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ABSTRACT

Study objectives included investigation of the feeding habits,
age and growth, and reproductive biology of the spiny dogfish, Squalus
acanthias, off the northeastern United States. Life history parameters
were used to determine a preliminary best yield per recruit for the
population. Over 1600 spiny dogfish were collected primarily from
the National Marine Fisheries Service (NMFS), Northeast Fisheries
Center (NEFC), Groundfish Surveys between the Gulf of Maine and Cape
Fear, North Carolina, during April 1980 and 1981. Other specimens
were obtained from the Virginia Institute of Marine Science/Sea Grant
Shark Longlining Program and from commercial trawlers in Hampton,
Virginia.

Stomach content analyses indicated that S. acanthias is an
opportunistic feeder. Changes in diet with size were determined
through cluster analysis. The older fish (>55 cm) fed mainly upon
teleosts, and the younger fish (<35 c¢m) fed mainly upon crustacea.
Mollusks were the third important food item with bivalves replacing
squid as the dogfish grew larger (>55 cm). Dogfish fed mostly at
night. Teleosts were always the most important food item.

Analysis of growth rings on dorsal fin spines yielded von Bertalanffy
growth parameters for males of K=0.1481, Lw=82.49 cm, and to=—2.67,
and for females K=0.1057, L_=100.5 cm, and t =-2.90. The weight-length
regressiaons for both sexes were separated in%o two growth stanzas.
The length and age at 507 maturity for females were80.7 cm and 12.5
years, and for males 60.1 cm and 6 years. The average number of young
for females at the modal size range (90-94 cm) was 5.8, and the litter
size ranged from one to fifteen embryos every two years. Squalus
acanthias is strongly K selected, with slow growth, late maturity,
and low fecundity.

At least 8% of the annual standing stock estimate (300,000 metric
tons) of spiny dogfish may be harvested, based upon the age at 507
maturity, the number of female young produced annually, and a low
natural mortality rate. Catches must be carefully monitored in order
to sustain the fishery.

ix



LIFE HISTORY AND MANAGEMENT OF SPINY DOGFISH,

SQUALUS ACANTHIAS, OFF THE NORTHEASTERN UNITED STATES




INTRODUCTION

The spiny dogfish, Squalus acanthias, is a coastal squaloid shark

that is circumboreal in distribution (Bigelow and Schroeder, 1953).

In the northwestern Atlantic it has been reported from the southwest
coast of Greenland to southern Florida and Cuba (Bigelow and Schroeder,
1953), but more typically its range is from Newfoundland (Templeman,
1944) to Georgia (Dahlberg and Heard, 1969). Dogfish off the north-
eastern United States undertake seasonal migrations, spending the
summer in the northern inshore extremes of the range and the winter

in the southern offshore extremes (Colvocoresses and Musick, 1980).
They inhabit waters between 10C and 15C in fall, and between 6C

and 10C in spring (National Marine Fisheries Service (NMFS), Northeast
Fisheries Center (NEFC) data, 1967-1976). Tagging studies have shown
that spiny dogfish may migrate from Newfoundland to Virginia or even
Florida (Shafer, 1970) and from Newfoundland to Iceland (Templeman,
1976). This suggests that the dogfish in the northwestern Atlantic
may constitute one population, but that migration patterns may differ
during different stages of maturity (Shafer, 1970).

As a bycatch species spiny dogfish destroy fishing nets, thereby
precluding fishing in certain areas and causing loss of time. They
have been accused of reducing valuable fish and shellfish stocks
(Atkins, 1904; Templeman, 1944; Alverson and Stansby, 1963; Jensen,

1966; Jones and Geen, 1977b). Therefore numerous attempts have been



made to reduce the large numbers of spiny dogfish in the Pacific
and Atlantic Oceans by commercial fishing.

