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INTRODUCTION

As a background to facilitate the application of new environmental data
to the NAFO fisheries management, this essay reviews recent fisheries management
science responses to environmentally induced variabilty in yield. From this,
attention is drawn to year-class-strength formation processes as being the
connection between the environment and eventual yield fluctuations in well
managed fisheries. Deriving the premises largely ad authoritatum, the larval
stage is concluded to be the time whkn the environment expresses its effects.
‘A recent theory, density-dependent interactive growth and mortality, is ‘used
as a working hypothesis to explore and review the interaction of larval fishes
and their environment. The question then becomes, what is the nature and
source of the variations in relevant| environmental indices? To answer this, -
an exploration of the literature on the North Sea is reported. The basic
conclusion is that attention to very large scale atmosphere circulation. indices
is required, and that we have only just begun to examine how these are translated

into local effects on larval fish sukvivorship.

For reasons that I hope will become clear, the most important question in
fisheries oceanography is currently:

"How does ‘ocean climate variability affect the year-class strength of
commercial fishes?" ‘

The economic payoff theoretically possible from predictions based on an answer
to this question has resulted in insttment by the industralized maritime
mations into studies of the survivorfhip of eggs, larvae, and juveniles of
marine fishes. A large number of such studies were being conducted during the
seventies, at least one in every major fishing region. I have tried to Took
for a robust paradigm and supporting research examples that will allow a
reasonable address to the above question in the Northwest Atlantic. The
analysis of researches in other areas should identify oceanographic factors

that can be expected to 'drive' the Vorthwest Atlantic ecosystems.

FISHETIES SCIENCE

The ICES symposia 'Stock and Recruitment' held in 1980 (Parrish- 1973),
'Marine Ecosystems and Fisheries Oceanography' held in 1976 (Parsons et al. 1978),
"Early Life History of Fish' held in/ 1973 (Blaxter 1974) and the 'North Sea
Fish Stocks-Recent Changes and Their‘Causes' held in 1975 (Hempel 1978), have
served well to'create an international scientific community that is cooperatively
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searching for anwers to questions in fisheries oceanography. Today's fisheries
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biologist is less than ever an interpreter (or rather a haruspex) of fisheries
catch statistics. The modern researcher, to judge from the papers of these
symposia, must be facile in physical and biological oceanography, population
and community ecology, meterology, climatology, myriad instrument techniques,

! must possess calmness in the face of the computerized mathematical statistics
of modern stock assessment techniques, and have a knack for engineering.
Somewhere along the line a modicum of investigative biological thinking (Pielou 1981)
is required, but often overlooked.

An air of desperation induced by the crashes of many of the world's
largest fisheries in the sixties and seventies the pressure to produce annual
stock assessments, and in NAFO, 5 year predictions of catches and quotas,
amplifies this remark in the summary of the 'Stock and Recruitment'
symposium 11 years ago...

"In short, the field of fisheries science, like all other aspects of
environmental science and ecology has taken on an urgency and a hectic
quality that were absent in the past. This may be beneficial or it may
simply result in rapid movement without forward progress" (Slobodkin 1973).

By 1981 we have watched the populations crashes of several stocks that
were felt to be under a theoretically sound management regimel. Our response
from the concept of maintaining the maximum possible exploitation pressure on
a fish population, retreating from'MSY' to the safer grounds of Fy., or F /3MSY
(Larkin 1977; Doubleday 1976; Gulland 1978). This can be recognized as a%
abandonment of simplistic theory and a healthly return to empiricism: surely
no one really believed marine populations could be managed on the basis of
models with 3 or 6 parameters and no reference to the environment? Secondly,

a necessar interest arose in the mechanics behind stock abundance. New theories
of marine abundance were required, theories able to cope with shifts in ocean
climate, changes in fish distribution, environmental and multi-species interferences
with year-classes strength formation, and that formed a connection to the rest
of biological science by reference to the central paradigm, evolution. A

recent appraisal of ecological modelling by Pielou (1981) provides valuable
guidelines for the generation of these theories, with warnings of the poorly
appreciated difficulties involved. The responses of fishes to their environment
must be shown to be adaptations that maximize the probability of reproductive
success of each individual involved. The applications of fishing pressure to
evolved systems can only be dealt with predictively if we understand what the
fishes are trying to do (Isles 1978), and the problems they have to overcome

to survive in an environment that is hostile, noisy and dilute.

YEAR-CLASS STRENGTH PREDICTION AS THE OBJECTIVE OF FISHERIES SCIENCE

Fisheries management might be considered to have, as its objective,
leaving the sexually mature biomass of each fish stock at a level, just before
each spawning season, that maximizes the number of eventual new recruits to
| the commercial fishery. The theory has long existed to optimally harvest (for
; either dollars or protein yield) a recruiting year-class based on growth and -
mortality rate calculations Beverton and Holt 1957). Without an exception
that I am aware of, for every stock we still seek to determine what this
optimal sexually mature biomass is. The branch of fisheries science addressed
to this problem is called the 'Stock and Recruitment Problem'. It is a conceptually
simple problem in a single species context, that defies solution. Scattergrams
of stock biomass and the year-classes sizes that re produced from the gametes
of that stock are infamous for their lack of correlation; the relationship is
considered to be obscured, classically, by variability in other components of
the ecosystems. These other components include fluctuating abundances of
invertebrate and vertebrate predators upon fish eggs and larvae, competition
I within and between species of larval fish (neither of which has been demonstrated),
i varying predation by larger fish upon the juvenile stages, variation in the

prodgction and availability of food for larvae and Jjuveniles, varying physical
conditions that directly affect the survival of young fish (such as transport,

i S

1 See "Symposium on the Biological Basis of Pelagic Fish Stock Management -

Aberdeen, Scotland, 3-7 July 1978". 1In the Northwest Atlantic, this must
; include the Gulf of St. Lawrence herring and the Newfoundland capelin stocks.
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completely, its regulatory machinery collapses:and the: terminal‘year cTags®
may:be very:large ‘indeed,.although this large’ size does not: have the+#
meaning-that:it would normally have-in;a: popu]at1on, i.e. of” 1nd1cat1ng a’
relatively :healthlyistock... No:.obvious explanation for this was forthcom1ng
at the meeting and even the degree to which the phenomenon oécurs wds not
clear, but it is certainly a curious observatlon that should be exam1ned

