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Abstract

Characteristics of the spawning population of Atlantic herring along the Maine coast are inferred from an examination of larval
catch rates and the distribution of larval cohorts based on otolith growth increments. Comparison of larval catch rates with the har-
vests of adult herring indicated that larval production decreased precipitously in 1978 following the removal of the 1970 year-class
from the coastal spawning population and a general increase in the catch of adults. Reduced larval production persisted after 1978 and
reached a low level in 1981 which resulted in the collapse of the fishery for juveniles (age 2) in 1983. Comparison of catch rates from
larval surveys along the coast and the occurrence of larval cohorts inshore during 1980-81 with those reported for the mid-1960’s and
early 1970’s indicated little change in the location of spawning grounds and the presence of larval cohorts, but the mechanisms which
enhance larval survival and recruitment were probably not the same for the spawning grounds off eastern and central-western Maine.
It is suggested that the survival of larvae hatched in the eastern area was increased by their dispersion westward along the coast to
overwinter in the many estuaries and embayments, whereas larvae hatched in the central-western area were less widely dispersed but
their survival was increased by the shorter winter experienced by some because of late spawning. The absence of iate spawning in the
central-western area in 1981, evident from the absence of larval cohorts inshore during the winter, was probably responsible in part for
the very small catch of juvenile herring in 1983. The implications of reducing the spawning population below some critical level by

intensive harvesting of weak year-classes are discussed in relation to management problems.

introduction

The herring fishery has been a major industry of
Maine for about 100 years. The harvest of juvenile
herring (ages 1-3) in the Guif of Maine began in the late
1800’s, and that of adults (age 4 and older) was a more
recent development. Annual catches of juveniles var-
ied from 34,400 to 90,600 (metric) tons during the
1950’s but declined to a low of 6,500 tons by 1971.
During 1974-82, the annual harvest fluctuated between
12,700 and 37,400 tons. Anthony and Waring (1980)
reported that the fishery for adult herring in the Gulf of
Maine began with a catch of 7,000 tons in 1967 and
developed rapidly to yieid an average of 38,500 tons
annually during 1969-72, as the accumulated stock of
old fish was harvested. Catches then declined rapidly,
averaging 18,700 tons during 1972-77. During
1978-82, catches of adults have averaged 25,100 tons
(Fogarty and Clark, MS 1983). The primary site of the
fishery for adult herring, which occurs in summer and
autumn, is in the vicinity of Jeffreys Ledge off western
Maine (Fig. 1). However, the increase in the average
harvest since 1978 was primarily from increased
catches along the Maine coast.

Herring spawn during late summer and autumn in
coastal waters near the headlands along the Maine
coast. Hatching of larvae occurs in three majorareas or
spawing grounds: (a) off Machias Bay in eastern
Maine, (b) off Boothbay in central Maine, and (c) off
Saco Bay in western Maine (Fig. 1). After hatching off
eastern Maine, the larvae are transported westward
along the coast, entering the many estuaries and
embayments at least as far as the Boothbay area (Gra-
ham, 1982). Those hatched off central and western
Maine are transported shoreward into the estuaries
and embayments generally adjacent to the hatching
areas. In this paper, some characteristics of herring
spawning off eastern and central Maine are inferred
from an examination of larval catch rates and the distri-
bution of larval cohorts based on a study of otolith
growth increments.

Materials and Methods

Collections of larval herring have been made along
the Maine coast from tidal flows in estuaries with
buoyed and anchored nets since the early 1960’s to
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Fig. 1. Station positions for larval herring surveys along the Maine
coast in 1980-81 and locations of various places mentioned in
the text.

anticipate recruitment to the fishery for juveniles and,
in recent years, to evaluate the status of the spawning
populations. Larval surveys of coastal waters with
towed nets have also been made to obtain information
on the distribution of spawning herring from the occur-
rence of newly-hatched larvae (Graham, 1982).

