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Abstract

The production of larval herring during 1964-78 is examined in relation to recruitment to the Maine fishery for juveniles. Larval
abundance at the beginning of winter, winter larval mortality, larval condition, and spring larval abundance were considered to be the
kinds of indices suitable for predicting year-class strength of juvenile herring. Long-term relationships between these indices of larval
production and recruitment could not be established because of changes in spawning behavior and a decrease in the coastal herring
population during the investigation. A conceptual model of tarval herring was developed to iflustrate events that contributed to the final
strength of larval year-classes just before their metamorphosis into juveniles in late spring. The model was based on the assumptions
that the determinant of year-class strength is the level of {arval abundance following a density-dependent phase of mortality inautumn
and a density-independent phase in winter, and that this level of abundance may be modified by late spawning and the nature of the
distribution of larvae along the coast after hatching in the autumn. In addition to providing a rationale for forecasting, the model
suggests that the recruitment mechanism primarily responsible for the success of year-classes is the opportunity for larvae to
distribute themselves throughout the inshore areas after hatching in coastal waters.

Introduction

In 1962, research on Atlantic herring, Clupea
harengus, was greatly expanded along the Maine
coast. The expansion was prompted by a drastic
decrease in the harvest of “sardine-size” herring in the
late 1950’s and early 1960’s (Anthony, MS 1972). The
major hypothesis tested by the research was that the
strength of a given herring year-class was established
early inits life history, permitting forecasting of recruit-
ment to the fishery from larval abundance or some
other correlative index. Efforts in the 1960’s culminated
in a description of the coastal ecology of larval herring,
and the selection of winter mortality, winter condition
and spring abundance of larvae as being the kinds of
estimates most suitable for anticipating year-class
strength (Graham et al., 1972). By the 1970’s, the inves-
tigation was curtailed and effort was reduced to moni-
toring winter mortality and spring abundance of larval
herring, but winter condition of the larvae was also
monitored in the late 1970’s.

A long period of sampling (1964-78) was neces-
sary to obtain data which could be evaluated for pre-
dictive capabilities. During this period, the size of the
herring populations changed considerably. The
spawning populations in the western Gulf of Maine
were reduced greatly by the early 1970’s (Anthony and
Waring, 1980), and those of Georges Bank had
declined to insignificance by the late 1970’s. Neverthe-
less, the relatively low spawning stocks of the 1970’s
often produced recruitment to the Maine coastal
fishery which was equivalent to that produced by the
larger stocks of the 1960’s.

The assembled results of 15 years of sampling
larval herring along the Maine coast are presented in
this paper. Winter mortality and spring abundance of
the larvae are discussed in the light of their application
to forecasting recruitment. Possible determinants of
larval year-class strength are suggested and aconcep-
tual model of annual larval production is given.

Materials and Methods

Sampling during the 1960’s encompassed the rela-
tively long life (6-8 months) of larval herring in Maine
waters but concentrated on the chosen indices (winter
mortality and spring abundance) in the 1970’s.
Research in the first decade showed that concentra-
tions of larval herring, hatched in coastal waters
beyond the headlands, drifted for various distances
along the coast and entered the estuaries and embay-
ments (Graham et al., 1972). They dispersed in winter
only to concentrate again in the spring prior to meta-
morphosis into juveniles which occurs in late spring or
early summer. These early studies indicated that win-
ter mortality probably determined the spring abun-
dance of larvae and that the severity of winter mortality
was reflected by the condition of the larvae (Graham
and Davis, 1971).

Larval herring dispersal in autumn

In order to relate the estimates of larval herring
mortality, obtained during the winter in an inshore
estuary, to the coastal population, it was necessary to
follow the dispersion of larvae along the coast during
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the autumn. Consequently, four larval herring surveys
of the coastal waters of Maine, New Hampshire and
Massachusetts (Fig. 1) were conducted during each
autumn of 1971 and 1972. The methodology and preli-
minary results of these surveys were reported by Gra-
ham et al. (MS 1972, MS 1973). Essentially, 61-cm
Bongo nets (Posgay and Marak, 1980) were towed at
3.5 knots (108 m/min) obliquely from a maximum
depth of 100 m or as close to the bottom as was consi-
dered prudent in shallow water. The gear was set at 50
m/min and retrieved at 10 m/min. Sampling proceeded
from east to west along the coast on a 24-hr basis,
except in early September 1972 when it was limited to
daylight hours. This limitation applied only to the first
survey (2-6 September) when sampling was restricted
to 11 stations off eastern Maine, because larvae along
central and western Maine were known to hatch later
than the time of this survey. Forty-one stations (Fig. 1)
were occupied during each of the remaining surveysin
1972 (21-24 September, 18-22 October and 6-12
November). Only the results for the 1972 surveys are
illustrated ir this paper, as the results for the 1971
surveys were essentially the same (Graham et al., MS
1972).
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Mortality estimates

Estimates of larval herring mortality are based on
field samples from the Sheepscot River estuary (Fig. 2)
during the early winter months of 1964-73 and 1977.
Mortality was estimated for the winter period because
larval movement is reduced and the rather harsh envir-
onment probably has a significant effect on the larvai
population.