.o more c]ose]y” (S]obodk1n 1973) R Lo N . Sl

i

An examp]e of such destab1]1zed' year c1asses m1ght be" the 19b3 and 1966
North Sed ‘herring that:can now be recognized.as. thatistock"s Tast gasp The |
decadal statistics of:the.North Sea and Georges Bank haddock further' x]]ustrates
this;destabilization: F1gure 1 shows that the standard deviation 6f year-élass e
strength:increased greatly..in-the '1960's when fishing: ‘effort rdse. “stubstantially
7in both-these ecosystems (Grosslein.and Hennemuth.1970; Sahrhage ‘ahd Wagner" 1978)
The Georges Bank- haddock stock suffered. the decimation of-spawning:stock:

between years -of massive recruitment..;Stock sizey::as:measured by trawl surveys;
declined -about: 90% between-1963-65..and.-1970-72 (Brown et al. 1976): = The: North
Sea haddock, are still-a commercial, a]though hard-pressed stock,“with an D

equally severesreduction.of. spawn1ng sTub in the “1nter recru1tment“ per1ods
of the 1960 5 and 1970 S LT e e : i

STOCK AND RECRUITMENT

B

F1sher1es sc1ence had a m1]eatone marked by another comment n S]obodk1n s
summary of the ICcS Stock and. Recru1tment"aympos1un at Arhus 1n 1970

"It was the concensus of the meet]ng that dens1ty dependence does geeur S
is¥n-all fish.stocks :at: some point, and- thws is 1tse1f a maJor trans1t1on -
from ear11er dogma“ (S]obodk1n 1973) : L 4

PR

e Dens1ty dependence 1n mar1ne f15hes is maanested bJ,’ among other th1ngs
the rather unexpected1y accurate tuning.of. year—c1ass strcngth from tr1111ons

of Aggs to hundreds of. m1111ons of. recrults, with &n, accuracy ortabout an PR
order of. magn1tude most 6T the time. Figure 2 111ustrates the, nature of this. .,
var1ab111ty ‘throughout the ear]y 1ife ‘of California anchoveta. (from smith 197
Fisheri é“management techniques norma11y deal with the dynamics of: the 1ast 1
or 2 orders of magnitude of change in numbcrs and, weights. of the’ 11fe of a
cohort, of,f1sh .Modern’ f]sher}es science strives toward 1arger perspect1ve
enqu1r1ng 1nto the early life h1story w1th Jits, rap1d changes The. perspectwve
has grown 1n spat1a1 dimensions. as. wel] f1sh stocks are. recogn1zed as be1ng,
affected by oceanic changes that occur. on very 1arge spatial. and t1me ‘scales:
(Sm]th 1978; Garrod and Co]ebrook 1978) The, relevant processes may 1nvo]ve,
scales. of oceanography from ‘decimeters i undredr of meters (Sm1th 19785 :\Q
Owen 1981a)." ‘Sheppard and.. Cush1ng (1980) make the’ case, that strong . dens1ty
dependence must exist, pointing out that fish. wou]d have none., of “the! res1]1en
to, and pers1stence in_spite of, f1sh1ng morta11ty rates severa] t1mes the1r
natura] mortality. . Let us, take)1t;a; a premise, but not too’ b11nd1y, that:. .
year=ciass strength is; a ref]ect1on of. dens1ty dependent processes, a1be1t D
these processes’ are largely obscured at the present. As for when these processes
occur.

P & ﬂ‘éa < e 3
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8 ”'forecast recru1tment from yéar 61d ‘cod; *haddock;’
p]a]ce and - soles -in th ‘North Sea, and“from cod and haddock of the same
age in the Barent$ Sea. “Year-class ‘strength of plaice 'is probab]y'determ1ned
before the little fish arrive on the beaches. Hence the magn1tude of

“ ‘ent 1s estab11shed 1n the f1rst year of 11fe (Cu‘h1ng 1981a)

'slthe science -toward ‘an ‘exdmination of the first year “of " the o
life of” f1shes to determine“the ‘hature of the- popufat1on regulat1on mechan1sms }
that the-~ '11tt]e “fi'sh' “are subJect to- (Hempel 1963, Gu11and 1965) tOAt present »
the p1ankton1c 11fe ‘history of commerc1a1 marine fishes s ‘st effect1ve1y a’’
black box:! " A]though some 1aborator1es are mak1ng remarkab]e headway (elg.” The11acker
and Dorsey 1981), for nearly: every comniercial-marine- spec1es we still don't:
know “"whére=the-fish come from Recent]y, ‘¥t has become popu]ar o - dec]are
that there‘is ‘no “such ‘thing as“a-’ stock—recru1tment re]at sh]p, that the
spawn1ng stock obv1ous1y doés’ not- play a' ‘role: in-the sur "
1ife -Rhistory, except:for cannibalism: ‘The“catastrophic- detTine"of spawning"
stock is granted status as a trivial consideration: -one does not expect recruits
when there are no’ eggs But-such statements ‘do'not ™ recogn1ze ‘that’, as’ ‘fisHeries
ecosystems managers we rea]]y on]y have one set' f-state’ var1ab1es to contro1
the spawning stock’size, by"means of ‘varying-the fishing mortality "rates.
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From this comes the objective of fisheries management:that was ‘stated above: "~
In the context of modern management, however, there are great difficulties in
attaining an 'optimal sexually mature biomass'. The most:obvious is the
trade-off of fish food resources between species or groups of species in a
mu1tispecies assemblage, (Anderson and Ursin 1977; Jones 1982). It would not
be surprising if some fish biomass, considered harvestab1e in the single-species
mode, may have to be left in the ocean to prevent ‘the usurption of ecosystem
resources by 'undesirable species' (Sherman et al. 1981). Whether these are
resources for adults or'for 1arva1 fish-is not yet clear." S