The abundances of larval herring in two inshore
areas were estimated from the catches of buoyed and
anchored nets in the Sheepscot estuary of central
Maine and the Sullivan Harbor embayment of eastern
Maine (Fig. 2). The sampling designs and operation of
the nets in both areas have been described previously
(Graham and Joule, MS 1981; Graham, 1982). Therela-
tive abundance of larval herring from an overnight set
of the nets was expressed as the number caught per
100 m3 of water strained. To compare peak catch rates
in autumn over a number of years, the data were partiti-
oned according to the sampling design of Graham
(1972) and subjected to a Kruskal-Wallis test (Zar,
1974) followed by Dunn’s (1964) multiple comparison
test.

The relative distributions of larval herring along
the Maine coast in 1980 and 1981 were estimated from
data collected during surveys with towed nets. The
resuits of these surveys were compared with those of
1972, which were reported previously by Graham
(1982). At each station in 1972, a single continuous
oblique tow from near-bottom depth or 100 m was
made with a metered 61-cm Bongo sampler containing
0.505 mm mesh nets and the catch rate (No./m?) was
calculated as the number of larvae under a square
meter of sea surface. The recent surveys were con-
ducted with the same gear at the same towing velocity
(2 m/sec.), but two oblique tows were made at each
station to maximum depths of 20 m in 1980 and 40 min
1981. Because these tows were not made from bottom
to surface, catch rates were calculated as the number
of larvae caught per 100 m? of water strained. Thus, the
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Fig. 2.  Station positions of buoyed and anchored nets in the Sheeps-
cot estuary and in Sullivan Harbor.

comparisons are limited to the relative distributions of
larvae. However, recent data expressed as No./m?2
(Graham et al., MS 1983) support the comparisons.

During autumn and winter of 1980/81 and 1981/82,
samples of organisms from the buoyed and anchored
nets were stored in ice and brought to the laboratory
where the larval herring were sorted. Usually 10 larvae
were removed from each sample and frozen for subse-
quent examination, but larger numbers were taken
from some samples when the overall catch was smallin
order to offset the paucity of larvae in other samples
from a given set of nets. During a coastal survey in
1981, larval herring were sorted from the samples
aboard ship and then frozen.

Procedures for processing the otoliths of larval
herring and counting their microstructural growth
increments were those reported by Townsend and
Graham (1981). Two counts were made on an otolith
from each larva, and these were averaged when the
difference between them did not exceed 5% of the
largest count: otherwise, the counts were rejected.
Usually, the difference did not exceed three incre-
ments. Frequency distributions of the estimated date
on which the first increment was formed in each otolith
were smoothed by a running-average of three. The
date of such an initial increment was back-calculated
by assuming that an increment was formed each day
after yolk-sac absorption. Published experimental
results both agreed (Gjoseter, MS 1981; Gjoseter and
Diested, MS 1981) and disagreed (Lough et al., 1982;
Geffen, 1982) with the assumption that growth incre-
ments are formed daily. Townsend and Graham (1981)
assumed a daily periodicity of growth increments in
otoliths of larvae from the Sheepscot estuary, with
evidence of relatively fast growth in the autumn and
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slow growth after late January or early February. Gra-
ham et al. (1972), using modal lengths, found that the
period of slow growth was the same for two cohorts of
larval herring examined by them. During the present
study, the growth rate of a cohort during the period of
fast growth (19 October-4 December) was calculated
from modal lengths of larvae sampled independently of
those used for otolith analysis. After transforming the
modal lengths from standard to total lengths, the
growth rate derived from the progression of modal
lengths (2.5 mm/wk) was identical to that derived from
aged larvae for about the same period. Although there
may be within-season differences in the addition of
increments, such differences were assumed to be con-
stant. Thus, the range in dates of first increment forma-
tion is an approximation, but it fits well with other
information on larval herring from Maine coastal
waters (Graham et al., 1972; Graham, 1282). in this
paper, a cohort is considered to be a group of larvae
whose initial increments are distributed over a brief
period (weeks) within the smoothed distributions.

