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Abstract

Time of hatching, abundance of recently-hatched larvae and their relative contribution from the Georges Bank and Nantucket
Shoals spawning grounds, as well as mortality during the autumn-winter period are estimated for eight spawning seasons on the basis
of data from the ICNAF Larval Herring Surveys which were conducted during 1971-78. indices show that the highest initial larval
production occurred in 1973 and 1974 as a result of the large 1970 year-class and that there was a decline in production of about two
orders of magnitude by 1976 and thereafter. The collapse of the fishery on Georges Bank in 1976 coincided with a delay in peak
spawning from mid- to late-October, a contraction of the spawning season, and a shift of the remaining spawning population to
northwestern Georges Bank and Nantucket Shoals. Furthermore, the mean seasonal mortality rate of 5% per day, estimated over the
first 6 months of life, varied significantly (3-7%/day) after the 1975 season. The initial tarval production estimates are compared with
abundance indices (age 3+ herring) from spring bottom-trawl surveys, and sources of bias are evaluated.

Introduction

Surveys of Atlantic herring (Clupea harengus) lar-
vae have been conducted in the Georges Bank-Gulf of
Maine region since the 1950’s to provide information
on seasonality of spawning, location of spawning
grounds, and relative size and possible intermixing of
the populations (Tibbo et al., 1958; Tibbo and Legaré,
1960; Colton et al.,, 1961; Marak and Colton, 1961,
Marak et al., 1962a, 1962b). Spawning occurs predomi-
nantly in autumn on the shoal areas of southwestern
Scotian Shelf (Das, 1968, 1972), western Gulf of Maine
and Georges Bank (Graham et al.,, 1972; Graham,
1982). Boyar et al. (1973) summarized the seascnal
distribution of larval herring in the Georges Bank-Gulf
of Maine region from 1962 to 1970 and concluded that
larvae which originated from these three spawning
areas are retained in the vicinity of the spawning sites
and, for the most part, do not appear to intermix.

With the development of the herring fishery on
Georges Bank by distant-water fleets in the 1960’s, the
herring catch increased rapidly until 1968 and declined
thereafter to virtually zero in 1977, notwithstanding the
abundant 1970 year-class (Anthony and Waring, 1980).
After 1972, the herring fishery on Georges Bank was
heavily dependent on the 1970 year-ciass which
accounted for approximately 80% of the total herring
population on the bank during 1974-77.

Fluctuations in recruitment of herring stocks are
believed to be caused chiefly by differential mortality

* MARMAP Contribution MED/NEFC 82-08.

during the first year of life, because there is no clear
relationship between recruitment and spawning stock
over a wide range of spawning stock size, and because
the size of a year-class appears to be fixed within rela-
tively narrow limits by the time herring reach the juve-
nile stage (Anthony and Waring, 1980). Interest in
conservation of Georges Bank herring, and general
belief in the hypothesis that success of a year-class is
controlled by factors which operate during the larval
period, led the International Commission for the
Northwest Atlantic Fisheries (ICNAF) to develop a
major cooperative research program on the early life
history of herring stocks in the Georges Bank-Guif of
Maine region (ICNAF,1971). The larval herring surveys
which began in the autumn of 1971 were designed to
measure major annual variations in larval production,
dispersal, mortality and growth during the first 6
months of life, with the long-term objective of identify-
ing the mechanisms which control larval survival or, at
least, the environmental conditions which are asso-
ciated with large and small year-classes. An intensive
time series of data was collected during surveys of the
Georges Bank-Nantucket Shoals area during eight
successive autumn-winter periods.

In this paper, abundance and mortality estimates
of herring larvae are presented in relation to potential
egg production of the spawning stock in the Georges
Bank-Nantucket Shoals area for the 1971-78 spawning
seasons. This study was conducted as part of the
Marine Resources Monitoring, Assessment and Pre-
diction (MARMAP) program of the Northeast Fisheries
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Center, which measures longterm changes in fish
stock abundance off the northeastern United States
(Sherman, 1980). The results of the study are based
primarily on the 0.333-mm mesh bongo-net piankton
samples which were sorted at the Polish Plankton Sort-
ing Center, Szczecin, Poland (Sherman and Ejsymont,
MS 1976). Preliminary analyses have been made of
data from the 0.505-mm mesh plankton samples, which
were sorted by researchers of each participating coun-
try, and these analyses have been reported previously
(L'Herrou and Briand, MS 1972; ICNAF, MS 1972;
Schnack and Stobo, MS 1973; Au,MS 1974, Minetetal.,
MS 1974; Schnack, MS 1974, MS 1975; Balkovoy et al.,
MS 1975; Grimm et al., MS 1975; Paulmier and Briand,
MS 1975; Lough, MS 1976a, 1976b; Colton and Byron,
MS 1976; Noskov et al., MS 1977; Joakimsson, MS

1978; Lough and Boiz, MS 1979; Lough et al., 1981;
Grimm, 1983). The results of additional survey cover-
age were reported by Stobo and lles (MS 1973) for the
Bay of Fundy and by Graham et al. (MS 1973) for the
western Gulf of Maine.