SURVIVORSHIP OF LARVAL FISH %

Multispecies models of f1sh communities are generally very badly. behaved
(Levastu and Favourite 1981) unless se1f-regu1at1ng terms for each species' are
included. . Inevitably the stab111ty of marine ecosystems models depends upon a
term equ1va1ent to dN/dt = -bN2 possibly heav11y disguised. When ever' this

terms is introduced, it is an admission of ignorance on the part of the ecosystems
modelling team, the same admission of ignorance about causes that accompanies

the ca]cu]at]on of 'natural mortality' in .single-species assessment models.
Whenever this: term can-be recogn1zed in’a part1a1 d1fferent1a1 equation app11ed

to popu]at1on dynam1cs ‘one’ must be a]ert to separate sc1ence from dogma '
App]y]ng a model Tike - ° ‘

|
i e Coa e
dN/dt! aN*sz . ‘J;

spec1f1es the eventua] popu]at1on 1eve]s K, 51nce K a/b .
The Anderson and Urs1n mode] of the North Sea (1978) for 1nstance makes‘use
) of such ‘terms in 1arva1 surv1va1 a1be1t open]y To- produce a mode] that does
“not conta1n this pre determ1n1ng term requires expand1ng the“detail of species
‘,1nteract1ons Food “and ‘predators mist be invoked with suff1c1ent power to
prevent one spec1es from exp]od1ng and tak1ng over the resources ‘of the mode]

One formu1at1on for 1arva1 survival and " consequent dens1ty-dependent
popu]at1on regu]at1on ‘that has| [begun to ‘be exp1ored recently is. the 1nteract1ve
growth* morta11ty mode] (IGM) ’Th1s idea 'is at least as old as Ricker and~
Foerster- (1948) that seems to| have bee"red1scovered (Jones 1973) perhaps
via’ Gulland's (1965) extens1on of- HJort s (1914 1926) cr1t1ca1 ‘period’ "
cohcept.' This model was exp11c1ty held Up for: cons1derat1on recent]y by ¢
Shepard and Cushing (1980). The 'match-mismatch' model of “Cushiig (1973) -
should be considered a spec1a1‘case of the interactive growth-mortality model
for the time being. ‘ ST A

»

Us1ng the Shepard Cush1ng!formu1at1on the morta11ty rate 1s cons1dered ‘a
constant "m andsﬂs appltied. unt11 the Tittle fish have’ ‘grown suff1c1ent]y to
avoid. the most intense predat]on ‘presumably by lnvertebrate planktonic predators
(espec1a1]y Ctenophora Cn1dar1a and Euphaus1acea) “They may escape this -

) morta11ty ‘regime by grow1ng out of the’ size: ‘range” predator interest| by atta1n1ng
©a size- suff1c1ent to metamorph1s1ze or by’ atta1n1ng a size that 1eads to a
behav1oura1 change that takes them ‘out of the predators hab1tat Wh1]e the'
quest1on has perhaps never been spec1f1ca11y posed “when can the Tittle f1sh
be consideréd essent1a1]y safe"" “this ‘séems obvious in-certain-situations,
usuch.'as attaining smélt7size 1n sa]mon or metamorphos1z1ng and dropping .out: of
‘thé “water column fov. f]atf1sh larvae. This may ‘be‘a universal’feature of
-marine-population” dynamics;, :appTicable to the. naupliar’ stdges of copepods, ‘and

~<the” "gravel’dwelling' stage. -ofi Jobsters -(whitch ends: aboiit 30~35"mm" carapace -
1ength‘ Bernstein and Mann" 1981) Informat1on for  larval marine fishes .is
scarce on-this -topic: “The essence of the IGM’model istcthat- larval:growth rate
is considered to bé-~ dens1ty dependent (e.g. Gulland 1965) and slow:growth
leads to a longer stag in the relative high predat]on regime. Alternative
mechanisms ihclude suggesting that faster: grow1ng :larvae, ‘which is to say
‘beetter fed. 1arvae, dre able tovavoid capture by? predators better: than poorly
fed 1arvae (Cushing:1975).- iThese alternatives are” the equ1va1ent of suggest1ng
that''m' 1s a]so a dens1ty dependent term : :




The mathematization suggested by Shenavd and Cush1ng \1980) consists of a
pair ofﬁsimp195d1fferent1a1 equatlona,

;dN.v,‘
oat ™

L 'vdt

Whare g i's the max1mun atta1nab1e exnoten+1e1 qrcwxh “ate

m is the instantaneous mortality rate,
W is the weight of an individual fish, e

N is the number of fish alive, and .~ .. 07

K is the'“haﬁ%fsaturation"‘EdnsténtidfVthéiMbnode%idfse_edhatibn:"

C(Holling 1963). © T ‘,”.;.'f,j',ffn‘”‘f‘ﬁ;'fj:

}‘IntegrAtion from a set of start1ng va1ues for N and w unt]? some we1aht wl,'
" at which the year~c]ass strength is cone1dered to be estab115hed is stra7ght
forward niumerically. Shepard and Cushlng (1920) prov1de the 1ntegrated form,

The outcome is an-asymptot1c atta1nmen§ of a.level! for N essentially
specified by the choices of 'm' and 'K', provided there are sufficient eggs or
early larvae. Too few eggs .leads to proportionately smaller numbers of. surv1vors
without reference to dependsauory mortalities. Ignoring var1ab111tj in. ;
for the moment, this model’ merely states that larval, fishes are able .to atta1n
‘a maximim popu]at1on Tevel specified by the carry1nq cabac1uy of ‘the env1ronment
“for larval f1<h This carrying capacity is essentially’ spec1.1ed in the o
constant 'K'. Th1s is a comparatively 11n1ted statement; ard the term ‘carrying
‘capacity g1ves one a’'sense of deja vu. The warnings ear11er ‘of incorporating
self .regulating terms in population “models should be recognized as applicable

_to tRis term.'K'. .This simplistic form does not aid.our understand1ng of . the
“tplanktonic’ b]ack box". This model has certain 'strong 1mp11cat10ns, part1cu]ar1y
that a) the.stock-recruitment re]at1onh1p is flat- topned assuming ;that no.
other mechanisms such as’ adu1b fecund1ty feedback are invoked and b) that,
nearly all the variance of stock—recru1t curves 1s env1ronmenta] and not a .
function of stock size, ety PP

'The use ‘of tbe’term’(1r+ N/K)-

.essentally trivializes the entire feeding-food interastion.with.all. its. comp]ex1ty
“The, probabilistic, ‘patchy ‘nature’.of feeding (Beyer '1980; V]yman 1977) i
comp]ete]y 1gnored .even though it is probably of paramount importance.
‘"(Lasker 1979), and was .used in Jones' (1973)° orig1na1 mathemat1zatson of R
larval fish feeding. Neverthe]ess such a;model may be useful. Perhaps’ th,f’
'd1ffus1v1ty of the, ocean is. suff1c1ent to repeated1y re- confngure the. patch1ness
exper1enced by larval fishes so that an emergent property recogn1zab1e as .
“carry1ng capac1ty" can.-be’ identified and pred1cted from the’ env1ronmenn.;;..
Platt ~and Denman (1977) present a heur1st1c 1ndex of ocean1c d1ffus1v1ty,' .