Results

Inshore catch rates

Peaks in larval abundance are evident in inshore
waters after the herring eggs begin hatching in late
August and early September along the Maine coast.
Available data from peristent sampling in the Sheeps-
cot estuary during autumn in 1964, 1966-69 and
1973-81 were examined to see if larval catch rates
(Table 1) reflected variations in either the size or the
reproductive efficiency of the coastal spawning popu-
lations. 1t is evident that peaked catch rates fiuctuated
considerably (Fig. 3). A Kruskal-Wallis test indicated
that the magnitudes of the peaks differed significantly
(P<0.01). Application of Dunn’s multiple comparison
test indicated that the difference was between the high
and low values of the year-classes. However, the differ-
ence was perhaps symptomatic of four substantial

TABLE 1. Summary of peak catch rates of larval herring in the
Sheepscot estuary, 1964-81.

Year- Date of No. of No. per
class peak larvae 100 m?
1964 22 Oct 2,057 16.15
1966 21 Nov 3,056 17.30
1967 08 Nov 3,829 19.71
1968 29 Oct 4,387 55.27
1969 23 Oct 3.679 20.28
1973 08 Nov 5,068 23.11
1974 30 Oct 3,997 18.63
1975 06 Nov 9,194 32.50
1976 18 Oct 2,234 14.00
1977 20 Oct 32,645 79.38
1978 16 Nov 1,133 3.81
1979 08 Nov 3,148 9.56
1980 11 Dec 2,251 8.56
1981 19 Oct 590 2.84

changes in larval life history which occurred over the
entire span of 13 year-classes: (a) the 1966-73 year-
classes had moderately high peak catch rates in
autumn, followed by a gradual decline in winter; (b) the
1974-76 year-classes had peak catch rates in autumn,
followed by somewhat smaller peaks in winter (Fig. 4),
due to late spawning and hatching in late autumn and
early winter (Townsend and Graham, 1981; Graham,
1982); (c) the peak catch rate in 1977 exceeded all
others (Fig. 3) and late spawning was not evident; and
(d) this peak catch rate was followed by a series of low
rates in 1978-81 (Fig. 4), with considerable variation in
the time of their occurrence. In 1978 and 1979, the peak
occurred in November and the 1979 year-class exhi-
bited small increases in December and early January,
but the peak in 1980 did not occur until December. In
1881, the peak was the lowest of the time series and
occurred in October, with little evidence of later
spawning. The increase in caich rate for the 1980 year-
class in February was related to an early spring aggre-
gation of larvae rather than to late spawning (Fig. 4).
From the Dunn’'s multiple comparison test, the low
catch rates of the 1978-81 year-classes were, as a
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Fig. 3. Peak catch rates of larval herring in the Sheepscot estuary in
various years of the 1864-81 period. (The date for each peak
catch rate is set at zero and rates preceding and following
each peak are plotted in days; dates of the peaks are given in
Table 1)
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Fig. 4. Catch rates of larval herring in the Sheepscot estuary during
autumn and winter of years when late (November) spawning
occurred, 1974-76 and 1978-81. (Dashed iines indicate years
of low larval production.)

group, not statistically compatible with the other
groups (P<0.05), indicating a severe and sustained
decline in larval production.

Although only 4 years of data are available for
Sullivan Harbor in eastern Maine, the autumn catch
rates in 1973 and 1974 exhibited declines similar to
those for larvae in the Sheepscot estuary (Fig. 5). Sam-
pling did not begin as early in 1973-74 as it did in
1980-81, but it was sufficient to indicate peaks in early
autumn catch rates that were large compared to those
of the latter period. In 1980, the catch rate increased
only slightly from no larvae in September to compara-
tively small peak values in late October and early
November and declined to insignificant values after
mid-November. In 1981, the catch rate fluctuated dur-
ing late September and October, with increasing ten-
dency to a peak in late November, which was similar to
the mid-November catch ratesin 1973-74, and the leve!
maintained in December 1980 was also similar to that
for the earlier period.

