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A single species of marine fish can 
occur over a wide area within which its 
distribution is essentially discontinuous. 
Subareas can be recognized that have a 
characteristic population or set of sub- 
populations, either of which may be rec- 
ognized as stocks in both the biological 
sense and as the preferred units of man- 
agement (I). The biological importance 
of the stock concept as the management 
unit centers on the question of whether 
there is restriction of gene flow to a 
degree that effectively isolates the popu- 
lation units. This determines whether 
reproductive resistance to exploitation is 
a common property of the populations as 
a whole or of individual subpopulations. 
Although stocks are recognized and la- 
beled for the most important commercial 
species of fish, there is no generally 
accepted, formal ecological theory that 
accounts for their distribution, range of 
population size, and other life-history 
parameters such as growth rates, age, 
and size at maturity. In fact, the taxo- 
nomic status and interrelationships of 
these units at the infraspecific level is in 
doubt, both for individual species and in 
general terms (24) .  

The Complexity of Herring Stocks 

Atlantic herring may have the richest 
stock structure of all marine fish species 
(3-6). Several dozen stocks have been 
described or are recognized from the 
northwest Atlantic, and there may be 
even more in the east. The latitudinal 
range of herring distribution alone can- 
not explain this richness; for example, 
the range of mackerel is as great as that 
of herring, but far fewer stocks of mack- 
erel are recognized (7). In addition to 
their multiplicity, Atlantic herring stocks 
collectively combine other unusual char- 
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acteristics. Each stock has its own, sea- 
sonally fixed spawning period (8) of a 
relatively few weeks' duration, but the 
mean spawning times of different stocks 
differ substantially. In the eastern Atlan- 
tic, for example, spawning of one stock 
or another has been recorded throughout 
the year (9, 10). This is the more remark- 

The genetic isolation of population 
units of herring (or those of any animal) 
must involve the spawning stage and 
may also involve the prespawning aggre- 
gatory stage. What has become more and 
more obvious from work in the north- 
west Atlantic is that there is a low degree 
of stock mixing of herring at the larval 
stage. Representative larval distributions 
in October (Fig. 1A) of autumn-spawning 
stocks in the northwest Atlantic show 
well-segregated and identifiable spawn- 
ing areas. These groups do not metamor- 
phose before the winter, and they over- 
winter as larvae, as do their east Atlantic 
counterparts (11, 18-20). Their distribu- 
tion in the spring, some 6 months later, is 
similar to that observed shortly after 
spawning (20). The environment is, tidal- 
ly, very energetic but, despite the small 

Summary. The number of genetically distinct herring stocks is determined by the 
number of distinct, geographically stable larval retention areas. Spawning sites in 
these areas may be highly localized or dispersed. Absolute population size mostly 
depends on the retention area available to the density-dependent larval-postiarvai 
stage. Although the extreme seasonal range of spawning time shown by Atlantic 
herring is not fully accounted for by a new hypothesis, current theory is not supported 
by the hypothesis or by empirical data. The management implications are discussed. 

able because Atlantic herring feed pre- 
dominantly on zooplankton, and in the 
temperate latitudes, to which herring is 
restricted, zooplankton production is 
markedly seasonal (11, 12). All Atlantic 
herring lay demersal eggs, but stocks 
vary greatly in the depth of the spawning 
area and substrate preference (13). In 
many well-documented instances, the 
spawning area of a particular stock is so 
precisely and persistently located as to 
strongly imply homing by the spawning 
population (14). 

The seasonally predictable behavior of 
the herring stock is matched by the sea- 
sonal behavior of fishing fleets (IS), and 
this predictability may account, to a sig- 
nificant degree, for the vulnerability of 
herring stocks to overexploitation (16). 
Finally, the range of population size for 
known and recognizably discrete stocks 
covers several orders of magnitude from 
perhaps hundreds or a few thousand 
metric tons to several million (Table 1). 
A comprehensive stock theory for her- 
ring should take into account all of these 
characteristics, as well as the fact that 
mixing among individuals known to have 
spawned at different places or times, or 
both, occurs in nursery areas, summer 
feeding areas, and overwintering areas 
(5, 17). 

size of herring larvae and their conse- 
quent relative lack of motility, the loca- 
tion and distributions of individual larval 
populations are maintained by a process 
of larval retention (19, 21, 22) so that 
their integrity is not compromised. 