Historically spiny dogfish have been utilized for different
purposes. They were reduced to fish meal in Skidegate Inlet, British
Columbia, as early as 1880. Four million pounds were landed for
human consumption in the northeastern Pacific in 1917 during World
War I. Prior to 1950 dogfish livers were utilized as a valuable
source of vitamin A, and almost 133 million pounds of dogfish were
caught in 1944 between California and Alaska, bringing a price of
56.6¢/1b of liver (Alverson and Stansby, 1963). This intensive
directed fishery in fishing grounds of the eastern Pacific in the
1940's resulted in a marked decrease in the population. But after
imports and the introduction of synthetic vitamin oils diminished
the demand for dogfish livers in 1949, catches declined and there was
a strong recovery of the population (Alverson and Stansby, 1963}).
The Scottish-Norwegian stock also suffered from overexploitation
(Aasen, 1961). Through tagging studies in 1960-1963 Aasen (1964)
estimated an average total instantaneous mortality rate of 0.72.
This high rate coupled with the low fecundity of the species made
it impossible for the stock to replenish itseli. Thereafter Norway
established a minimum size of 27.5 inches to protect the resource
(Holmsen, 1968).

The spiny dogfish was little exploited in the northwestern
Atlantic by the United States until 1979 when a European export
market developed. Colvocoresses and Musick (1980) estimated there
were over 115,000 metric tons of standing stock in the Chesapeake
Bight during the winter of 1968. The minimum biomass estimate for

spiny dogfish in the northwestern Atlantic in 1979 was 156,000 tons



(Resource Assessment Division, NMFS, NEFC, 1980). This 1979 estimate
is a 47% decline from the ten year 1968-1977 average of 294,000 tonms.
Only 5000 tons (3.27 of the estimated spiny dogfish biomass) were
harvested in 1979. NMFS surveys show a recent steady decline in

the abundance of dogfish which closely follows the decline in foreign
fleet landings (Fig. 1), so care must be taken in exploiting this
potentially valuable resource. The survey catch per effort index

was higher in 1973-1974 because landings do not include the younger
dogfish, whereas the index includes all dogfish.

In terms of r and K selection, this boreal elasmobranch is
extremely K selected, having a low reproductive potential, slow growth
rate, and late age of maturity. Such a species must be carefully
monitored in order to sustain a successful fishery. This study was
conducted to determine the food habits, age, growth, and fecundity
of spiny dogfish, S. acanthias, off the northeastern United States
from Cape Fear, North Carolina, to the Gulf of Maine and to consider

potential problems in managing the fishery for this species.



Figure 1: Landings, mostly foreign fleet (solid line), and NMFS
survey index (dashed line) of spiny dogfish for the
years 1965-1979 (from Resource Assessment Division,
NMJ'S, NEFC, 1980).
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METHODS AND MATERIALS

Most spiny dogfish samples were collected by otter trawl on the
1980 and 1981 NMFS, NEFC Groundfish Surveys in the southern New England
area during April. NMFS conducts its surveys through stratified
random sampling (Fig. 2), the strata being defined by 27 m, 55 m,
110 m, 185 m, and 366 m depth contours (Grosslein, 1969). The
Virginia Institute of Marine Science (VIMS) Sea Grant Shark Longlining
Program also provided samples from Virginia during November, 1980,
and May, 1981. Additional data were collected from commercial trawlers
fishing in Norfolk Canyon in December, 1979, and off North Carolina

in March, 1981.

Food Habits

Stomachs of 1414 dogfish were wrapped in cheesecloth and preserved
in 10% formalin for detailed analysis. The contents were identified
to the lowest taxon possible, and counted and weighed (blotted wet
weight) to the nearest tenth of a gram on a Mettler balance. To
avoid bias, three methods were used tc determine the relative contribution
of different food items to the total diet: (1) percent frequency of
occurrence (F), or the percentage of stomachs in which a food item
occurred:; (2) percent numerical abundance (N), or the number of
individuals of each particular food item expressed as a percentage
of the total number of food items; (3) percent weight (W), or the

weight of a particular food item expressed as a percentage of the



Figure 2:

NMFS, NEFC Groundfish Survey numbered offshore strata
with depth contours from the Gulf of Maine to Cape Fear,
North Carolina. Areas (GM=Gulf of Maine, GB=Georges Bank,
SNE=southern New England) where spiny dogfish were present
during the summer of 1981 are shaded.
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total weight of food. Subsequently the index of relative importance,
IRT (Pinkas et al., 1971), was calculated for each prey item from

these measurements by using the following formula:

IRI = (N + W) F

where: IRI index of relative importance

N = numerical percentage
W = weight percentage
F = frequency of occurrence percentage

This index has been used in other studies to evaluate the importance
of different food items found in fish stomachs (Pinkas et al., 1971;
Sedberry and Musick, 1979). 1In the present study the IRI was used
to describe the food habits of S. acanthias and to determine predator
size differences in the relative importance of food items.

