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note that the demonstration of a relationship
between food level and survival is equivocal. It does
not exist save in an imaginary sense (see the model
in Cushing & Horwood 1994). My former colleague,
John Shepherd, used to say that the match/mis-
match hypothesis was a truism, by which I think he
meant that some such mechanism must exist. I once
wrote a paper called 'Had I but world enough and
time..." (Cushing 1985) in which I suggested that
growth and mortality be measured from the time of
first feeding to the time of recruitment. The reason
for the coyness of fisheries scientists in attacking the
problem is the cost of repeated surveys by research
vessels.

The investigation of the relationship between food
and feeding success is of considerable importance,
particularly in the analysis and observation of turbu-
lence. I believe that estimates at sea of g/gm.. are
desirable (where g and gy, are specific growth rate
and maximal specific growth rate, respectively). When
[ wrote of the links between upwelling and recruit-
ment, I was really discussing the inverse relationship
between them attributed to Ekman transport. I now
believe that because the bulk of the larvae off South-
ern California live far outside the Sverdrup boundary
to coastal upwelling, Ekman transport does not explain
the inverse relationship.

The study of predation at sea is difficult, but the
experimental work in mesocosms and in theoretical
studies is to be commended. A review by Fuiman &
Margurran (1994) is of great value. They described the
vulnerability to a predator as a compound of 3 proba-
bilities, encounter, attack and capture, which formed a
dome shaped curve in prey length as estimated from
mesocosm experiments. The 'bigger is better’ and the
stage duration hypotheses are really both founded on
incomplete views of the process of feeding and preda-
tion.

Prof. Leggett and Dr DeBlois conclude that the
‘either/or’ approach of food may be indirect and may
operate principally through its regulation of the timing
and intensity of mortality due to predation. This is
almost a statement of the match/mismatch hypothesis
in which differences in timing from year to year may
generate differences in the degree of predation (with
the Cushing & Horwood model referred to above).
Both views, if a little different, are vulnerable to
changes from year to year in timing, as for example dif-
ferences in wind direction in Bryant's Cove, where
Leggett and his colleagues worked in Newfoundland.

An enormous amount of work has been carried out
on the problem of recruitment. Prof. Leggett has done
more than anyone else to expose the putative mecha-
nisms that may govern the origin of recruitment. [ hope
that he won't take it amiss if [ say that despite the

labours of lots of people and his incisive insights, the
science of recruitment does not yet exist.
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The paper 'Recruitment in marine fishes: is it reqgu-
lated by starvation and predation in the egg and larval
stages’ by Leggett & DeBlois (1994) is an excellent,
neutral attempt to evaluate the main ideas in recruit-
ment thinking of this century. We fully agree with the
authors' main conclusions that the importance of star-
vation and predation in early-life mortality remains
unsolved, that the situation may vary with species,
area and year, and that the idea that recruitment is not
regulated by starvation and predation in early stages is
not justified at this time.

The present confused situation could be the result of
an orthodox attitude to the ‘classical’ ideas. For some
time now, the mainstream schools on both sides of the
argument (starvation, predation) have been fighting
each other, becoming more and more 1-dimensional.

The most important reason for the present state of
this debate is the complexity of the problem itself.
Johan Hjort, the "inventor’ of year-class variations, was
well aware of the complex nature of the causes of these
variations when he launched his simple idea of the
critical stage, just to focus on a logical starting point.
The Hijort ‘critical stage' idea and D. H. Cushing's
match/mismatch idea are both based on the varying
synchrony of the larval hatching process and the
occurrence of prey, driven by interannual and long-
term environmental variations.
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The initial working hypothesis of the Norwegian
Cod Larvae Projects 1975-1984 was that mortality dur-
ing Hjort's ‘critical period’ (the first-feeding stage) was
strongly influencing year-class strength (Ellertsen et
al. 1989). We never succeeded in showing that a criti-
cal period determining the year-class strength was lim-
ited to this rather short period of time. This was partly
due to the difficulties in assessing larval mortality
when surveying a very dynamic system where mortal-
ity during first feeding and immediately afterwards
was very high and rapidly changing, and to the fact
that small changes in growth and mortality over a
longer period of time can have equal or even more dra-
matic effects on year-class strength.

An example of year-class strengths being deter-
mined at a much later stage was described for the Bar-
ents Sea in the mid 1980s. The originally strong year-
classes of Northeast Arctic cod at the 0-group stage
were reduced to moderate or weak year-classes at the
age of 3 yr, due to a collapse of the capelin stock result-
ing in strong cannibalism within the cod stock. Such
events indicate that the year-class strength is a result
of accumulated recruitment events over a longer
period of time, influenced by a number of variable
biotic and abiotic parameters.

Recent investigations indicate that recruitment has
multiple causes. No single factor seems to explain
year-class levels. Ellertsen et al. (1989) indicated that
even though temperature-dependent nauplii produc-
tion supports the match/mismatch hypothesis, temper-
ature alone cannot explain year-class strength. Two
factors will affect the output of the classical Hjort-
Cushing idea: the turbulence-induced contact rate
between fish larvae and their prey, and the maternal
factor affecting size of larvae at hatching, throughout
the season and interannually. By taking these relations
into account a more realistic evaluation of the Hjort-
Cushing idea would be possible.

The effect of turbulence on encounter rates has
been put forward as an explanation for the lack of a
simple relation between larval feeding and prey con-
centration. The present group was the first to investi-
gate the effect of small-scale turbulence on plankton
contact rates and fish larvae feeding in the field
(Sundby & Fossum 1990). The positive effect of wind
speed continues to increase up to at least 15 m s~! for
first-feeding larvae (MacKenzie et al. 1994, Sundby et
al. 1994).