Materials and Methods

Field sampling

A total of 39 larval herring surveys were conducted
at various times during 1971-79 by research vessels
from Federal Republic of Germany, France, Poland,
USSR and USA (Table 1). When the cooperative larval
herring surveys were initiated in 1971, the approach

TABLE 1. Summary of 39 larval herring surveys of the Georges Bank-Nantucket Shoals area during

the 1971-78 spawning seasons.

Area Percent
surveyed area with Sampiles used®
Season Vessel Survey dates (km?) larvae 0.333 0.505
1971 Cryos 09-24 Sep 78,880 17.7 X
Delaware I 21 Sep-04 Oct 82,360 26.8 X
Viandra 09-25 Oct 77,140 60.2 X
W. Herwig 28 Oct-12 Nov 81,200 471 X
Albatross IV 02-17 Dec 83,520 55.6 X
1972 Argus 22-30 Sep 52,200 17.8
Wieczno 02-28 Oct 92,800 46.3 X
Argus 12-28 Oct 87.000 58.7 X
Anton Dohrn 31 Oct-12 Nov 90,480 66.7 X
Albatross IV 02-20 Dec 93,960 61.7 X
1973 Cryos 16-28 Sep 51,040 13.6 X
Wieczno 28 Sep-20 Oct 92,800 42.5 X
Belogorsk 15 Oct-01 Nov 93,860 70.4 X
W. Herwig 28 Oct-08 Nov 92,800 77.5 X
Albatross IV 04-20 Dec 95,120 86.6 X
Albatross IV 11-22 Feb 1974 66,120 544
1974 Wieczno 27 Sep-10 Oct 96,280 241 X
Prognoz 18-30 Oct 91,640 72.2 X
Anton Dohrn 16-23 Nov 81,200 81.4 X
Albatross IV 04-19 Dec 96,280 74.7 X
Albatross IV 12-28 Feb 1975 91,640 48.1 X
1975 Belogorsk 25 Sep-08 Oct 93,960 15.4 X
Belogorsk 17-30 Oct 95,120 60.4 X
Anton Dohrn 01-18 Nov 100,920 70.1 X
Albatross 1V 05-17 Dec 96,280 62.7 X
Albatross IV 10-25 Feb 1976 99,760 45.4 X
1976 Belogorsk 04-11 Oct 47,560 28.1 X
Wieczno 14 Oct-03 Nov 96,280 15.4 X
Anton Dohrn 15-29 Nov 96,280 205 X
Researcher 27 Nov-11 Dec 84,680 319 X
Mt. Mitchell 13-24 Feb 1977 95,120 235 X
1977 Wieczno 04-24 Oct 63,800 21.8 X
Anton Dohrn 01-18 Nov 93,960 494 X
Delaware Il 08-20 Dec 68,440 348 X
Albatross 1V 14 Feb-08 Mar 1978 96,280 16.9 X
1978 Wieczno 14 Oct-01 Nov 71,920 371 X
Anton Dohrn 26 Oct-17 Nov 83,520 9.7 X
Albatross 1V 29 Nov-12 Dec 93,960 13.6 X
Mt. Mitchell 15-24 Feb 1979 54,520 0.0 X

* Bongo sampler with 0.333 and 0.505 mm mesh nets.
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Fig. 1.

Locations of stations developed for use during the ICNAF larval herring surveys of the Gulf of Maine-
Georges Bank-Nantucket Shoals region, and the subset of numbered stations for which data were uti-
lized in this paper. (Special stations were sometimes sampled in areas of high iarval densities. Stations
1-36 represent the Nantucket Shoals area and 48-99 the Georges Bank area.)
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was to cover the entire Georges Bank-Gulf of Maine
region with a standard grid of sampling stations, which
were 15-20 miles (27-36 km) apart, at feast once a
month from September to December. However, begin-
ning in 1974, only the Georges Bank-Nantucket Shoals
area was emphasized, as indicated by the numbered
stations in Fig. 1. In 1974-79, February surveys were
conducted by USA vessels to examine overwinter
abundance and mortality.

in 1971, the standard procedure at each station, for
all vessels except Albatross 1V, was a double oblique
tow at 3.5 knots (6.5 km/hr) with a 61-cm bongo
sampler containing 0.333 and 0.505 mm mesh nets
(Posgay and Marak, 1980). The gear was deployed at
50m/min to a maximum depth of 200 m or to within5m
of the bottom in shoaler areas. Retrieval was at 20
m/min up to a depth of 40 m and was then changed to
stepwise sampling of 20 2-m steps for 1 min each. On
Albatross IV, the sampler was retrieved continuously at
10 m/min in the upper 40 m. Beginning in 1972 and
continuing to the end of the series, the tow profile was
standardized for all vessels, with a maximum depth of
tow of 100 m and continuous retrieval at 10 m/min. In
1974, when emphasis was placed on sampling the