Numerical classification (cluster analysis) was used to compare
the diets among dogfish grouped by 5 cm length intervals. This size
division was chosen because it was small enough to ensure that any
significant differences would be detected. Stomach contents of dogfish
were treated as collections and were subjected to normal cluster
analysis, using percent standardized weight of each different food
item (Clifford and Stephenson, 1975), because sample sizes were unequal.
In normal analysis dogfish size intervals are the entities and prey
species are the attributes by which size intervals are classified.
Resemblance among entities was expressed by the complement of the
Bray-Curtis measure (Bray and Curtis, 1957). Simple average clustering
strategy was used (Lance and Williams, 1967; Clifford and Stephenson,

1975). The Bray-Curtis similarity measure can be expressed as:



A e PR 1
Sjk =1-1
7; Gy + %)

where s,

ik is the similarity between the entities (predator size

intervals) j and k, in is the abundance of the ith attribute
(prey species) for entity j, and X4 is the abundance of the ith

attribute for entity k.

Age and Growth

Total lengths (TL) of 1685 spiny dogfish were measured from the
tip of the snout to the tip of the extended caudal fin. Dorsal
fin spines located anterior to each dorsal fin (Fig. 3A) were removed
to attempt age calculation. A regression of TL on spine base diameter
(SBD) was calculated to determine if there was a linear relationship
between them. The SBD is the altitude of the triangular cross section
at the base of the spine, measured in millimeters with vernier calipers
(Figs. 3B and 3C).

Dorsal spine markings along the surface were counted under a
low power, polarizing microscope with direct lighting (Ketchen, 1975)
to determine the age of spiny dogfish. Polarized filters were used
to eliminate glare. Both anterior and posterior spines were collected.
The anterior spine was used as a check only, since the posterior
spine is larger and easier to read. Each distinct circulus was
counted as an annulus. Double rings in which circuli were close
together, rendering them indistinct, were counted as single rings.
The white ring near the tip of the spine was counted as the birth ring
because comparison of young spines with spines from full term embryos

(yolk sac resorbed) showed that this white ring occurred at the same



Figure

Figure

Figure

Figure

3A:

3B:

3C:

3D:

Mature female Squalus acanthias with arrows pointing to
dorsal fin spines.

Side view of a dorsal fin spine from a young Squalus

acanthias, illustrating spine base diameter (SBD).

Cross section of a dorsal fin spine from a young Squalus

acanthias, illustrating spine base diameter (SBD).

Side view of a dorsal fin spine from an old Squalus

acanthias, illustrating diameter at worn point.

10
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spine diameter (ca 1.75 mm) in young dogfish as the SBD of full term
embryos. Variability in the diameter of the birth ring may be attributed
to the different sizes of pups at birth, since size of young increases
with increasing parent length (Templeman, 1944). To lessen observational
bias each spine was re-read after an intervening period of one year.
Criteria for acceptance were as follows: for circulus readings that
disagreed by one year, half were assigned the lower value and half
the higher value to avoid bias; if the reading disagreed by two years,
the mean value was taken; all other disagreements were rejected.
Ninety-nine percent of age determinations independently made by a
second reader agreed with the original age determinations in a sample
of 100 young spines; 87% agreed with original aging in a sample of
100 old spines. Circuli became more difficult to interpret from
spines from older fish because they were more closely spaced.

In other studies problems have arisen in aging damaged spines
with wori tips because circuli cannot be discerned »n them {(Kaganovskaia,
1933; Bonham et al., 1949; Holden and Meadows, 19%62). Following Fetchen
(1975) spines that were not worn at the tips (Fig. 4A) were aged to
calculate an age—-base diameter expression for estimating ages from
worn spines (Fig. 4B). 1Using this expression, corrected ages were
calculated by measuring the diameter at the worn point (Fig. 3D) and
adding the apprcpriate number of years to those already counted up to
the worn point. This made full use of all the data and eliminated the
problem of underestimating age and overestimating growth rate. Faben's
(1965) computer program was used with length at age data to compute

the von Bertalanffy growih equation:

1 =1L (1 - exp(-K(t - to))



Figure 4A: Photograph of spines from spiny dogfish of ages a) 0+ years,
b) 1+ years, c) 2+ years, d) 4+ years, and e) 5+ years.

