woods & Coull 1992), et en milieu infralittoral
côtier, les diverses conséquences des variations
saisonnières ont certainement plus d'impact que
la prédation sur les peuplements. Ainsi, malgré
l'énorme pression de prédation exercée par les
jeunes Saumons sur les populations de Copépodes
dans la Nanaimo Bay (Sibert 1979), les courbes
de consommation des Saumons ne correspondent
pas avec celles des mortalités des Copépodes et
ces derniers sont plutôt régulés par la qualité de
la production primaire et par la bioturbation
provoquée par l'arrivée d'une espèce tubicole
dans le milieu (Webb 1991a, b). De toute manière,
l'intérêt des Saumons ne passe pas par l'épuise¬
ment du stock de nourriture qui conditionne leur
survie et s'ils peuvent se maintenir sans problème
sur le site, c'est que la production de Copépodes
peut couvrir leurs besoins. Cela nous place très
loin des hypothèses de « haute prédation » des
Longipedia scotti de Morais & Bodiou (1984).

Il y a d'ailleurs un effet stabilisant de la
prédation (théorie de « l'optimal feeding ») et
avec un standing-crop inchangé, on a pu observer
une productivité des proies multipliée par 17 sous
une forte pression de prédation (Mattila & Bons-
dorff 1989).

Les différentes agressions entre espèces ont un
rôle utile dans la mesure où elles sont permanen¬
tes et où les réactions à ces agressions doivent
elles aussi être permanentes. Cela maintient le
système biologique dans un état juvénile et donne
aux peuplements la capacité de restaurer rapide¬
ment leur biomasse à sa valeur initiale après une
perturbation (Frontier & Pichod-Viale 1998).

Des résultats concluants sur le contrôle des
blooms méiobenthiques ont cependant été obtenus
dans des milieux particuliers tels que les marais
lagunaires (Castel & Lasserre 1982) où l'introduc¬
tion de jeunes Soles réduit la pullulation des
espèces opportunistes de la méiofaune qui pour¬
raient provoquer un déséquilibre du milieu. C'est

aussi le cas en milieu clos dans des élevages de
Poissons (Iwasaki 1995).

Quand on étudie l'action d'un prédateur sur une
espèce donnée, il faut tenir compte des facteurs
physico-chimiques (hydrodynamisme, arrachage
par les courants), mais aussi de l'action des
non-prédateurs par la bioturbation : 30 à 50 % de
la mortalité des Copépodes selon Palmer (1988),
ou par la compétition pour les ressources trophi-
ques. Les prédateurs du prédateur ont leur impor¬
tance et Veer (1985) a ainsi montré que les
Méduses du plancton peuvent influer sur les
densités de jeunes Poissons plats en s'attaquant
aux larves planctoniques avant même le recrute¬
ment benthique des juvéniles. Les autres préda¬
teurs sont aussi à prendre en considération (Jaquet
& Raffaelli 1989) car les Crevettes ou les jeunes
Crabes sont de grands consommateurs de méio¬
faune (Gee 1987), les Crevettes du genre Crangon
pouvant être à la fois des prédateurs de Copépodes
et des prédateurs de jeunes Poissons benthiques
au moment de leur recrutement (Veer et al. 1990).
Entre les jeunes Poissons et les Copépodes, il y
a d'abord prédation, puis cohabitation pacifique
quand les proies prélevées sont plus grandes.
Après avoir prélevé des Copépodes dans le milieu,
les Poissons se mettent à prélever des prédateurs
de Copépodes, ce qui ne simplifie pas la recherche
du bilan global de leurs interrelations.

Tous les prédateurs et toutes les proies d'un
milieu donné subissent les mêmes contraintes de
la part de l'environnement et bénéficient de la
même masse globale d'apports trophiques qu'ils
se partagent ensuite en fonction de l'organisation
et de la hiérarchisation des populations. Dans un
système structuré, ce qui se passe entre les Co¬
pépodes et les Poissons reflète un certain nombre
de phénomènes qui impliquent au moins partiel¬
lement les autres peuplements. Cela sous-entend
une synergie de stratégies entre les différents
groupes fonctionnels et on doit pouvoir retrouver,
par le biais d'une étude ponctuelle, les grandes
lignes de force qui gèrent la communauté, car
dans la mesure où le démontage du système est
impossible, on doit rechercher les grandes fonc¬
tions globales de la biocénose par le biais d'es¬
pèces indicatrices corrélées à ces fonctions. A
Banyuls, la prédation maximale des Copépodes se
situe au printemps et reflète les « contraintes »
inhérentes à cette époque de l'année : augmenta¬
tion de la durée du jour, réchauffement progressif
des eaux, productions primaires benthique et
planctonique accélérées, production secondaire
maximale... Tous ces facteurs concernent l'ensem¬
ble des organismes du biotope et pas seulement
les quelques espèces considérées dans une étude
ponctuelle qui ne font que signaler à leur manière
les phénomènes qui de déroulent. C'est l'impact
de la totalité des actions directes ou indirectes
subies par une population qui gère son devenir en
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relation avec une recherche des conditions opti¬
males pour ses représentants. Les cognitivistes
reconnaissent ainsi l'existence d'une intelligence
collective chez les invertébrés et cela même si les