Georges Bank-Nantucket Shoals area, small bongo
samplers (20-cm diameter) with fine-mesh nets were
added to the 61-cm bongo array, and more effort was
given to studying primary production. Thereafter, sam-
pling was expanded to inciude a finer grid of plankton
stations in areas of large spawning aggregations of
herring, more complete hydrographic coverage, and
studies of nutrients, chlorophyll and primary produc-
tion (ICNAF, 1975; Pastuszak et al., 1982; Cohenetal.,
1982). Detailed information on sampling methods and
survey data was reported by Lough and Bolz (MS
1979).

Sample processing

All available 0.333-mesh plankton samples from
the surveys were sorted at the Polish Sorting Center for
total ichthyoplankton by using standard protocols
(Sherman et al., MS 1976a, 1976b). In most cases, all
herring larvae were removed from the samples except
in a few instances where extremely high densities
required subsampling. Standard length (SL) measure-
ments of up to 100 herring larvae per sample were
taken to the nearest 0.1 mm to represent the sample
length-frequency distributions. For this study, data
from the 0.505-mm mesh samples (14 surveys) were



24 J. Northw. Atl. Fish. Sci., Vol. 6, 1885

substituted for 0.303-mm mesh samples which were
lost or had been partially presorted and for which com-
plete data were unavailable (Table 1).

Larval abundance and mortality estimation

The catch frequencies of larval herring (1-mm
length classes) from each survey were standardized to
number per m? of sea-surface area by the formula.

N = CD/V (1

where N isthe number of larvae per m? of sea-surface
by station, C is the catch of larvae, D is the depth of tow
{m), and V is the volume of water (m3) filtered by the
net.

Larval herring lengths were corrected for shrin-
kage due to net-treatment time and preservation treat-
ment by using Theilacker’'s (1980) mode! (which
predicts live northern anchovy size):

1.03In L= In X, + 0.289 exp (-0.434X; X, °%%%) (2)

where L is live size (mm), X, is standard length (mm) of
preserved specimen, and X; is time from death until
preservation (20 min). Theilacker recommended using
an additional 3% shrinkage for all body parts preserved
in formalin after net treatment.

An index of the initial abundance of larvae in
separate spawning areas of Georges Bank and Nan-
tucket Shoals was made for each season by the method
of Schnack (MS 1974). In this case, the middate of the
survey of each spawning area was estimated as pre-
cisely as possible. Under the assumption of a constant
spawning rate, the abundance of smail larvae (<12mm
SL) within the spawning area multiplied by the number
of survey days provided an index of the initial produc-
tion of larvae for the sampling period. Further adjust-
ments of the data were made for known errors and
biases to provide more accurate abundance estimates
of larvae by length classes. Commonly-used fishery
techniques were then employed to calculate average
seasonal mortality rates. In this case, the Georges
Bank—-Nantucket Shoals spawning area and season
were treated as a unit.

The mean density of larvae of each 1-mm length
class was estimated for each survey by methods des-
cribed by Pennington (1983). The technique, which is
based on the delta-distribution (Aitchison and Brown,
1957), has been found to be an efficient method for
estimating the mean density of eggs and larvae from
surveys containing some zero catches. Unbiased
estimators of the arithmetic mean and its variance for
the delta-distribution were given by Pennington
(1983). In view of the assessment problems that were
discussed by the ICES Working Group on Mackerel
Egg Surveys (ICES, MS 1984), these estimates were
considered to be appropriate for the survey design and
methodology.

In order to provide some adjustment of the data for
daytime avoidance of the net by iarge larvae, ratios of
night to day abundances were calculated for the 1-mm
length classes that were derived from the estimates of
mean density. The fitted equation

R=022L-220 (rf=0.81) (3)
where R is the night to day ratio and L is the 1-mm
length class, was used to adjust day-station catches of
15-32 mm larvae in order to make them comparable
with the night catches. For estimation of mortality
rates, 8-32 mm larvae were considered to be fully
vulnerable to capture by the net.

Estimates of seasonal abundance were made
essentially by the expanded day and area method of
Sette and Ahlstrom (1948), which assumes that the
estimates are representative of the study area and the
period of time between adjacent surveys. For each
survey within a season (September-February), the
mean density of each length class of larvae was multip-
lied by the number of days represented by the survey
and by the total area of Georges Bank-Nantucket
Shoals encompassed by the study (99,750 km?). The
seasonal abundance estimates of 1-mm length classes
of larvae were obtained by summing the survey abun-
dance estimates.