Figure 4B: Photograph of spines from spiny dogfish of ages a) 7+ years,
b) 39+ years, c) 29+ years, and d) 20+ years.

12
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il

where: L asymptotic length

~
1

growth constant

t
[l

age at which theoretical fish length is zero

Summer Size and Distribution

A study of the summer distribution of spiny dogfish was undertaken
to test alternate hypotheses regarding the sequence of ring formation
on dorsal fin species. Data for this were obtained from NMFS, NEFC.
The spacings between circuli were checked for correlation with various

hydrographic patterns or known migratory patterns of dogfish.

Weight-Length

Weight-length regressions were calculated for 1312 dogfish weighed

in kilograms.

Reproduction

Gonadal waturity and fecundity data were collected from 490 mature
females caught between November and May. Diameter and TL measurements
were made of the eggs and embryos, respectively. The reproductive
cycle was followed over this period, although most of the data were
collected in spring. Fish were examined for the presence of large
ovarian eggs (15-45 mm diameter), candled embryos, and large embryos
(9-29 cm TL). Candled embryos are fertilized uterine eggs enclosed
in a membranous envelope, called a candle. If large ovarian eggs,
candled embryos, or large embryos were present in the female, she
was considered to be mature. Females with only large ovarian eggs
were also categorized as mature, even though they were not pregnant
yet. Length at 50% maturity for females was determined by regressing

arc sin transformed percent mature females on TL and solving the
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resulting equation for 507%. Natural logarithm transformed fecundity

was regressed on TL of the parent to determine if there was a linear
relationship between these two variables. The average number of pups
produced every two years was determined, since S. acanthias has a
gestation period of nearly two years (Templeman, 1944). This number

was also determined for 5 em TL intervals of the parent so that fecundity
could be compared to that of populations with different TL distributions.
Clasper lengths (CL) of 404 males were taken from the point where

the claspers join the body to the tip of the claspers. Ford (1921)
stated that maturity is attained in males when there is a distinct
increase in the length and size of the claspers. CL was graphed

against TL to see where the curve showed a rapid increase in CL with

TL. The CL above this rapid growth interval was the CL at maturity.

All CLs greater than or equal to this length were considered to be

from mature males. The arc sin transformed percentage of mature

males was regressed on TL, and the regression equation solved for

50%. The ages at 507% maturity for males and females were calculated
from the von Bertalanffy growth equation, using the lengths at 50%

marutity.

Fishery Potential

Holden's (1974) formula for estimating the upper limit of the
average instantaneous total mortality coefficient (Z') at which
recruitment would be maintained at a constant level was used with
estimates of fecundity and maturity parameters calculated in the

present study. His formula is:

' = x[exp(—Z'tm)] (equation 1)
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where: x = average number of female young produced each year per female
t, = ase of 507 maturity for females

National Marine Fisheries Service, Northeast Fisheries Center,
supplied spiny dogfish biomass estimates from the Gulf of Maine to
Cape Fear. Length frequencies by sex were recorded on the Groundfish
Survey in Spring, 1981, and used with average weight per 5 cm length
interval to determine the percentage of biomass that made up each
length interval for both sexes. Exploitation possibilities were

considered based upon this information.



RESULTS

Food Habits

Thirty-one percent of the stomachs examined contained food items.
The numerical percentage (N), weight percentage (W), and frequency of
occurrence percentage (F) for each prey item is shown in Table 1, along
with the IRI. Teleosts were the most important food item overall,
with Ammodytes being especially important. Cluster analysis of size
by diet resulted in six separate feeding size classes of dogfish,
21-30 em, 31-35 cm, 36-55 cm, 56-65 cm, 66-100 cm, and 101-110 cm
(Fig. 5). The length interval 70-75 cm was misclassified and reallocated
into the 66-100 cm interval because the food composition was very
similar in both groups. 1In cluster analysis groups are excluded and
misclassified sometimes when other groups have joined a similar group
at a higher level. Examination of the inter-entity similarity matrix
can uncover the presence of entities which have average resemblance
to another group (Boesch, 1977). Although the 70-75 cm interval
contained teleosts and pelecypods as did the 66-100 cm interval,
teleosts were not as common and pelecypods were more common in the
70-75 cm interval. This interval also contained some cephalopods
which were absent from the 60-100 cm interval. The major food items
in all groups are depicted in graphs showing F, N, W, and IRI for
each major food group (Figs. 6-8). Small crustaceans and squid were
the major diet of small dogfish (<30 cm). Teleosts became increasingly
important beginning at a TL of 35 cm, with squid still important up