;1nd1cat1ng ‘the t1me for:'a 50% exchange of mater1a1 within a c1rc1e through .its
circumference -is<only-10 min .for.a 10'm diameter and 10 hrs:for a 1 km diameters.
~Moreover, it is only: anchoveta (Engraulis)-for. wh1ch patchiness_has- been shown

to be-so -important, and-this genus-appears.to be exceptionally: prone -to. starvat1on,
with-gut clearance . times; of-only a: few minutes- (Theilacker..and-Dorsey 1980),
~early mortality .rates. of up-to:50% per day (Ware, Meniola-and Newhouse 1979),

and an- attack range of on1y 0.07 body ]engths (Hunter 1972) 3 . .

If surv1vorsh1n depends upon fast growth then 1arvae from comparat1vely
good year-classes shouldy; -during: their: earlyglife ‘be 1arqer at-age;than:those
. :0f poor. year-classes;:: This;is the opposite pf:mostv1nvest1gat1on which i, =
would like to predict large year-classes by.-observing that pre;recruit§ are;i
smaller from increased intra-specific competition. In fact, the size at
formation of the first otolith annulua isn't a reliable indicator of year-class
size (Hjort 1932, Beacham 1981). Gulland (1965), discussing collections
reported by Saville (1956, 1959), suggested that YCS was more related to the
number of large larvae alive after some time, than to total numbers of larvae.
It may be that strongly Tength dependent growth rates lead to so-called
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growth compensation' during or 1mmed1ate1y after the important IGM phase,
covering up’ the initial growth rate changes. This can be explored using-
larval aging techniques (Brother Mathew, and Lasker 19763 for a NAFQ region
example, Penney and Anderson 1981) Since ‘Tarval fish growth can be examined
in detail now, the IGM model can be tested in the field, although further
theoret1ca] work (after V]ymen 1977) is indicated.

The examination of high stock dens1t1es is requred 1f we w1sh to ‘test
that population regu1at1on is accomplished in the ELH and‘ not- as-an adult-
stock feedback. It is unrealistic to expect that fisheries science questions
will ever be 1nterest1ng enough to the fishing industry to suspend fishing -
upon one of the world's fish stock for a decade so that high egg densities can
be observed. This leave the probability of getting-egg production-in the--
upper hald of the range quite low.  Given that the var1ab111ty of recruitment
at low egg product1on will be part1a11y exhibited at high egg production, it
will be a very long time before sufficient data is accumulated to determine if
the’mean recruitment is'lower or not. But if carrying capacity for-larval
fish can be identified as an env1ronmenta] correlate and factored- out the
prob1em can be reso]ved in a mUch short t\me ser1es (Gu]]and 1965)

The decline of. recru1tment suggested at h1gh stock densities may be a-
‘statistical artifact when it is apparently observed. = If stock size and 'f
recruitments: are of independent skewed 'distributions, then the chance of ..:
observing a-relatively rare large stock size and .an equally occaisional large
recruitment from the same year| is very small. Large.year-classes will show. up
with more modal stock sizes, just because that is where the.bulk of the : .= -
"observations are made. As Larkin (1973)" introduced, we force an arbitrary:.
domed curve that begins. at therorigin, responds to the fully exhibited variance
in YCS ‘at near-modal ‘stock sizes, then declines in the "undersampled" righthand
side.: For example, if stock and recruitment were completely uncorrelated,
with each having 4/5 of the observation .in the captured time-series at or
below modal frequency, then only (1-4/5)2 or 0.04 of the observations would. be
expected in tne reg1on corresponding to the twe taiis of these independent
- distributions as in Fig. 5. The resuliing descent of a fitted dome-shaped
curve is a sampling and statistics prob]em eqguivalent to unbalanced cells . in a
two-way ANOVA. T . . 2o

L | ! B . :
At the highest”steck levels, surpius egg-production releases enough.: -
larval fish to require a consideration of the potentiali:for the destruction of
the larval food resource to an overcompensation of the'dénsity feedback mechanism,
teading to unanticipated losses of potential recruits. In some cases it-may
. not be a real problem, since adult dens1ty-dependent effects would reduce the

eneérgy allocated for gamete product1on in the- population. The decline of
“recruitment at h1gh stock levels: could be due to reduced output of viable.:
‘eggs,; not to an 'oversaturation' of the ‘larval habitat. = Sahrhage. and Wagner
(1978) present egg production|versus recruits plots for North Sea haddock that
include the years 1946, 1964, {1965, 1966, and 1970 when egg production have

been extremely Targe. There is a suggestion (subject to .the inadequate- sampling
warning above) that recruitment could be reduced at highest egg densities, but
1) the spawning distribution could have expanded in area,*2) a fixed maturity
and fecundity patterns were used, whereas a re-analysis incorporating
‘bioenerget1c considerations m1ght differ in egg estimates, and '3) although
‘Ricker curves were fitted, no note of the significance of ‘the density-dependent
terms is made. Gulland (1965) presents the same sort of data for Arcto-Norwegian
cod, with no apparent decline in recruitment at high stock sizes. " ..

The question of a’‘dectining right-hand side of the stock-recruit curve
“‘can be examined by extending the mechan1sm of Shepard ‘and Cushing at’ileast: on
more step, and eventudlly examining the proposed mechanisms and responses in
" the field. -‘Either the trophic level above or :below the- larval «fish must be
‘modeled to ‘include effects from initial larval fish numbers. ‘In the Shepard
and ‘Cushing formu]at1on the predatory troph1c level is modeled as part of a
s1ng1e constant 'm' and the food trophic 1eve1 is Just another constant K.