Length-specific mortality rates were estimated for
each season, under the assumption that abundance
declines exponentially with length by the equation

AL = A, exp(—ZL) (4)

where A, is abundance of larvae at length L, A. is
abundance of larvae at hatching length, L is standard
length of live larvae (mm), and Z is the instantaneous
mortality coefficient per mm of standard length. Analy-
sis of covariance techniques were used to determine
significant differences in mortality among seasons.

Mortality is best described as a function of age,
which can be derived from the abundance-length data
if a reasonable growth model is known (Houde, 1977).
Mean growth of larval herring was described by Lough
et al. (1982) for the 1976 season with the use of a
Gompertz curve. With larval lengths corrected for net-
treatment and preservation-treatment, the fitted equa-
tion is

L = 32.2 exp[-1.495 exp(-0.0258 x)] (5)

where L is standard length of live larvae (mm), and x is
age of larvae from hatching (days). The duration of
each 1-mm length class was estimated, and a produc-
tion estimate was calculated by dividing mean abun-
dance of each class (AL) by its duration in days. The
age-specific mortality rate was then estimated for each
season by the exponential regression of duration-
corrected abundance on mean age (days) of the size
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class, in the same manner previously described for the
length-specific mortality rates.

Potential egg production

Comparison of potential egg production derived
from larval data with an independent estimate from
virtual population analysis (VPA) of spawning stock
size can be instructive. In theory, if there are no large
errors in the estimates of egg production, between-
year comparison of the ratios (VPA/larvae) would
reflect the consistency and magnitude of egg and early
larval mortality. Alternatively, if there are no large
errors in the VPA-derived estimates, comparison with
the larval estimates would provide some measure of
the reliability of the data from the larval surveys, at least
for an annual index of spawning stock size and a gross
measure of mortality in the egg and early larval stages
combined.

Anthony and Waring (MS 1980) estimated egg pro-
duction on Georges Bank from VPA estimates of the
size of the herring stock on 1 October in each year and
the avaiiable data on maturity and fecundity. They esti-
mated that an average of 57% of age 3 herring were
mature during 1967-70 and that 93% of age 3 and all of
age 4 herring were mature after 1970. For the period of
this study (1971-78), they assumed a 1:1 sex ratio and
recruitment to the spawning grounds of 45% of age 3
and 78% of age 4. A variable fecundity-length relation-
ship, based on a density-dependent (inverse) relation-
ship between population abundance and fecundity,
was used as the basis for the VPA-derived egg produc-
tion estimates in this paper. Because there are no var-
iance estimates for the VPA population numbers or the
population composition, it is not possible to place con-
fidence limits about the VPA-based egg production
estimates.

The estimates of egg production from the larval
data are based on the assumption that the number of
eggs is equivalent to the initial estimate of larval abun-
dance at hatching size. This procedure ignores possi-
ble egg mortality and it may also underestimate early
larval mortality.

Results

Larval abundance and dispersal

Survey coverage of the Georges Bank-Nantucket
Shoals area, where major concentrations of larval
herring were located, was virtually complete for the
autumn seasons of 1971-72 and for the autumn-winter
seasons of 1973-78 (Table 1). Atlantic herring, which
have demersal eggs, typically spawn on gravelly or red
algal substrate at depths of 40 m or less where the
water is characterized by strong mixing processes
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(Drapeau, 1973; Cooper et al., MS 1975). Hatching of
larvae was observed on the Jeffreys Ledge egg beds to
occur 8-9 days after spawning at a temperature of
about 10°C, and the newly-hatched larvae remained
within or close to the spawning beds for 1-3 days after
hatching (Caddy and lles, 1973; Cooper et al., MS
1975). It is possible, therefore, that newly-hatched lar-
vae (<8 mm SL) were undersampled due to their con-
centration below the maximum depth of sampling orin
areas which were missed because of the spacing
between stations. In the present study, a station-by-
station comparison of smali larvae (<10 mm) in the
0.505-mm and 0.333-mm mesh samples from 13 sur-
veys did not indicate a significant difference in mean
abundance. Also, Colton et al. (1980) did not find sub-
stantial differences in size composition of larval
herring in the 0.505-mm and 0.333-mm mesh samples
from tows at 3.5 and 1.5 knots. Therefore, extrusion
through the meshes is considered not to have been
significant for 8-mm and larger larvae. The size of lar-
vae at hatching is about 7-8 mm.

The initial abundance estimates of recently-
hatched larvae (<12 mm) were plotted against the sur-
vey middates in each season to represent “spawning”
curves for the Georges Bank and Nantucket Shoals
areas (Fig. 2). For each season, the abundance indices
almost invariably show a systematic progression from
low to high to low numbers during the September-
December period which is consistent with concen-
trated spawning during a relatively short period of
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