In the instances shown in Fig. lB,  
there are physical features that are well 
predicted by the Simpson and Hunter 
stratification parameter (23) and that cor- 
respond closely to the larval distribu- 
tions. Changes in the value of this pa- 
rameter indicate the transition between 
vertically well mixed and stratified re- 
gions in tidally energetic seas during the 
seasons of surface heating (23-25). The 
resultant temperature "fronts," defined 
by critical values of the parameter, are 
observed from the spring to autumn 
months. Larval distributions in the area 
that includes Georges Bank, the Gulf of 
Maine, and the Bay of Fundy (Fig. 1B) of 
four recognizable spawning areas (south- 
west Nova Scotia, Grand Manan, 
Georges Bank, and Nantucket Shoals) 
lie to a large degree within vertically 
well-mixed areas bounded by transition 
zones where the stratification parameter 
changes rapidly in the horizontal dimen- 
sion. 

Similarly in the western North Sea 
(Fig. 2 ) ,  there is a good correspondence 
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Fig. 1. Distribution of (A) herring larvae shortly after spawning and of 
(B) the Simpson-Hunter stratification parameter in the Gulf of Maine 
area. The Georges Bank and Nantucket Shoals larval distributions b 
were redrawn from figure 48 of Lough and Bolz (62). The southwest 

! 
Nova Scotian and Grand Manan larval distributions are from our data (63). The stratification parameter distributions were redrawn from Garrett 
et al. (24). 

between the boundary conditions depict- cally in the Blackwater Estuary. There 
ed by the stratification parameter and the are discrepancies between the size of the 
limits of larval distributions soon after physical features and the larval distribu- 
spawning among North Sea spawning tions, and these may indicate the effect 
groups. Major stocks are well identified, to which fishing activity has reduced the 
but so also are minor stocks such as capacity of the stocks to colonize the 
those spawning off Berwick and histori- available larval area. The degree to 

'Buchan-Shetlands 

ENGLAND % 

'Downs '' 

b 

Fig. 2. Distribution of 
(A) herring larvae 
shortly after spawn- 
ing and of (B) the 
Simpson-Hunter strat- 
ification parameter in 
the western North 
Sea. Note the corre- 
spondence of the lar- 
val distributions and 
fronts for the Banks 
area. The Downs lar- 
val distribution was 
redrawn from figure 
49 of Hempel and 
Schnack (64). The 
other larval distribu- 
tions were redrawn 
from figure 4 of Burd 
(65). The stratifica- 
tion parameter distri- 
butions were redrawn 
from Pingree and 
Grifiths (25). 

which larval distributions are maintained 
over winter is not known. 

Detailed information on herring larval 
distributions at the appropriate spatial 
scale is not available for the Gulf of St. 
Lawrence. There is, however, a close 
association between known spawning lo- 
cations and areas of more pronounced 
tidal mixing (Fig. 3), as indicated by the 
values of the stratification parameter 
(26). Again the detail to which this corre- 
spondence applies is convincing; for ex- 
ample, the small spawning population 
north of Anticosti Island was known to 
us only by fishermen's reports and has 
not yet been studied (3). Certain Gulf of 
St. Lawrence spring-spawning popula- 
tions such as the Escuminac stock (Fig. 
3) are not identified with transition val- 
ues for the parameter. The significance 
of this is discussed later and leads to a 
generalization of our hypothesis. 

In the Irish Sea (Fig. 4), larval distri- 
butions are again not well known. The 
association to be noted is that of transi- 
tional or boundary conditions and 
spawning localities of individual herring 
stocks. These are located at inshore ends 
of the transition zones, except for the 
spawning area of the Mourne stock, 
which lies between the ends of two 
closely spaced zones. 