The food troph1c lTevel has 1ts own dynam1cs, of course, espec1a11y ‘since
cohorts of prey increase in particle size and decrease in numer1ca1 abundance
just like 1arva1 f1sh ‘but with an-order of magnitude .change in:the size
scale. If larval f1sh can substantially deplete their prey .cohorts when
abundant, which is a premise of the density-dependent mecharism we are discussing,
then 1ater .after thé numbers of fish.dre reduced and theéy are seeking the
survivors of the initially food “Timited: peridd, it may be 'that the high mortality
levied on their food leads to 'a continued food limitation. The-térm- (1 + N/K) 1
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provides only the f1rst mode of response of the ]arva] f1sh growth morta]1ty
interaction. The second mode exists. if K. at time t is potent1a11y a funct1on

later.

cof No, i.e.. if larval f1sh can, ear]y on, destroy a resource they cou]d use

Jones (1973) proposed a yet unexamihed‘aspeét of the 1arva] fish-cbﬁéﬁbd
interactions, noting that the food. is growing in sizes in a fashion that might
correspond to the increasing opt1ma1 particle size of the growing fish.

-Copepods can be expected to be 'playing.the same game' of .surplus early nUmbers

and density-dependent interactive growth-.and mortality.. Ear]y losses. to a

.. cohort’ of - nauplii from superabundant larval fish would:lead to -enhanced groﬁth

and: survival of the remaining nauplii, particlarly, if they could outgrow the

.size range of interest to, or capab111ty of the larval fish,. modal length.

Since nauplii and copepod1tes are pressing the phytop]ankton a third levl of

-density-dependence exists. One of the outcomes of this hierarchical model,

which might be called the 'interactive growth- troph1c dynamwcs model, is a.
counter-argument to the match-mismatch hypothesis for YCS var1ab111ty :
(Cushing 1973). If the fish eggs hatch late relative to the copepod egg
production and hatch, sTowed development of the nauplii from competition

within their trophic level could compensate. for the missed timing-.of.the

larval fish. Contraindicating this mechanism dis. the:probability that nauplii

and copepods are not food limited during spring.bloom:conditions in the Northwest

-Atlantic. Where phytoplankton does not bloom, however, perhaps.as a result

of :an initially. deep.vernal. thermocline,. food effects and intra-specific

- competition are more plausibly induced. Vidal (1980) reported that food was

saturating to development times of Calanus pacificus and Pseudocalanus sp..at

© 2.5 ppm..  Since this is very roughly 2.5 micrograms.chlorophyll per liter,
-.compared to 0.5 ugl ! as an average for the Northwest:Atlantic: (Strickland 1960;

Sutcliffe, Sheldon, and Prakash -1970) this indicates a potential at least for
a buffer1ng of. the offects on 1arva1 fxsh of hatch1ng °11ght]y later than: the

'opt1mum

vAs a,first reactinﬁ, it seems that'combining;these 1nd€vidua1]y stabi]ized
components wouid result in a ‘very.stable model, and yield larval fish survivors
after a sufficient time that depended mainly upon the initial nutrient.pool,
as opposed to the initial number of diatoms, naunlii, or fish Tarvae. The
scenario of.physical.structures and processes eraected to -stage this sort of

- mode].-within could easily overwhelm the biology.- However the point that ..
cremains .is that these physical- scenar?os are then tha essence -of f1sher1es
oceanography . S ! .

This br]ngs us to the. queqt1on of the nature and sourceq of varlat1ons in
the environment, relevent to the growth: of.larval fish. To explore this question,

-1 have elected to examine the North Sea ecosystem, and to recount the developments

- of our understanding of the area. -The revie is not.complete by. any-means,:I

have taken up only one or two threads from the efforts.that have woven.our

‘~»present concept1on of the Northeast Atlantic.

Bl o . r-

" The Northeast Atlantic o -

_The length and detai1 of time-series data on¢marinegecosystems dynamjcs

15 -nowhere exceed by the North Sea and English Channel.- The ICES. Symposium of
+++1975 (Hempel 1978) draws together the -information necessary to.establish.

biological .events.-from ‘about 1920 to the first years of the seventies.

o+ A rise.from 1.2 x 108 T.a ! North Sea fisheries yield from 1909-1960, to
2.7.106 T.a L.yield 1961-73 (from Holden 1975) was. accompanied by a shift .in
commun1ty composxt1on Herring, and mackerel.stocks crashed after 1965.

‘Year-classes :of gado1ds,\part1cu]ar]y haddock, -that were well beyond the range

of historical records, increased gadoid stocks by a factor of 40.5 from.1961

. to 1968 (Sahrharge and Wagner 1978; Cushing 1980). In a rebuttal to.the .
“‘Anderson and Ursin (1978) c]aimlthat this was-a multispecies effect from

increased fishing pressures, Cushing discounted food and predation effecté,

o w1th .this.conclusion:

. the gado1d upsuwge is of c11mat1c or]gln qu1te 1ndependent of the
- 1nteract1ons between species in the North Sea. The timing of the event
during a period of climatic deterioration, the,simi1ar events in the .
~Irish Sea and the wide spread nature of the -increase amongst all gadoid
~.. - species in different regions of: the North Sea comb1ne to support this-
*thesis" (Cushing 1980). S . o - :
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Changes in the. cod and herring spawntno grounds, in the possible northward
shift of somé boreal- Mediteranean spec1es“1ncreased chlorophy1l and decreased

~lzoop1ankton also can. be taken %s ev1denc\?of a cT1mat1c sh1 t of, thms t1me
‘(HempeT 1975b) e A et

'»?7 A paraTTeT series of events’ occurred 1n the Gqu of Ma1n°-Georges Bank
;f1sher1es at’ the same t1me (Sherman 1981) At th1s point, it can not.be
decided if- the herring - sand eels - cod events is these two systems, are

“indeéd 1inked by climate, or mere]y by the co1nc1dent increase of. f1sh1ng
~Hjmorta11t1es beyond the toTerance of the prev1ous ecosystem conf1gurat1on

L The tendency to Took for cT1mat1c ef fects in f1sher1es ecosystems changes
is a predeliction of the U.K. fisheries b1oTog1sts since their data series
extend far enough back to have .seen a prev1ous sudden reconf1gurat1on about

2:.1930. Th1s was documented ma1nTy 1n the English Channel (Southward: 1962,

Russel et al>'1971;-Russel 1973), and s known as the Russel cycle.’ Cush1ng

'(1979) attempted- to make the 'case .for a shift in ecosystem conf1gurat1on that

*+ was'symmetrical about the meanrNorthern Hemisphere temperature ‘which rose and

fell+&@bout 0. 25°C on" & century scale from about 1890 to about 1945. While

“:-there may well be: grounds for such a. Targe ca]e mechanism, the climate signals

from the North Sea: region are more abrupt changes (Hi1 and Dickson’ 1978),
and the b1oTog1caT expTanat1ons for recru1tment rhanges must be s1te specific.