comportements ne sont pas liés à la réflexion
individuelle des individus.

Enfin il ne faut pas oublier que l'action de
prédation sur la méiofaune s'intègre dans les
transferts de flux énergétique car les Poissons qui
partent vers le large en grandissant représentent
une exportation potentielle de l'énergie de la
frange littorale vers le plateau continental (Wein¬
stein & Walters 1981, Currin et al. 1984), réper¬
cutant sur de grandes étendues les échanges
confinés au départ dans les nurseries de l'étage
infralittoral.
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ABSTRACT. - Cod of all sizes caught offshore in the northwest Atlantic fed on
amphipods. Eighty two species were identified as prey. Many were collected only
at restricted depths and locations. Cod on the Southeast Shoal of the Grand Bank
preyed on shallow water species that have a relict distribution. The sizes of
amphipods consumed increased rapidly up to 36 cm long cod, but there was little
further increase to the size of amphipods consumed by larger cod. The preponde¬
rance of mature males amphipods and the occurrence of sympagic (under ice)
species in the cod indicates that they forage extensively off the bottom and may
at times rise to near the surface under the pack ice.

RESUME. - Les Morues de toutes tailles recueillies au large, dans l'Atlantique
du nord-ouest, se nourrissent d'Amphipodes. Quatre vingt deux espèces ont été
identifiées comme proies. De nombreuses espèces ne peuvent être récoltées qu'à
des profondeurs et des emplacements limités. Les Morues du haut-fond sud-est du
Grand Banc capturent les espèces d'eau peu profonde qui ont une distribution
relictuelle. La taille des Amphipodes consommés augmente rapidement jusqu'à ce
que les Morues atteignent 36 cm, puis elle n'augmente que modérément pour les
Morues de taille plus élevées. La prépondérance des mâles d'Amphipodes mûrs
et l'occurrence d'espèces sympagiques (sous la glace) parmi les Morues indique
qu'elles capturent bien leurs proies au fond et qu'il peut leur arriver de chasser
aussi presque jusqu'à la surface.

INTRODUCTION

The cod stock complex known as 'Northern
Cod' found in Northwest Atlantic Fisheries Orga¬
nization (NAFO) Subareas 2J and 3KL and the
Grand Bank cod, Subareas 3N and 30 were the
largest stocks in the northwestern Atlantic. A
collapse of these stocks resulted in a fishing
moratorium being declared in 1992, but since then
cod have not recovered to any significant degree
in the offshore waters. The present study deals
with fish caught offshore (Fig. 1) before the
moratorium was invoked.

Adult offshore cod spawn primarily but not
exclusively along the margin of the continental
slope from Labrador to the northern margin of the
Grand Bank, from February to May, depending
upon the latitude. The eggs and larvae drift south
with the Labrador Current. As juveniles, cod
associate with pelagic cnidarians (Sars 1879, J.M.
Green pers obs) and by August, they appear
inshore (< 25 m) where they are attracted to algal
beds and other types of cover (Keats et al 1986).
However, even at this time they continue to feed

primarily on pelagic copepods (Keats et al 1986).
There is a gradual shift to benthic prey such as
harpacticoid copepods, amphipods, annelids amd
molluscs (Keats & Steele 1992). As they age (one
and two years old) and grow in size, they occur
in deeper water (Gregory et al. 1996), but migrate
inshore at night (Keats 1990). With increasing
size they become increasingly piscivorous. For
'Northern Cod' of 40-70 cm length, capelin and
sand lance become the dominant foods (Lilly &
Fleming 1981) because of their abundance and
relatively small size. Thus 'Northern Cod' tend
to become predominantly piscivorous at a younger
age and smaller size than do cod in more southern
areas where herring, a larger fish, is the dominant
prey (Powles 1958).