Coastal catch rates

The absence of larvae in Sullivan Harbor during
September 1980 prompted an October survey of coas-
tal waters of eastern Maine to determine if this area was
still utilized by herring as a spawning ground. The
resuits of this survey were compared with those from a
late September survey in the autumn of 1972 (Graham,
1982) (Fig. 6). The 1980 survey was about 5 weeks later
than the 1972 survey, but both occurred approximately
one month after hatching began in the area. The rela-
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Fig. 5. Catchratesoftarval herringin Sullivan Harbor during autumn
and winter of 1973-74 (solid lines) and 1980-81 (dashed
lines).

tively high catch rates of larvae southeast and southw-
est of Machias Bay in 1980 indicated that this area was
still an important spawning ground. Although sam-
pling techniques were different for the two surveys,
some points of agreement in relative larval distribution
and abundance were apparent: (a) recently-hatched
larvae (<10 mm) were concentrated in the vicinity of
Machias Bay; (b) larger larvae (10-15 mm), although
less abundant in 1980 than in 1972, were distributed
somewhat similarly to the recently-hatched larvae; and
(c) the largest larvae (>15 mm) were relatively abund-
ant near the entrances to embayments and off Penobs-
cot Bay. Essentially, the patterns of larval dispersal in
the area, from the results of the two surveys 8 years
apart, were quite similar. Possibly, the spawning sites
of eastern Maine have been used for many years and
their use is continuing. Surveys in the 1960's, with the
same sampling methods used in 1980, indicated that
recently-hatched larvae were widely distributed off
eastern Maine with declining abundance toward
Penobscot Bay. Yolk-sac larvae were obtained in the
area where recently-hatched larvae were concentrated
in 1980. In the autumn of 1982, Graham et al. (MS 1983)
found concentrations of recently-hatched larvae in the
same area as in 1972, and, in the autumn of 1983, eggs
and yolk-sac larvae were also obtained in eastern
Maine coastal waters (unpubl. data, Fishery Research
Laboratory, Maine).

In 1981, a survey was conducted in central-
western coastal waters during 27 October—6 November
to ascertain the degree of larval hatching in that area.
The results from this survey were compared with those
from the last survey (6-12 November) of four con-
ducted in 1972 (Graham, 1982). As for the eastern
Maine surveys (Fig. 6), the data from the two surveys
off central-western Maine 9 years apart (Fig. 7) exhi-
bited some points of agreement: (a) recently-hatched
jarvae (<10 mm) were present as traces off Casco Bay
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Fig. 6. Contoured distributions of larval herring from surveys along the eastern Maine coast in September 1972 (from
Graham, 1982) and in October 1980. (Values for 1972 represent the number of larvae under a m? of sea surface, and
those for 1980 are in numbers per 100 m® of water strained.)

and Saco Bay; (b) larger larvae (10-15 mm) were most
abundant west of Penobscot Bay; and (c) concentra-
tions of the largest larvae (>15 mm) were found off
Frenchman Bay and Penobscot Bay. However, dis-
agreement in the results of the two surveys was also
apparent, in that the larger larvae (10-15 mm) were
concentrated near Boothbay in 1872 and near Saco
Bay in 1981. This difference in area of concentration
was probably due to the timing of the surveys relative
" to inshore migration of larvae in these years rather than
to a major change in distribution, because an earlier

survey in 1972 (18-22 October) revealed concentra-
tions of 10-15 mm larvae in both areas (Graham, 1982).
The largest larvae (>15 mm) were not as abundant
west of Penobscot Bay in 1981 as they were in 1972
(Fig. 7).

Larval cohorts

Cohorts of larvae were often evident from the dis-
tribution of assumed daily growth increments which
were determined from otoliths. A sample of larvae from
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Management implications