In the Gulf of Maine-Georges Bank- 
Bay of Fundy area, evidence indicates 
that tidal residual circulations are associ- 
ated with the areas of more complete 
vertical mixing and that these areas are 
defined and delimited by the zones of 
transition. The tidal circulations may 
provide a physical mechanism contribut- 
ing to larval retention for individual 
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stocks. At Georges Bank and Grand Ma- 
nan, the circulations take the form of 
tidally induced anticyclonic gyres (27). 
Off the southwest coast of Nova Scotia 
the circulation pattern is more complex 
but equally convincing in its implica- 
tions; a bottom inshore current has been 
described that is consistent with the hy- 
pothetically predicted, tidally driven 
centrifugal upwelling (28, 29). 

In the North Sea area, tidally induced 
anticyclonic gyres that are not depen- 
dent on wind direction are predicted 
around the Orkneys and Shetlands by a 
simulation model (30). The predicted 
gyres may represent the residual circula- 
tion in the area of the larval distribution 
of the so-called Shetland component of 
the Buchan stock (17). No retention 
mechanism has been associated for cer- 
tain with the "Banks" and "Downs" 
stocks in the central and southern North 
Sea, but relatively small-scale cyclonic 
gyres may be a characteristic feature of 
tidally induced temperature fronts (31). 
Even without a known, residual current 
system as an indicator of boundary con- 
ditions, temperature gradients across the 
transition zones could signal a behavior- 
al reaction by larvae to maintain posi- 
tion. During the winter, when the tem- 
perature gradients disappear, turbulence 
and turbidity gradients would still per- 
sist. 

The common features of the examples 
given so far are the discreteness of distri- 
bution during the early life-history stages 
of the progeny of individual spawning 
populations and, in most cases, retention 
mechanisms with an identifiable physical 
basis to maintain the discreteness. A key 
point is that the hydrographic features 

Table 1. Range in absolute of size of herring stocks. 

Spawning 
Stock name stock size 

(metric tons)* 

Blackwater Estuary 1 to 5 X 102 
St. Lawrence Estuary 5 to 10 x lo3 
Iceland (summer spawners) 1 x lo5 
Iceland (autumn spawners) 2 x lo5 
Southwest Nova Scotia 4 x lo5 
Georges Bank 1 x lo6 
Norwegian 1 x 10' 

*Approximate stock size during periods of moderate fishing. 

Refer- 
ence 

involved would, by their very nature, 
tend to be associated with the same 
geographic locations from year to year. 
This constancy of tidally induced fea- 
tures parallels the preciseness of location 
of spawning grounds that characterizes 
herring (32). 

The Herring Stock Hypothesis 

The hypothesis that emerges is that 
the number of herring stocks and the 
geographic location of their respective 
spawning sites are determined by the 
number, location, and extent of geo- 
graphically stable larval retention areas. 
This hypothesis has consequences that 
relate to the wide range of mean stock 
size among herring stocks, the year-to- 
year variability of recruitment within in- 
dividual stocks, and the biological basis 
of fisheries management systems. 

The associated biological concept is 
that the (distinct) gene pool is made up of 
all those spawning groups whose larval- 
postlarval stages come to share the same 
area of distribution. This concept recog- 

nizes the possibility, realized in fact, that 
more than one spawning location can 
exist in the same retention area and 
contribute progeny to the same larval 
population (21, 33). The same concept 
has also been expressed in the sugges- 
tion that the hydrographic features of an 
area that result in retention act as a 
focusing device for the homing instinct 
of herring (29). 

It follows that it is the physical limits, 
specifically of the larval and postlarval 
distributions, that define the biological 
limits of the stock and of the isolated 
genetic unit that can be identified with 
this new stock concept. This hypothesis 
avoids the difficulties associated with the 
definition of different stock components 
in areas where physical mixing occurs at 
many of the later life-history stages. The 
aggregated spawning group or groups 
represent the basis for the individual 
gene pool, which is coextensive with the 
segregated part of the life history. The 
ecological discreteness and discontinuity 
of the larval-postlarval stages corre- 
spond to and reinforce the discreteness 
and discontinuity of gene pools, which 

;pown~ng area * 

St Lawrence 

Temperature front - 
Trans~t~on zone 

Statified zone 

Fig. 3 .  Distribution of (A) major herring spawning areas and of (B) the Simpson-Hunter stratification parameter in the western Gulf of St. 
Lawrence. The spawning areas were taken from (66). The stratification parameter distributions were redrawn from Pingree and Griffiths (67). 
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are the essence of biological identity and 
of the structuring of, in this instance, 
infraspecific units. 