Although predominantly piscivorous, even
large cod (> 70 cm) continue to feed on crusta¬
ceans (Powles 1958, Lilly 1991) if they are
abundant or when fish are scarce (Templeman
1965; see however Fahrig et al. (1993) for
evidence of lack of switching). Cod are opportu¬
nistic predators and can always find some kind
of food, but their behaviour is complex and
variable.
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Fig. 1. - Gammaridean (left) and Hyperiidean (right) sample locations.

Following offshore spawning, spent 'Northern
Cod' migrate inshore (Templeman 1965, Rose
1993) and in early summer feed intensely on the
spawning shoals of capelin. At the time of their
inshore migration they were the basis of the
historic Newfoundland inshore fishery.

The inshore-offshore migrations of 'Northern
Cod' became the subject of considerable specula¬
tion after the offshore spawning aggregations
were discovered. They formed the basis of a
massive offshore fishery in the 1960s and inshore
catches declined. However, it was uncertain
whether there was a causal relationship, or
whether the cod were simply failing to come
inshore. After spawning in the relatively warm
water off the continental slope, the fish have to
cross an intermediate layer of cold water (CIL)
before they reach the warm coastal water near
shore where the spawning capelin shoals are
found in early summer. The CIL could therefore
form a potential thermal barrier to the inshore
migrations.

The interactions between 'Northern Cod' and

capelin have been considered in detail because of
the presumed influence on the concentrations and
movements of 'Northern Cod' (Lilly 1984). Little
or no attention has been given to other types of
prey. The present study considers the predatory
activities of cod on amphipod crustaceans and
what this can indicate about cod behaviour. It also

provides some information on the occurrences of

amphipods from an area for which there is rela¬
tively little published information.

MATERIALS AND METHODS

297 of the cod caught on research cruises made
between 1979 and 1992 contained amphipods. Most
were obtained in the spring (March-May) (Table I).
They were caught at depths between 40 and 450 m,
between southern Labrador and the tail of the Grand
Bank (Fig. 1), with peaks at 60-100, 180-220 and 300-
400 m (Fig. 2 top). Cod with amphipods ranged in
length from 20 to 126 cm, but most were 30 to 70 cm
in length (Fig. 2 middle).

Since the size of prey consumed is constrained pri¬
marily by the mouth size of the fish, fish length has
been converted to mouth size, estimated as the product
of the length of the mandible x the distance between
the right and left mandibles. The relationship between
mouth size and body length is allometric (Fig. 2 bot¬
tom) so that large fish have proportionately larger
mouths than do small.

Table I. - Seasonal distribution of samples.

Month Dec.-Feb. Mar.-May June-Aug. Sept.-Nov.

Number 16 100 23 46
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Table II. - Distributional patterns of Gammaridean
and Caprellidean amphipods in cod stomachs.

Fine Sediments

Shallow (Southeast Shoal)

Rocks and Algae

Anonyx sarsi
Psammonyx terranovae
Hippomedon serratus
Monoculodes edwardsi
Monoculodes tuberculatus
Monoculodes intermedius
Unciola irrorata

Amphiporeia lawrenciana
Acathohaustorius spnosus

Pontogeneia inermis
Metopa alderi
schyrocerus anguipes
Corophium bonelli
Paramphithoe hystrix
Pardalisca cuspidatus
Tiron acanthurus
Caprella septentrionalis
Aeginina longicornis

Sympagic (Ice associated)

Pseudalibrotus nanseni
Gammarus wilkitzkii

Pseudalibrotus glacialis
Gammaracanthus loricatus

Grand Bank (except SE Shoal)

Anonyx nugax
Anonyx laticoxae
Anonyx lilljeborgi
Eusirus cuspidatus
Rozinante fragilis
Unciola leucopis

Anonyx makarovi

Onisimus edwardsi
Haploops tubicola
Arrhis phylloyx
Paroediceros lynceus
Melita dentata
Ischyrocerus commensalis

Cold Intermediate Layer

Continental Slope

Anonyx nugax
Anonyx ochoticus
Anonyx compactus
Tmetonyx 'cicada'
Haploops setosa
Stenopleustes latipes
Eusirus holmi
Maera loveni
Goesia depressa
Ischyrocerus megacheir

Orchomene serratus

Uristes umbonatus
Aristias tumidus

Stegocephalus inflatus
Haliragoides inermis
Eurysteus melanops
Lilljeborgia fissicornis
Protomedeia stephenseni
Neohela monstrosa

Ischyrocerus latipes

All Depths (except SE Shoal)

Tmetonyx albidus
Ampelisca eschrichti
Syrrhoe crenulatus
Erichthonius hunteri

Ampelisca macrocephala
Byblis gaimardi
Rhachotropis aculeata

Fig. 2. - Top, deph distribution of cod samples. Middle,
length frequency distribution of contaiing amphipods.
Bottom, length-mouth area relationship of cod.