-~ 5 The phosphate level 1n the Eng11sh ChanneT in 1920 was’ very rnch at
re]at1ve1y shallow’ depths 1n compar1son to the 1930 1ével.. The pre Russel-cycle

&fEngT1sh Channel euphot1c zone nutrients correapond to the level of’ nutr1ents

post-Russelcycle- found at 700 m, “rrom ‘which.no known mechanism can cause it

'ffto upweTT" (Cooper 1955) The connect1on between a Nater mass abundance and

observat1on has’led to a- Targc 1nvest1gat1on What,causes a ‘decline in the

‘7‘Teve1 “of " intermediate water- on a- sca]e Tike ‘this, with a time span as. short as

was observed? Bottom water in'the North At]ant1c is formed by. evaporative
-ihcreases“in- sa11n1ty (e.g. Med1terannan water),,and by ‘surface cooling

sufficient tocauSe ‘turnover. Med]terranean ‘water is very obvious and can be
ruled out in“the English Channe] The intermediate water source must be from
arctic cooT1ng Cooper (1955) hypothesized that .cold winters near Iceland

“form* 'such ‘a’ water ‘mass,” and’ coqu uoward]y d1sp1ace the nutrient rich jntermediate

“-watersinto the’ euphot1c 'zone. “He was probabTy correct in® surmising that a

-?»yearly prodiction’ of this’ water ‘somewhere 'upstream must have decreased 1in

the- 1930-35 period: :This is why Cush1ng s (1979) app11cat1on of hem1spher1c

»warm1ng is reasonable. " “This model led to the' "Overflow" project (Ta1t '1961)

v attempt to estab11sh the details“of this bottom water movement’ “since it

_Ts formed north of the ScotTand- IceTand ‘ridge. “As an aisde, this DTOJECt was

st-use of long- term deép morred current’ meters: it is 1nterest1ng to

note - they were used {in a progect d1rectTy or1g1nat1ng from-a fisheries- “oceanography
problem. This import of such a model of ‘a fisheries ecosystem is not-merely
reg1ona1 as Cooper noted 1n h1s or1g1na1 paper

J?gfg . "If these v1ewsfare true, even “in part -answers to the problems posed by

: the f1sher1es biologists’ cannot bé found ‘only" by the study of ‘the''shallow
" waters ‘in-which the fish Tlve, knowTedge ‘of the deéep c1rcuTat1on of the
ocean is also required" (Cooper 1955, p. '361).

e Support for th1s remote causes parad1gm comes from a) not1ng that the

wn,correlat1on of. North Sea-haddock year-class strength and local winds(€aruthers

et al. 1951) . fa11ed after 1937 i¢Saville.1959). For 1938-57 ithere .is-no -

+correlation-of wind and -haddock year-class strength:.; The: mechan1sm ‘originally

proposed for the correlat1on appears to be rncorrect -since _advection of

" haddock eggs and Tarvae off Scotland- [is-minimal «(Rae 1957); ‘probably the .

correlation existed because of a third:variable temporarily.correlated with
wind prior to 1937. NevertheTess, the system in which the correlation existed

seems- to have changed. : b), about 95% ;of .the water. that enters:the:North Sea
-each year is-from: the North Atlantic..- The English Channel; Skagerrak and -

- run-off are smaTT contr1but1ons (H1TT and Dickson 1978). - Now water entering

the North - -Sea- w1T] ‘be the resuTtvof changes-to the Northeastern North-Atlantic

-as.a whole.. c) should the creation of new bottom water be voluminous.in any
particular winter, then.production in.the North Sea should be. enhanced that

. summer following. Comparing the North Sea-cod-YCS at 2 years to the- SST-

if‘ anomaly, - the largest year-classes all follow the coldest winters,; the years in

quest1on be1ng 1963, 1966 1970 (D1ckson and Lee 1972 HT]] and D1ckson 1978)
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: ‘The biggest yearc]ass of p1a1ce w . also .in 1963.. d) a study of T~ S patterns
“"in Rockall Channel (west 'of 'Scot]. )ffor 1905- 1980 (E11ett 1980)-indicates
that” s1gn1f1cant1y different water was present for January-March from-. 1908-1935,
compared to 1949-80 (Fig. 4). While no data for 1937-47 is reported, this
iwdoes substantiate these changes 7in, the English Chanpel in 1935-36-~as being an
upstream effect.. This data set’ demonstrates persistence of’satjnity:anoma]ies
on“a néarly decada] sca]e espec1a11y a recent pronounced decline from.a.high
in 1968 compared to 1924- 34 to a profound Jow in 1976- . This appearance of
Tow sa11n1ty off Scotland re]ates to. a s1m11ar appearance of water.1oss than
34:95°/45 in the intermediate salinity minimum at 0.W.S. Juliet (52°N 20°W).
_The 'lower salinity minimum' water at.0.W:S. Juliet has a.dip and; recovery of
:sa11n1ty with a minimum 1n 1972 N IS R ora

‘ Perhaps this is’ suff1c1ent to al]ow the. creat1on of a work1ng hyp hes1s
?that 1ong term changes:in the’ North Sea are related to ! upsteam events.: Only
TLtoa much lesser extent does this hold for short term changes.- The extraord1nary

'haddock year-classes of 1962, 1966 and 1971 (Sahrhage and Wagner 1978) .do not

happear ‘related to the Rocka]] Channel, temperatures and.salinities, :or: tos the
A " German’Bight salinities and the 1nd1ces of . cyc]on1c1ty and vort1c1ty of ‘winds
" over the Br1t1sh Is]es reported by H11] and Dickson.. (1977) e on