The evidence so far presented deals 
mainly with stocks that inhabit tidally 
energetic open seas. The early life his- 
tory of the Norwegian spring-spawning 
group (Atlanto-Scandian) is spent in the 
fjords and contiguous waters and may be 
linked with the two-layer estuarine circu- 
lation (34). A similar situation has been 
found for the Gulf of Maine nearshore 
spawners, for which retention (in estu- 
aries) was described for the first time and 
a behavioral mechanism was demon- 
strated to explain it (21). The major Gulf 
of St. Lawrence stock that spawns near 
Escuminac (Fig. 3) is not associated with 
a predicted, tidally induced feature, but 
it does spawn next to a geographically 
fixed gyre (35). The larval populations 
from the stock spawning in the Bras d'Or 
Lake on Cape Breton Island, Nova Sco- 
tia (36), and in the Gulf of Riga in the 
Baltic Sea (37) are retained within en- 
closed seas; and a similar situation has 
been described in detail for a stock 
spawning in a small, long and narrow 
arm of the sea that is essentially isolated 
(38). The common feature of these exam- 

ples is, again, a geographically stable 
retention mechanism associated with 
each of the stock's spawning areas (39). 

Spawning Stock Size and Its Variance 

Mention has been made of the large 
range in population size of individual 
stocks-greater than four or five orders 
of magnitude. It is a remarkable feature 
of modern, quantitative ecological the- 
ory that there is no satisfactory explana- 
tion of the specificity of absolute popula- 
tion size. For example, it has been sug- 
gested that population size, or abun- 
dance, is a "global, extensive variable" 
that cannot therefore be subject to coer- 
cive factors of natural selection to result 
in its own maximization or optimization 
(40). This suggestion is strengthened by 
comparing population characteristics 
commonly associated with population 
size (that is, absolute numbers of individ- 
uals). Maximum body size, life-span, age 
at maturity, absolute and relative fecun- 
dity, and gonad size, among other char- 
acteristics, vary among herring stocks, 
but population size does not correlate 
with these characteristics or with any 

Spawnmg area emperature front - 
rangton zone [ 
Jell m~xed zone 
t r a t ~ f ~ e d  zone 

Fig. 4. Distribution of (A) herring spawning areas and of (B) the Simpson-Hunter stratification 
parameter in the Irish Sea. The spawning areas for the various spawning groups were taken 
from Cushing (68) (Plymouth), Malloy (69) (Dunmore), Bowers (70) (Mourne and Manx), 
Parrish et al. (71) (Clyde), and Hempel and Blaxter (9) (Donegal). The spring spawning locations 
along the west coast of Ireland and autumn spawning locations along the west coast of Scotland 
are not indicated. The stratification parameter distributions were redrawn from Pingree and 
Griffiths (25). 

combination of them. It is not possible to 
account for the range of population sizes 
(Table 1) in terms of life-history parame- 
ters and strategies that are inferred from 
them. A simple extension of our hypoth- 
esis, however, does offer a reasonable 
and quantitatively demonstrable expla- 
nation. 

Small stocks are associated with small 
hydrographic features [for example, the 
Ile Verte area of the Gulf of St. Law- 
rence (Fig. 3)], and large ones with large 
features [for example, the Georges Bank 
well mixed zone (Fig. I)]. The relation 
between the size of hydrographic fea- 
tures, specifically retention areas, and 
the size of the stocks occupying the 
retention areas can be quantified approx- 
imately (Fig. 5). 