RESULTS

82 species of amphipods (76 gammaridean, 2
caprellideans, 4 hyperiideans) were identified in
the stomachs. A few species were found in cod
at all depths but most occurred in depth-defined
patterns (Table II). Representative distributions
are shown in Fig. 3, 4, 5.

The Southeast Shoal of the Grand Bank has
shallow depths and variable habitats. Thus it

supports a diverse assemblage of shallow water
species that either burrow into sandy sediments
or that live on rocks and algae. Most of these
shallow water species such as Anonyx sarsi (Fig. 3
bottom) also occur at shallow depths around
Newfoundland (Frost 1936, Fenwick & Steele
1983, Kennedy 1985) but Acanthohaustorius spi-
nosus, and Hippomedon serratus which are ende¬
mic to the northwestern Atlantic were not known

previously east of coastal Nova Scotia. Their
presence is probably due to the fact that the Shoal
is shallow enough (< 50 m) that warm surface
water reaches the bottom in the summer. Similar
offshore shallow habitats with warm water in the
summer occur on Banquereau Bank and at Sable
Island.
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Fig. 3. - Top right, distribution of Ampelisca spp. and Byblis gaimardi top left distribution of Haploops setosa.
Bottom right, distribution of Anonyx spp.Bottom left, distribution of Tmetonyx spp.

At the other extreme, a number of species (e.g.
Tmetonyx spp, Fig. 3 bottom) were obtained only
in relatively deep water off the edges of the banks
(Table II), where the water is also relatively warm
(slope water). Anonyx nugax was found here and

on the top of the Grand Bank, but in the CIL on
the northeast side of the bank it was replaced by
Anonyx makarovi. This depth defined Anonyx
distribution is similar to what is found in the Gulf
of St. Lawrence (pers obs).
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Fig. 4. - Left, distribution of Eusirus cuspidatus. Right, distribution of Rhachotropis aculeata.

The ampeliscid Haploops setosa (Fig. 3 top)
was also found only in cod caught off the north¬
east slope of the bank. This is probably related
to the substratum in this region since it is not
restrained in its depth distribution. Ampelisca spp
and Byblis gaimardi were found at all depths
(Fig. 3 top).

The benthopelagic predaceous Rhachotropis
aculeata and Eusirus cuspidatus were also found
to be widely distributed, except on the Southeast
Shoal (Fig. 4).

Pelagic hyperiidean amphipods occurred in
many stomachs and in large numbers (Fig. 5).
Hyperiideans occurred almost exclusively in cod
caught on the slopes of the banks and consisted
mainly of large adults.

Four species of pelagic gammaridean amphi¬
pods (Gammaracanthus loricatus, Gammarus wil-
kitzkii, Pseudalibrotus glacialis, Pseudalibrotus
nanseni) were also found in cod stomachs (Fig.
5 left). These are Arctic sympagic species, nor¬
mally associated with the undersurface of mul-
tiyear sea ice.

Prey Selection

Size of Amphipods
There is a rapid increase in the diameter of the

amphipods consumed up to a mouth size of 1,000
mm2 (Fig. 6, 7). The maximum diameter of the

amphipod prey increases rapidly with an increase
in mouth size, but the minimum size increases
much more slowly. Large cod (up to 150 cm)
continue to feed on amphipods although there is
little further increase in the sizes of the amphipod
prey since larger species do not exist in the cod
habitat. The dominant prey of the larger cod are
decapod crustaceans (shrimp and crabs) and fish.

A mouth size of 1,000 mm2 corresponds to a
cod body length of 36 cm and is approximately
the size at which they cod begin to feed intensi¬
vely on capelin (100 mm) and sand lance
(150 mm) (Lilly & Fleming 1981). These fish
prey have corresponding diameters of 13-33 and
13-22 mm respectively (Fig. 6 top). The sizes of
the fish prey are not correlated with the sizes of
the cod (Lilly & Fleming ibid).

Sex and maturity of the amphipods

The males of some benthic species become
pelagic at maturity and search for females in the
water column, at times as far up as the surface
(pers obs). When they achieve maturity they
develop a distinctive morphology (Steele 1995).
Such sexually mature males with their distinctive
morphology were more abundant in cod stomachs
than the immatures which tend to remain close to

the bottom. While this bias could be due to size
selection for amphipods of larger size, the fact
that the mature specimens were mostly males
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Table III. - Reproductive stage of Gammaridean amphipods.