The Sheepscot River estuary was chosen as a
representative site for estimating larval mortality
because of its central position within the coastal envir-
onment (Fig. 2) and the persistent concentration of
larvae there throughout their life-history stage. The
physical environment differs from west to east along
the coast, with greater vertical mixing by tides in the
east and greater stratification of the water column in
the west (Graham, 1970b). Sherman (1970), in study-
ing the food of larval hering along the Maine coast,
found a general decline in zooplankton abundance
from west to east from spring to autumn, which was
related to an increasingly favorable environment for
growth and development of zooplankton from French-
man Bay westward (Fig. 1). However, environmental
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Fig. 1.

The coastal Maine region showing the rectangles for spring stratified-random sampling along the coast during 1965-78, the general

locations of the three areas of inshore sampling during the same period, and the actual positions of stations (dots) occupied during the

autumn surveys of 1972,
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Fig. 2.  Areas where monitoring of larval herring abundance was conducted during 1964-78. A, coastal with towed gear in
spring. B, inshore (Boothbay area) with towed gear in spring. C, estuarine (Sheepscot River) with buoyed and
anchored nets in autumn and winter. {(Montsweag Bay is on the western side of the Sheepscot River estuary.)

conditions are relatively uniform along the coast in
winter. The Sheepscot River estuary receives herring
larvae transported from the eastern coastal sector as
well as from the central sector (Graham et al., 1972;
Graham and Joule, MS 1981), and sampling along the
coast indicated that larval herring were most persistent
within the estuary (Graham and Venno, 1968).

Buoyed and anchored nets were used to strain
herring larvae from the tidai flows of the estuary, as
described by Graham and Venno (1968), Graham and
Davis (1971) and Graham (1972a). Essentially, four
lines of nets (each line consisting of four nets) were
fished at four stations in the estuarine channel. From
1964 to 1970, the mortality estimates were based on
one overnight sampling period in December and
another about a month later in January. Subsequently,
sampling was conducted during two overnight periods
in each month to compensate for the low numbers of
larvae evident in the early 1970’s. During 1965-67, the
gear was set at dusk during slack water, retrieved at the
end of the tidal stage, reset during slack water, and
retrieved before dawn during slack water. Thus, the

nets fished for approximately 6 hr on each flood and
ebb tide, yielding a total of 32 samples per night. Dur-
ing 1964 and 1968-78 (except 1973), the gear was set at
dusk and retrieved at dawn after the nets had fished
during one semidiurnal tidal cycle, thus yielding a total
of 16 samples. For the cases where sampling was con-
ducted during two overnight periods in each month,
the catch rates were averaged for use in calculating the
mortalities.

Graham and Davis (1971) compared mortalities for
the 1964-67 year-classes of larval herring in the
Sheepscot River estuary by adjusting their estimates to
15-day calendar intervals. For the instantaneous mor-
talities used in this paper, winter (mid-December to
mid-March) was considered as the unit of time and the
number of tidal phases during the winter as the envir-
onmental time scale. The number of tidal phases
appears to be a more realistic scale on which to base
larval mortality than one that is chronological. The
relationship between these time scales is not constant
since four tidal phases exceed 1 day by about 50 min.
Catch rates used for estimating mortality were defined
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as the number of larvae caught per 100 m® of water
strained through the nets during an overnight sam-
pling period. Mortality estimates derived from sam-
pling in December and January were projected for the
winter period, using the relationship

Ny =Nye™

where N, is the catch rate for the initial sampling
period, N; is the catch rate for the sampling period t
tidal phases later, and z is the instantaneous rate of
death per tidal phase. The product of zand the number
of tidal phases (t) during the 3-month winter period
(348 tidal phases) provides an estimate of winter mor-
tality. Seasonal mortalities, based on the number of
days between sampling periods, are identical to those
based on the number of tidal phases.