A search for exp1anat1ons m1ght be’ couched w1th1n an hypothes1s such as:
"Tong term climatic phenomena y1e1d conditions. that are. genera]ly suitable for
. the appearance of large yearc]asses of a part1cu]ar spec1es in the North Sea
‘ by mechan1sms 1nvo1v1ng water mass format1on .and changes of water movement.
‘However 'each growing season has. un1que character1st1cs that. enhance or-detract
ygfrom average conditions”. This appears to be a genera1 conc]us1on Tont ;(1976)
“demonstrates ‘that in. the California Coast system ~diatom product1on var1ab111ty
is controiTed by wind-induced upwe111ng, but invasion of different water.
;masses (i:e. what it is that s being upwelled) resu]ts in.order:of, magn1tude
‘d1fferences in’the quant]ty ‘of diatoms produced.in an. upwelling. event ~New
‘concepts of eastern boundary po]ewood undercurrents will. contribute. s1gn1f1cant1y
o understand1ng production changes .associated w1th upwe111ng, an 1n1t1a1
f””_synthes1s reported by M1tte]otaedt et al. (1980) is: prom151ng o
Lo " The search’ for short term exp]anat1ons of f]uctuat1ons in. YCS 1s thus
Z“d1rected towards physical factors that control the product1on cycle. - -Colebrook
-.:(1965) showed how the product1on cyc]e varied 1n amplitude, spread and. .time of
on set due to d1fferences 1n w1nd strength d1rect1on, and solar rad1at1on A

”surveys of the N.E. At]ant1c and North Sea. . Reid 1978 demonstrates cons1stent
. patterns of ! 'greenness" . of d1atoms, and of Cerat1um on the rather coarse
o meshes of _the plankton recorder - Most striking is. ‘the.loss from. 1968 to-at
) .east 1973 «6f the fall diatom. b]oom .and a reduced pers1stence of d1atoms
fter spring b]oom for th1s per1od oo ¢

In contrast to Reid's (1978) conc]us1ons of variable timing in the
..~ phyoplankton vernal bloom, Colebrook (1978) demonstrates, an .apparently rigid
'-'schedu1e of spring appearance ‘of Calanus, 1ndependent of .its.abundance (Fig. 5).
 This has consequences for ‘the match- m1smatch -model,; part1cu1ar1y_1f1the other
zoop]ankton follow this sort of f1xed t1m1ng :g,,;wﬂ i wE omme

One of the most significant aspects of the plankton recorder data is the
< 'difficuTty in establishing local oceanograph1c corre1at1ons to it: ' For instance
“-...Bainbridge et al. (1978) cou]dn t establish a-Tocal env1ronmenta1 corre]ate
to two adjacent regions in northern-Scotland, each about 200 x .200 km. + One
© 7 was 15% explained by an-index ‘of the'rate of ‘summer: ‘surface heating;: the ‘other
area was 33% exp1a1ned by May- ‘toAugust temperatureé! anoma]y - The authors i
concluded there was'"1ittle or no’ corre]at1on w1th the var1ous parameters of
vthe'phys1ca1 env1ronment con51dered"f“l R -

‘G1over et a] (1974) gives the t1me of spring b1oom from the CPR data,
showing 1t to be:trending-later, “irregularly, by about-30-days -on “the series
++1948<72: " The Zooplankton season length-declines 1rregu1ar1y, and ‘theré i a-
“J’steady decline in Pseudocalanus,;~Calafus and "total copepods", as:'well as
zoop]ankton biomass". ‘Taken: a11 ‘togéther,”the planktonic¢ changes are -indicative
»oﬁ a ‘major reconstruct1on ‘the pelagic ecosystem. '‘Several:impressive statistical
analyses-of thése multivariate data sets have been made. The “iiost” fascinating
. _ofiwthesé is in Garrod-and Colebrook (1978). ‘Figure 6 summarizes one of-these
< pesults. While the frequency of 'westerly weather type' is positively:correlated
with the first principal component of the CPR zooplankton of the North Sea on
a time scale greater than decades. After removing long term trends the




- 11 -

correlation is sharp]y negative, and with a clear 3% year cycle. A 3 year

cycle is pervasive in the North Sea plankton data (‘1g 7), along with another

frequency peak at 71-10 years (Co1ebrook 1978) .
Attempts to exp1a1n th1s are in the doma1n of g]oba] c]1mat1c modelling,

'wh1ch,exceeds the scales: appropriate, to- f1sherjes qceanography These frequency

"scales are tantalizing-cluesj however. Three years, is about the time for

- juvenile -gadoids, to enter into: competition with the sexually mature stock,

they become sexually mature {in:twice that,: and mackerel;, herring and presumably

other pelagics -become- sexually mature in about -3:years.” While. there is a

certain amount of 'grasping at straws' here, if such triannual cyclic wind

patterns have always existed, the fish will have evolved responses to exploit

¢~ them. - One cannot help noting that the years of irecent large year-classes of

* the North Sea haddock are 1955 1958 1962 1965 1967 1970 and 1974, which

s a 3 year cyc]e L ¥ i £y

ERETR The scales: of pr1mary and secondaryrproduct1on 1mportant for 1chthyop1ankton
may:-he smaller than the stat1st1ca1 areas considered by-the CPR analysts.
FEronts between therma]]y strat1f1ed -areas and adjacent regions where. bottom
~friction mixes. .the water up: to the surface using:tidal energy.(Simpson and
: P1ngaree :1978)« form-a’ convergence ‘area which -may concentrate the enhadnced
- primary production of the intermittently destablized side (Owen 1981). Presumably
“ these fronts.react with the wind :fields, té-yield-varyingsnet productivity
“from year to-year..: Presumably it .is the existence of such tidally-induced
fronts “in.the shetland area,-absent in.the Buchans' area,. that preclude a
common environmental. corre]ate to the CPR data of Ba11br1dge et.al. (1978).
Fronts such as this do not exist in the NAFO regions:2-and 3-until the Arctic
archipelago (Griffiths, Pingaree and Sinclair 1981). Other small scale effects
“in thé physics of the 'surface could also.play a role, and' are>éurrently being
“‘investigated (Fournier; et al: 1979; Sinclair and<Isles 1981).<.Tt is still
too early to:.report:on-the resuits of this:field; except to 'say that such

- 'processes studies are being actively pursued in-the Northwest Atlantic, with

~at least three.'patch! studies in the.last:three years. :Two quotes summarizing
the I.0.C. environment-Tlarval fish-symposium indicatethe direction of modern
- thought¥. = T S CTooovh Dty

'z

"....a persistant probtém area’in extracting information about natural

11m1t1ng processes in fish biology is measurement of amb1ent
. physical=biblogical-interactions on" appropr]ate sca1eq “Definitions of
the relevantscales is 1mportant" NS ond

A problemarea whvch‘appears;to.havefattnacted the least attention
“tb’date in:regard to“theidvailable early 1ife history.information is the
- distributioniand availability of:appropriate .lTarval>-fisti habitat and the
/. means various.species of mariné:fish have evolved :to cope with the seasonal,
local and open ocean variation in availbility of:these."requirements" for
reproduct1ve success." ' G.D. Sharp (1980)