The relation between stock size and 
retention areas (Fig. 5) is quantitatively 
convincing over virtually the entire 
known range of stock size of Atlantic 
herring as a whole. Our hypothesis 
therefore implies that absolute stock 
abundance is largely independent of re- 
production, growth, or other biological 
parameters with which it is usually asso- 
ciated (41) and is determined by the 
interaction of behavioral characteristics 
and the physical structure of the environ- 
ment. We suggest that behavioral factors 
involve selection of site by the spawning 
group and differential vertical movement 
by the larvae to effect retention (19). It is 
not likely that the productivity of reten- 
tion areas can, alone, account for the 
range of stock size. Primary productivity 
(per unit area) of the ocean as a whole 
does not vary by more than a factor of 
about 5 (42). The variability of produc- 
tivity of retention areas in the temperate 
latitudes, within which herring are re- 
stricted, would be expected to be less 
than that of the entire ocean. 

The hypothesis maintains that, since 
the size of the retention area largely 
determines year-class size (and thus, by 
accumulation of year classes, total stock 
size), there is a limit to the carrying 
capacity of the environment imposed at 
the early life-history stages. The obvious 
question is how this limit is related to the 
carrying capacity or its ecological equiv- 
alent at the late juvenile and adult stages. 
It is conceivable, for instance, that the 
net productive capacity of the retention 
area is low enough at the early life- 
history stages to preclude subsequent 
saturation of the adult environment. This 
concept has been termed the "recruit- 
ment gate" (43). If it is accurate, then the 
inability to detect density-dependent 
growth effects when adjacent year class- 
es differing in size by a factor of 30 are 
compared for the Norwegian herring 
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stock and under lightly fished conditions 
(44) is understandable. That recruitment 
from the young stages may not overex- 
tend the food resources for adults is 
shown by evidence from the soythwest 
Nova Scotia stock (45). Further evi- 
dence is provided by the relatively low 
variation of fecundity to adult weight 
reported for herring (46). Year-class 
abundance variability apparently does 
not have a large effect on the gonad- 
somatic balance. That this has implica- 
tions as to the competitive status within 
and between stocks at the adult stage is 
recognized. 

It follows that stock-recruitment mech- 
anisms that include adult stock-depen- 
dent feedback (47) are generally inappra- 
priate for herring (48): 

The extension of our hypothesis-that 
mean year-class size is a function of the 
size of the larval retention area-is con- 
sistent with, and indeed equivalent to, 
the view that year-class size is deter- 
mined relatively early in the life history 
(49). The important factors determining 
year-class size would be operative in the 
early stages and would generate high 
(and differential) mortality (48). The vari- 
ability in year-class size, a feature of all 
fish stocks to some degree, even under 
low exploitation regimes, need not be 

associated entirely, or even mainly, with 
variability in production processes. In- 
deed, observations on the Nova Scotia 
stock indicate that year-class size is not 
correlated with production-linked pa- 
rameters such as autumn copepod abun- 
dance or summer phytoplankton green- 
ness (50). On the other hand, it would be 
expected that the integrity of the reten- 
tion area, the extent to which the bound- 
ary conditions are reliably repeated from 
year to year, might vary considerably. 
There is evidence from the Bay of Fundy 
area that vatterns of drift-bottle recov- 
ery in individual years vary markedly, 
which suggests that environmental vari- 
ability of this kind could be significant 
(51). 

Variability iq Spawning Times in 

Herring Stocks 

Atlantic herring has a wide and indeed 
seasonally complete range of stock-spe- 
cific spawning times (3, 9, 10); the range 
for the species as a whole matches that 
of any tropical species or complex of 
species (52). Analysis of some common 
features of the hypothesized retention 
areas may contribute to aq understand- 
ing of this variability in spawning time. 

N o r w e g i a n  / 
G e o r g e s  B a n k  m  

S . W .  N o v a  S c o t i a m  
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L a r v a l  r e t e n t i o n  a r e a  (krn2) 

In the east Atlantic a broad correspon- 
dence between the timing of seasonal 
plankton blooms in different types of 
production areas and the time of spawn- 
ing of major herring stocks that inhabit 
the areas has been shown (53), and this 
correspondence led to a hypothesis con- 
cerning the time of spawning (49). The 
time of spawning and larval emergence 
of individual stocks was considered to be 
relatively constant so that year-to-year 
variability in the timing of plankton 
blooms then resulted in "match or mis- 
match" and led to varying mortality 
rates. This match or mismatch was held 
largely responsible for the degree of 
year-class variability (49). Consideration 
of the temporal production characteris- 
tics of areas near herring spawning 
grounds does not support the match- 
mismatch hypothesis. 