Spring abundance of larvae

Estimates of the relative abundance of herring lar-
vae in the spring were made in 1966-79 from inshore
and coastal sampling during daylight along the central
Maine coast (Fig. 2). The timing of the surveys in late
March to late April was intended to ensure that asignif-
icant portion of the larval population was available for
sampling before metamorphosis into juveniles
occurred. The inshore sampling area, containing eight
stations, extended 24 km shoreward from the head-
lands into the estuaries and embayments. The coastal
sampling area, containing 15 stations, extended 24 km
seaward from the headlands. The locations of the sam-
pling stations were intended to overlap the different
environments in the eastern and western coastal
sectors. On three occasions in the 1960’s, an additional
inshore or offshore survey was conducted, and the
catch rates of larval herring for these double surveys
were averaged. Sampling was conducted with aBooth-
bay Depressor trawl using stepped oblique hauls at
125-185 m/min, as described by Graham et al. (1972).
Characteristics and performance of the trawl were
reported by Graham and Vaughn (1966) and Graham
(1972b). Two Boothbay Depressor trawls were lost
during the spring survey in 1978 and they were
replaced by 61-cm Bongo nets (Posgay and Marak,
1980) with other procedures remaining the same.

Prior to 1967, sampling was rather subjective in
that the stations tended to be located along towing
paths that favored protection of the gear and in locali-
ties where previous exploratory sampling indicated
that larvae would be abundant. Such sampling esti-
mated larval abundance inaccurately because of the
apparent close association between larval distribution
and coastal currents (Graham et al., 1972). Conse-
quently, a stratified-random sampling design was
introduced in 1967 for the coastal surveys (Table 1).

TABLE 1. Summary of sampling techniques for inshore and coastal
spring surveys with Boothbay Depressor trawl in central

Maine area.

Parameter inshore systematic Coastat stratified random

Stations 8 fixed stations 15 stations randomly selected
from 1 of 4 units constituting
each of 15 rectangies, 10’ lat.
by 10’ long.

Type of tow Stepped oblique Stepped oblique

Tows/station One Two

Tow duration 30 min 7.5 min

Tow distance 5.5 km 1.75 km

Tow direction  Constant Selected randomly

Depths Bottom, mid-depth 20 m, 10 m, near-surface
near-surface

Index Number/100 m? Mean number/100 m?

In view of the rugged bottom along the coast, sam-
pling was not extended to depths exceeding 20 m. To
determine the possible effects of this limitation, an
experiment was conducted in the spring of 1967 to
examine the depth distribution of larvae (Graham and
Sampson, 1982). The results indicated that the larvae
tended to be concentrated shallower than 20 m on dull
days and deeper than 20 m on bright days. However,
the extinction of light in the upper layers varies from
place to place (Graham, 1970b) and, for the larvae, a
bright day in one area might not be so brightin another.
The stratified-random coastal sampling design was
therefore continued for monitoring larval abundance,
because the randomization introduced by the sam-
pling procedures was assumed to mitigate any syste-
matic effects upon the mean catch of larvae per survey.

The stratified-random sampling design involved
making two short (7.5 min) tows ateach coastal station
instead of one long tow, because the special study
indicated that data from long, stepped-oblique tows
tended to underestimate larval abundance at a given
station, the magnitude of the underestimate decreas-
ing as the larval population increased (Graham, MS
1980a). Stratified-random sampling with short tows
was not possible at the inshore stations (Table 1)
because of vessel incapabilities and the confining
shorelines with their associated submerged rock
iedges. Therefore, long tows were made over smoother
bottom in the center of embayments and estuarine
channels. At oneinshore station, the estuarine channel
was so variable in depth that the entire long tow was
made near the surface.

In inshore waters, land masses funnel and concen-
trate the larvae as they move into the estuaries and
embayments, and the probability of capturing larvae
during their migration may be greatly different from
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that in the coastal region. In view of this and other
sampling difficulties, the mean catch rates from the
inshore and coastal surveys were combined to give a
spring index of farval abundance rather than an abso-
lute measure. The mean catch rate for an inshore sur-
vey was based on eight long tows and that for a
corresponding coastal survey was based on 15 mean
catch rates from two tows at each station. These catch
rates were transformed to common logarithms
(logio(x+1)) for some comparisons.

Additional sampling

Additional monitoring of larval herring abundance
was carried out in other areas of the coast. Spring
monitoring was extended to eastern Maine in 1974 and
to western Maine in 1975 (Fig. 1). Although most of the
coastal waters along the Maine coast were surveyed, it
was not possible to sample thoroughly the many estu-
aries and embayments. The inshore areas chosen for
sampling were assumed to be representative, an
assumption which did not prevail after the early 1970’s.
In addition, buoyed and anchored nets were set in
Sullivan Harbor at the head of Frenchman Bay (Fig. 3)
during the autumn and winter of 1973 and 1974. Two
lines of nets were set at each of two locations in the
channel, with nets positioned at the surface,3m, 10 m
and near the bottom (12-20 m) in each case, and two
lines were set on the subtidal flats, each with a net at
the surface and one near the bottom (3-4 m). The nets
were set at dusk and retrieved at dawn. Details of the
sampling procedures have been described by Graham
and Joule (MS 1981).