Species Total Imm.+ % Iram. % Mat. %
Adult Female Female

Imm.
Male

% Mat.
Male

%

Benthic Searching Males

Anonyx nugax, sarsi,
makarovi, lilljeborgi

200 152 58.0 17 11.2 1 0.7 14 9.2 120 79.0

Ampelisca eschrichti,
macrocephala
Byblis gaimardi
Haploops setosa

243 217 89.0 79 36.4 43 19.8 15 6.9 80 36.9

Benthopelagic Species

Rhachotropis
aculeata

Eusirus cuspidatus

55 40 82.0 13 28.9 15 33.3 6 13.3 11 24.4

Holobenthic Species

Melita dentata 45 40 89.0 5 12.5 10 22.2 15 37.5 10 22.2
Maera loveni
Unciola irrorata,

leucopis
Erichthonius

hunteri

(Table III) indicates that the latter were more
vulnerable to cod prédation. Similar numbers of
mature males and females of the benthopelagic
and holobenthic species were found in the sto¬
machs (Table II).

DISCUSSION

Although traditionally classed as a groundfish
and caught commercially on the bottom when in
excess of 45 mm in length, it is apparent from

Fig. 5. - From left to right, distribution of sympagic species, of Parathemisto libellula, and of Hyperia galba
and Parathemisto spp.
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Fig. 6. - Top, diameter/body length relationships of
capelin and sand lance. Asteriscs indicate the body
lengths at which cod begin to feed intensively on these
fish. Below, size frequencies (diameter) of amphipod
prey in cod of varying mouth size categories.

their prédation on capelin and sand lance (Lilly
& Fleming 1981) as well as on the pelagic stages
of bottom dwelling gammaridean and pelagic
hyperiidean amphipods, that cod forage extensi¬
vely above the bottom and probably undergo
vertical feeding migrations above the bottom, as
discussed by Brunei (1965). Their prédation on
sympagic species indicates the CIL is not a barrier
to their movements. This behaviour has also been

extensively documented by De Blois & Rose
(1995) when cod were feeding intensively on
benthopelagic shrimp.

The present study demonstrates that informa¬
tion on cod behaviour can be obtained from

analysis of the sizes and reproductive states of
the amphipod prey, as well as the species com¬
position. The presence of adult hyperiid and the
pelagic stages of bottom dwelling gammarideans
provides further evidence in support of pelagic
foraging.

Although planktonic hyperiidean amphipods
are common in the region (Frost 1936, Bousfield
1951, Strong 1981, Buchanan & Browne 1981)
and are an important food source of sea birds and
marine mammals, their distribution has not been
described in any detail, and the species and their
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Fig. 7. - Mean diameter of amphipod prey related to
cod mouth size.

reproductive stages have not usuually been dif¬
ferentiated. The cod in the present study fed
preferentialy on the larger adults and those cod
with many hyperiideans were obtained off the
edges of the banks (Fig. 5). This is consistent
with the observations of Strong (1981) who found
adult hyperiideans only beyond the 200 m depth
contour.

Many of the samples of 'Northern Cod' were
obtained in deep water and when the surface of
the oean was covered by pack ice (Table I, Fig. 1,
2). It is therefore of interest that some cod
contained sympagic gammaridean species that live
on the under surfaces of multiyear pack ice. They
include Gammarus wilkitzkii which Gulliksen &
Lonne (1989) consider to be autocthonous sym¬
pagic and not normally benthic or pelagic. Mo¬
reover Gulliksen & Lonne (1989) also consider
the hyperiidean Parathemisto libellula to be asso¬
ciated with sea ice at times and consider it to be
allocthonous sympagic. The occurrence of these
ice associated gammarideans and hyperiideans
suggests therefore that some cod forage, at times,
almost up to the surface under the pack ice. To
do so, they must tolerate cold water. Thus the
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Cold Intermediate Layer cannot be a significant
impediment to their later inshore migration.

The occurrence of a number of southern species
of amphipods in cod foraging on the shallow
Southeast Shoal of the Grand Bank, some of
which are not known in the shallow coastal waters
of Newfoundland suggests that these species have
a relict distribution and have persisted on the
Grand Bank since these shallow water sites were

emergent (see also Steele 1983, Carscadden et al.
1989, Hutcheson & Stewart 1994). The Southeast
Shoal of the Grand Bank has a number of unique
features and is important for the Grand Bank
ecosystem (see Whitehead & Glass (1985) for its
significance to cetaceans). On the deeper, colder
portions of the Bank, the amphipods are typical
of northern habitats, as is the benthic fauna
generally (Hutcheson et al. 1981, Steele 1983).
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