There does seem to be an association 
between stocks spawning in the summer 
to autumn period and tidally energetic 
areas. However, the production regimes 
in the vicinity of the spawning areas of 
these stocks are characterized by high 
and relatively uniform abundances of 
primary production over the entire non- 
light-limited period of approximately 
March to October. This is shown by a 
comparison of primary production and 

I I S p a w n i n g  

1 B u c h a n  

M o n t h  

Fig. 5. (left). Relation between spawning stock size ip metric tons ( t )  and the respective larval retention areas (72). The spawning stock estimates 
are those observed during periods of moderate fishing when the populations were at relatively natural levels. The data sources are listed in Table 
1. Fig. 6. (right). Phytoplankton seasonal distributions in the vicinity of herring spawning areas for three stocks that spawn in tidally energetic 
seas. The phytoplankton distribution off the southwest coast of Nova Scotia was provided by Sutcliffe (73). The other areas ( I t ,  J t ,  Nw, Nv, Mu, 
Nu) are plankton recorder code squares of lo  latitude by 2" longitude in the North Sea used by Cushlng [figure 2 of (68)] and in which transition 
zones for the stratification parameter occur. The vertical lines refer to spawning time, not the 5 percent survlval time of Cushing (68). 
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spawning times for three stocks and on 
both sides of the Atlantic (Fig. 6). Since 
there does not seem to be a distinct 
autumn bloom to correspond with 
spawning, there is no evidence to sug- 
gest kn adaptational link between spawn- 
ing time and plankton blooms, at least in 
these instances. It should be noted that 
the retention area for the Nova Scotia 
stock is occupied over the winter when 
food production and food biomass, as 
well as water temperature, are low. All 
overwintering herring larvae of autumn 
and early winter spawning groups share 
this environmental feature, which is not 
consistent with the assumption that food 
limitation is a constant and continuing 
factor in generating larval mortality (54). 

Thus, the plankton production cycles 
observed within certain larval retention 
areas defined in our hypothesis do not 
support the present theory explaining the 
stock-specific timing of herring spawn- 
ing. However, further study on the 
oceanographic conditions within the var- 
ious larval retention areas may help ex- 
plain the extensive range in spawning 
times. 

Management Implications 

In addition to its purely descriptive 
aspect, our hypothesis has important 
management implications. In the north- 
west Atlantic, the decline in abundance 
of the Georges Bank stock and the virtu- 

neglected and viewed as being largely 
irrelevant to the nature of the practical 
management unit (that is, all those her- 
ring inhabiting the area as a whole) (56). 
Our hypothesis indicates the difficulties 
in managing stock complexes, such as 
these in North Sea, Baltic Sea, and Gulf 
of St. Lawrence herring management 
units, if a major portion of the fishing 
mortality is experienced during the 
"mixed" part of the life history. Even a 
low fishing mortality for the stock com- 
plex as a whole, if differentially applied 
to individual stocks, can lead to extinc- 
tion of stock units. Potential rebcilding 
of a stock complex as a whole will be a 
function of the number of surviving 
stock units. 

The yield to a mobile fishery managed 
on a stock complex basis would be ex- 
pected to cascade downward. In a mo- 
bile gear fishery on a stock complex 
then, total effort must be restricted to a 
level much lower than would be appro- 
priate for the individually assessed 
stocks to avoid individual overfishing 
without the possibility of replenishment 
from the remainder. An alternative, via- 
ble management strategy would be to 
severely limit the fishery to the non- 
mixed spawning areas. Relatively high 
and stable ca t~hes  have been taken from 
both the North Sea and the Gulf of St. 
Lawrence over a long time period when 
the stock complexes were subject, large- 
ly, to spawning fisheries only (57). 
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The author is Senior Scientific Advisor at the 
National Institutes of Health, Bethesda, Maryland 
20205. 

0036-807518210205-0633$01.0010 Copyright O 1982 AAAS 633 