The consistently low catch rates of larvae in
inshore waters since 1977 are a cause for concern,
because they reflect 2 substantial decline in the abun-
dance of spawning herring along the coast. Possibly,
there is a minimum viable population of herring which,
like other animals (Shaffer, 1981), exists under average
environmental conditions but is susceptibie to virtual
extinction due to environmental perturbations which
may be enhanced by fishing pressure. It would be
difficult to anticipate a collapse of the herring popula-
tion, because (a) recruitment to the fishery for juve-
niles bears little or no relation to spawning stock size,
and (b) depletion might occur progressively within
individual spawning groups rather than at the same
time along the entire coast. Recruitment in the 1970’s
was often equivalent to that in the 1960’s when the
spawning population was relatively large (Anthony
and Waring, 1980). Although the 1979 year-class
yielded a particularly large catch of juveniles (39,600
tons in 1981 (Table 2), it was produced during a period
of low autumnal abundance of larvae (Fig. 3). The
success of this year-class was probably related to high
survival of late-hatched larvae, as indicated by the
increase in larval catch rates (Fig. 4) in January (Gra-
haim, 1982). Low catch rates and the virtual absence of
cohorts in the Sheepscot estuary from late spawning in
1981 (Fig. 4, 12) preceded the collapse of the 1983
fishery for juvenile herring (at age 2). In contrast, larval
catch rates in Sullivan Harbor, aithough low in Sep-
tember 1981, were higher in November than those of
1973-74 and 1980 when no collapse occurred. The
Sheepscot estuary received its larvae from the central-
western spawning ground and those in Sullivan Harbor
were from the eastern ground. Possibly, the poor
recruitment of age 2 juveniles to the 1983 fishery was
related to poor larval production from only one of the
spawning grounds rather than from all three along the
coast. The decline and collapse of the herring fishery
on Georges Bank was documented by Anthony and
Waring (1980). They attributed the demise of this
herring population to overfishing the individual spawn-
ing concentrations, noting that overfishing proceeded
progressively from west to east across the bank. This
claim was substantiated by pointing out the coincident
severe decrease in egg deposition and the progressive
west to east decline in catch rates of larvae. Grimm
(1983) noted that the collapse of Georges Bank spawn-
ing population of herring occurred during a period of
high water temperatures over the traditional spawning
beds and postulated that the large volume of warm
water may have affected spawning and hatching suc-
cess or caused the herring to alter their migration pat-
terns. Selgeby (1982) reported that overexploitation of
spawning units caused the collapse of the lake herring
(Coregonus artedii) fishery in Lake Superior.

The major aspect of herring management in coas-
tal waters by the State of Maine is the prohibition of

fishing for adult herring during the spawning season.
Although this procedure permits those adult herring
which survive the prespawning harvest to aggregate on
the spawning grounds and deposit their eggs, it does
not control the size of the harvest. Meaningful catch
limitations are difficult to establish on a continuing
basis, and none were included in the 1983 regulations
(Anon., 1983). A State regulation of long-standing res-
tricts purse-seining in coastal waters along a large part
of eastern Maine, but its purpose is to protect the harv-
est of weirs and stop seines in inshore waters. Whether
this regulation is also helpful in conserving the herring
which spawn off eastern Maine is difficultto determine,
because herring which spawn in that region probabiy
are harvested along other parts of the coast at other
times of the year. Whether adult herring form discrete
spawning units along the coast is uncertain, although .
the continued long-term use of spawning grounds and
the persistence of similar numbers of cohorts of larvae
inshore each year might indicate their existence. How-
ever, some adult herring migrate extensively along the
coast (Creaser et al., 1984). The probabiiity of consid-
erable intermixture of herring from widely separated
areas of the Gulf of Maine was reviewed by Sinder-
mann (MS 1979).

The intermixture of herring from various parts of
the coast poses management problems. Failure of the
fishery for juveniles along the entire coast in a given
year may be due to poor larval production from a
spawning ground in one sector of the coast. Forexam-
ple, the low catch of 2-year-old herring in 1983 was
perhaps related to poor larval production in central-
western Maine. Under such generally low larval pro-
duction that has prevailed after 1977, low levels of
spawning on different grounds may be responsible for
low harvests in different years. If individual spawning
units exist, their mixture in the catches along the coast
would permit the demise of a weak unit without the
knowledge of fishery managers. Also recruitment faif-
ure to the harvest of juveniles in central-western Maine
may be especially difficult to anticipate. Production of
larvae in eastern Maine may be sufficient to mask such
failure, because larvae which are transported west-
ward from the eastern spawning ground metamor-
phose into juveniles in the central-western area. it is
important, therefore, to understand the interrelations
of herring which spawn on different grounds aiong the
coast.
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