Neither Hjort nor Cushing included the maternal
effects in their ideas. Leggett & DeBlois also omitted
discussing a factor which has gained increasing inter-
est in recent years — the effect of parental condition
on larval survival. The eggs spawned in consecutive
batches by an individual Arctic Norwegian cod will
decrease in size throughout the spawning season, as

will the larvae hatching from these eggs. There is also
a positive correlation between cod size and the size of
eggs spawned. As a result of the annually varying
synchrony between the hatching of larvae and the
production of their prey, the larger larvae that hatch
first will encounter the best prey situation in warm
years. First-time spawners produce smaller larvae
over a relatively short period, while the longer spawn-
ing period in large fish reduces the problem of syn-
chrony. Consequently, maternal effects on recruit-
ment should be taken into consideration (Ellertsen &
Solemdal 1990). This idea supports the concept of
‘bigger is better’.

The time of uni-dimensional recruitment investiga-
tions has come to an end. We should acknowledge that
recruitment occurs as a part of ecosystem dynamics
comprising a multi-dimensional system. Experiments
involving a restricted number of recruitment factors
should be designed for lab and mesocosm. Correlative
studies in recruitment research need to be pursued by
investigating the individual basic processes involved.
Conceptual models are important for the discussion of
recruitment processes, but they have little value for
testing recruitment hypotheses.

We need to quantify the basic physical as well as bio-
logical processes behind growth and mortality and the
functional relationships between them in order to
understand recruitment. Recent aquaculture research
on mass rearing of marine fish from the egg stage
demonstrates how important it is, when quantifying
basic processes, to utilise results from disciplines other
than traditional recruitment research. The effects of
the various basic processes on growth and survival of
individuals must be quantitatively integrated into
numerical circulation models in order to calculate
growth and survival on the population level and hence
simulate year-class strength.
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In their excellent review of recruitment in marine
fish, Leggett & DeBlois (1994) attempt to synthesize the
vast amount of literature that has been produced over
the last 80 yr. The enormity of this task lies in the fact
that there are many studies that have yielded inconsis-
tent results, because many processes are operating
and the power of many tests is very low. The crux of
the recruitment problem is to determine the magni-
tude and cause of density-dependent and density-
independent components of mortality during the egg,
larval, and juvenile stages. Some progress has been
made. Leggett & DeBlois conclude that the primary
source of variability in recruitment is the enormous
interannual variability in density-independent mortal-
ity during the egg and larval stages. However, they
were unable to identify the source of the interannual
variability in density-independent mortality. I suggest
that the following points are crucial for further
progress.

(1) There is a need for meta-analysis. When studies
are being reviewed it is often examined how often an
effect is statistically significant. This can be a very mis-
leading approach, even though it is intuitively appeal-
ing. For example, if the reviewer simply examines how
often an outcome is statistically significant, then there
will be a strong bias towards the conclusion that the
process or treatment has no effect (Hedges & Olkin
1985). Furthermore, this bias is not reduced as the
number of studies increases. If a large number of stud-
ies or populations are examined, the proportion of
studies that yield statistically significant results is
approximately the average power of the test used
(Hedges & Olkin 1985). That is, a reviewer of research
studies may assume that he is examining the impor-
tance of an ecological process, but may only be exam-
ining the power of the tests used to examine it
Research synthesis without considering the statistical
problems can lead to serious mistakes. I believe that

Leggett & DeBlois were mistaken in expecting 'defini-
tive studies’.

(2) Work should focus on obtaining quantitative esti-
mates of the components of density-independent mor-
tality that can be attributed to different causes, e.q.
starvation, predation, and advection, and quantitative
estimates of density-dependent mortality at different
stages.

(3) Error in estimating abundance imposes funda-
mental limitations on the kinds of questions that can be
addressed. For demersal fish, it is possible to estimate
the density-dependent and density-independent com-
ponent of mortality between the egg and demersal
stages, or within the demersal stage. However, reliable
estimates of the sources of variability within the egg
and larval stages are almost impossible except for a
very few species and using enormous sampling effort,
e.g. the California Cooperative Oceanic Fisheries
Investigation (CalCOFI).

(4} Results should be presented in such a way that
they can be compared among populations and species.
The components of the interannual variability in mor-
tality can be compared among populations and species
(Myers 1995). Similarly, if mortality is proportional to
log density, then the coefficient of density dependence
can be compared across populations, which is assumed
in key factor analysis in the analysis of insect popula-
tions (Myers & Cadigan 1993).

(5) Very few studies reviewed by Leggett & DeBlois
are taken beyond the interpretive stage, in the sense
that they claim only that observations are consistent
with a hypothesis, without ever fully testing the
hypothesis. That is, the statistical power of an analysis
is not addressed before the study is undertaken.

(6) Advection may be more important than biological
processes, e.g. despite the extensive plankton records
in the North Sea from the Continuous Plankton
Recorder, Brander (1992) was unable to find any link
with cod recruitment.

(7) There is a need for quantitative theories. Most of
the theories discussed by Leggett & DeBlois are con-
ceptual rather than quantitative. There is a clear need
for quantitative theories of recruitment that make falsi-
fiable predictions. For example, Mertz & Myers {1994)
recently developed a model of D. H. Cushing's match/
mismatch theory that predicted that recruitment vari-
ability should increase as spawning duration de-
creases, a prediction that was supported by an analysis
of Atlantic cod, Gadus morhua, data.

In conclusion, the next major review of recruitment
studies should use formal meta-analysis. The difficul-
ties of estimating egg and larval mortality should be
recognized, because these impose fundamental limita-
tions on the type of questions that can be addressed in
recruitment studies.