Weight and length of larvae

Chenoweth (1970) studied the length-weight rela-
tionships and condition factors of larval herring in
inshore waters of central Maine during the 1960’s,
when larvae entered the estuaries and embayments
only in the autumn. Such regressions of weight on
length and condition factors were not applicable in this
study, because larvae also entered the Sheepscot River
estuary in winter as well as in autumn during the 1970’s.
It was not possible to separate these groups to deter-
mine whether they possessed similar length-weight
relationships, a requirement for the application of
LeCren’s (1951) condition factor. Instead, the follow-
ing relationship was applied:

R;= (W;-W)A/(s?/N;)

where R; =standardized residual weight of sample i
from an overnight set of gillnets,

Wi =mean dry weight (g) of sample i within a
given 1-mm length interval (both units
transformed to 1og 10),

=l

=mean weight of all samples within the
same length class (both units in 10g10),

s¢ =sum of the variances of all samples over all

length classes,

and N =number of larvae weighed and measured
in sample i.

The sum of the variances for all length classes was
used rather than the variances for each length class,
because Bartlett's test (Zar, 1974) indicated that the
variances for the different classes were homogeneous.

The larval herring were initially preserved in 10%
formalin and subsequently measured in the laboratory
as standard length (SL) from the tip of the snout to the
end of the caudal peduncle.

Tychoplankters

Estimates were made of the numbers of various
tychoplankters captured in the buoyed and anchored
nets. These organisms are considered to be associated
with the bottom, but they either ascend into the water-
column at night or are swept up from the bottom by
turbulence. Jaeger et al. (1978) have reported a rea-
sonably complete list of tychoplankters captured in
buoyed and anchored nets in the Sheepscot River
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Fig. 3. Station 'ncations of buoyed and anchored nets in Sullivan
Harbor for estimating larval herring abundance.
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growth was collected in 1978 and 1980 (Townsend and
Graham, 1981; Graham and Joule, MS 1981). in 1980,
studies in Sullivan Harbor were resumed and a coastal
survey of eastern Maine was undertaken to check on
the spawning success of herring (Graham and Joule,
MS 1981).

Similarity in life-history characteristics of larval
herring from the Guif of Maine and Georges Bank
indicates that winter mortality may be an important
determinant of recruitment over a broad area. Sea-
sonal changes in larval abundance during the 1960’s in
Maine waters (Graham et al., 1972) were similar to
those in waters off Southwest Nova Scotia (Das, 1968)
and on Georges Bank {(Boyaretal., 1973). The environ-
ments of these areas are commonly infiluenced by
weather conditions during winter, and yearly changes
in oceanic conditions along the Maine coast and off-
shore in the Gulf of Maine are also related (Colton,
1968). Changes in spawning behavior occurred along
the Maine coast, and Lough et al. (MS 1980) reported
changes in spawning times on Georges Bank, namely,
a delay in the onset of spawning in the 1970’s and a
shortening of the spawning season especially after
1975. Their calculations of 1.0-1.3% larval mortality per
day on Georges Bank in 1971-73 are comparable to
those for Guif of Maine waters (0.4-1.9%). Indeed, the
similarity of winter larval mortality in a given year
throughout the Gulf of Maine in the 1960’s was perhaps
the main reason, as suggested by Anthony and Waring
(1980), for good and bad year-classes, irrespective of
the size of the spawning stocks in the region.

In addition to providing a rationale for forecasting,
the model in Fig. 15 suggests a basis for long-term
management of the coastal herring fishery of Maine. In
the early 1970’s, the coastal herring stocks were proba-
bly adversely affected by the increased fishery on adult
herring in the western Guif of Maine. Under such
stress, the coastal herring continued to be reasonably
productive, whereas similar stress on the Georges
Bank stock caused it to coitapse (Anthony and Waring,
1980). Perhaps, the recruitment mechanism primarily
responsible for the success of coastal herring under
stress was the opportunity for larvae to utilize the
inshore waters along the Maine coast as nursery
grounds. Careful management of these inshore
nursery grounds might favor a continuing fishery, even
when management of the stocks is inadequate. Such
management should give special attention to maintain-
ing and increasing the opportunity for the retention of
larvae in inshore waters. lles and Sinclair (1982) sug-
gested that the maximum size of a given stock of
autumn-spawning herring in the Northwest Atlantic is
governed by the size of the area available for retention
of its larvae. In view of the large coastal retention area
and its probable efficient utilization by the larvae, the
herring fishery of Maine has a large potential.
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