T2 opEnty

© i

: ; Let us br1ef1y return to- the ]arqer and 1onger scalc changes in the North
" Sea: " What: accounts” for: the westerly- type weather”and zoop1ankton correlation
on a detadal® scale? . The entire iocean is-involved ‘in wind effects of such a
scale, but a first conclusion must be that mid-Atlantic surface waters of low
nutrients’ content :are ‘now being introducedinto 'the:Northeast: Atlantic. This
has. been previousty recognized by Cushing and Dickson :(1976), Garrod and
Colebirook (1978),: Colebrook (1978) among others. >'A- subsurface cyclonic flow
of 'subpolar.mode water!. has been proposed recently (McCartney and Talley 1981).
This water mass is formed in the region southeast of the Polar front off of
Canada, with a signature of 14.7°C., 36.08°/45: This subpolar, mode water is
also said to flow into the worweg1an ‘Sea and west of Ice]and in great volumes,
poténtially replacing the ‘watérs in the subarctic that chill and sink to form
the intermediate and bottom water for Cooper's overflow, as well as being the
intermediate water layer ava11ab]e to enter the North Sea

The Overflow problem has also been recently addressed, since it is far
from being resolved: Tocal w1nd effects are an order of magnitude too weak
than the energies required to drive the overflow. The appropriate energy
source is the eddies generated by 'baroclinic instability' of the polar front
(Willebrand and Meincke 1980). Only major windstorms would be important in
overflow. But, by changing spatial scales again, it might be concluded that

winds can again be invoked, actually in the generation of these eddies in the
polar front:
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"Eddy generation also’ appears to be medidated by the flow of-air from land
masses. Worthington (1972), noting great mixed layer depths and high
‘pressure zones. associated with outbreaks of .cold:continental:air over the

¢ Pacific southiof Japan, and over the Atlantic south:of New-England,

- believes that theconvergent sinking of surface waters occurs-as a result,

. . ‘‘generating’anticyclonic eddies. = Anderson et .ali’ (1970) consider that the

Lownt B, e flow dinstabilities: of:ithe “Agulhas Current off Durban are induced by

© "7 % offshore wind ‘components 1nd1cated by local pressure var1at1ons
R. W. 0wen (1981) ::‘». : . v : ety

! “Apparent]y 1t w111 be necessary to 1nv0ke the: atmosphere and ocean of the
ent1re North Atlantic to account for:the changes in“the ‘North Sea: The immediate,
and extremely unoriginal, conclusion is that both sides of the‘Atlantic could
be demonstrated to be linked in these large scale production processes. If

““thi's is so, then the year<class ‘strength of fishes-on‘both sides should be
.correlated. This was ‘suggested by Templeman (1965) ‘but the data.assembled at
¢ .“that ‘time have still not béen statistically analyzed: -His analysis was renewed
. by-Cushing (1981):to try to show that-gadoids were:synchronous:in recruitment
. 'success on a decades scale. 'The most ambitious .foray.:into this.question is
Garrod and Colebrook.(1978), who generated-.a correlation matrix of .fecruitments
* from stocks-on both.sides of the Atlantic. They .convinced-themselves; but in
. ..Akenhead et al. (1981) their conclusion is criticized,+and the question of
. year=class: synchrony between areas is described as "difficult to demonstrate".
'+, “The principal components ana]ys1s of Garrod and Colebrock's corre]at1on matrix
© A was more; successfu] v RS Coee

,"The prlnc1pa1 components of the: recru1tments ‘to.18 f15h stocks in the
.. “North Atlantic:were related to. periods of predominantly ‘high and Tow
ot pressure in.20° to 30°W....the first principal component tends to be
.4 positive during periods:;of. predeminantly high:pressure in the central
#o: - North Atlantic.. In other words, the.recruitments tend to-.be-positively
-« -.correlated when northerly winds blow in:the northeast-Atlantic. and when
southerly winds blow in the Northwest Atlantic". D. H. Cushing-(1981).

e

: CONCLUSIONS 3

PIITY TR year c]ass strength formatlon seems - to be destab11zed as a resu]ted
increasing fishing effort. R B S e R e

.22, the density-dependent interactive:growth and -mortality.model is still
.. e+ -dnadequately. developed. to test; insthe.field, however attention to larval
: ;growth” rate modelling and .observations.is warranted i~ Density dependent
: .. growth:and morta11ty of ]arva] f1sh is respectab1y conc]uded but not
woomeco demonstrated. s oo oa sl T n s oy ek e |

3. since there are more correTat1ons of year c1ass strength with environment
Yoo _then with stock.size (albeit:ephemeral)-perhaps: we:-should concentrate on
'saturating larval habitat' with: eggs as-a stock.size:objective for a
. b1o1og1ca11y ornented s1ng]e spec1es and management obJect1ve~

R 4. 1ong term c11mate changes alter the average cond1t1ons that 1ead to
.. - -species; succession on fishing grounds,: but annual.conditions of the
*. productionicycle control short-term year:-class strength formatien. Both
of these,may be reTated to-winds of the;appropriate sca]es.:

50 “Not, enough attention 'has been pa1d to the spat1a] aspects of year class
strength format1on espec1a11y 1n the 50 to 50 k1lometer range

N
2
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Figure 1. Decadal means and standard’ deviations of two ha'ddocfﬂstocks,
showing changes in predictability after 1960.
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Figure 4. Temperature-salinity diagram for January-March Rockall Channel
means 1905-1980. Note the shift after 1935 (from Ellett 1980)
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Figure 5. A contoured diagram of the monthly logarithmic means of abundance
of Calanus, from the western-central North Sea 1948-1970,

demonstrating the apparently fixed schedule spring appearance (from
Colebrook 1978). '
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Figure 6. ai - Days each year of Westeﬂy type weather‘ s w1th trend 11ne
aii - departures from:that trend of each year. bi.- first
principal component of CPR zooplankton data from:the North Sea, with
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positive correlation. of trends but negatwe corr‘e]atwn of higher
frequency events,,and 3-year cyc1e ;
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Figure 7. Smoothed anoma1ie§ of monthly means of abundance for Calanus and
Pseudocalanus in the central North Sea, 1949-1973, and the power
spectra of these after removal of linear trends.
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