16
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Figure 5: Dendrogram depicting diet similarity among size groups
of Squalus acanthias in spring.
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Figure 6: Percent frequency occurrence (F), percent number (N),
percent weight (W), and index of relative importance
(IRI) of higher taxonomic groups of food in the diet
of Squalus acanthias between a) 21 and 30 cm TL,
B) 31 and 35 cm TL.
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Figure 7: Percent frequency occurrence (F), percent number (N),
percent weight (W), and index of relative importance
(IR1) of higher taxonomic groups of food in the diet
of Squalus acanthias between 4) 36 and 5% cm TL,
B) 56 and 65 cm TL.
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Figure 8: Percent frequency occurrence (F), percent number (N),
percent weight (W), and index of relative importance
(IRI) of higher taxonomic groups of food in the diet
of Squalus acanthias between A) 66 and 100 cm TL,
B) 101 and 110 cm TL.
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to 65 cm. Larger dogfish (65 cm) preyed upon bivalves instead of
squid. The diet of the largest dogfish (>100 cm) consisted mainly

of teleosts. Larger crustaceans, Ovalipes and Cancer sp., were only

slightly important in the diets of dogfish between 50 cm and 65 cm.

Based on the 444 stomachs with food items, Table 2 shows the
mean number of food items per fish, the mean weight of food items
per fish, and the mean weight per food item. The mean prey weight
and the mean weight per food item increased with size of dogfish.
The mean prey number increased to a high of 4.7 at 30-35 cm TL, but
then fluctuated up and down with no consistent pattern.

A rhyncocoel, probably parasitic, was found in one stomach.
Fish eggs were found in five stomachs. Unidentified crustaceans
consisted mainly of sergestids.

More stomachs constained food between the hours 2100 and 0300
(Fig. 9). Teleosts were always the most important food item by weight
in the diet of S. acanthias (Fig. 10) because of their presence in
large fish (>35 cm). The pattern was looked at in smaller fish, but

the sample sizes were too small.

Age and Growth

Regression of TL on SBD for 975 dogfish resulted in a coefficient
of determination (r2) of 0.95. The SBD increased linearly with the
length of the fish, which means annual increments in spine diameter
maintained a constant ratio with the annual increment in TL. This
satisfied van Oosten's (1928) second criterion for using scales to
age fish successfully. His first criterion that scales remain constant
in number is also satisfied since there are only two dorsal fin spines

throughout the life of the dogfish. The third criterion is that circuli



Table 2. Number of stomachs with food (N), number of food items (X),
average number of food items (X), weight of food items (W),
average weight of food items (W), and average weight per
food item ( /X) for different length intervals of dogfish.

Length Interval (cm) N X X W(gm) W (gm) W/X
21- 30 62 101 1.6 40.7 0.7 0.4
31- 35 27 126 4.7 341.2 12.6 2.7
36— 55 100 195 2.0 726.2 7.3 3.7
56— 65 29 49 1.7 564.3 19.5 11.5
66-100 176 478 2.7 9086.5 51.6 19.0
101-110 29 79 2.7 2796.8 96.4 35.4
Total 423 1028 2.4 13555.7 32.0 13.2



Figure 9: Percentage of stomachs with prey against time of day
(3 hour intervals).
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Figure 10: Percentage of teleost, crustacea, and mollusca, by weight,
against time of day.
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are formed yearly and at the same time each year, which is assumed
in the present study.

Out of the 1685 spiny dogfish sampled, spines from 1438 (85%),
959 females and 479 males, were used in the age analysis, spines from
147 (9%) were rejected, and spines from 101 (6%) were either lost
or not taken from the fish. Spines were examined from the entire
size range of the species, including: full term embryos, juveniles,
mature males up to 90 cm in TL and 2.8 kg in weight, and mature
females up to 110 cm at 6.5 kg. TFollowing Ketchen (1975) the
expression relating base diameter to age is shown in Figure 11.
The sexes were combined, since there was no apparent difference
upon inspection between the age expressions derived from separating
the sexes in the younger fish (<10 years). Spines that were not
worn came from these younger fish. The largest spine diameter
used for the age correction was 6.65 mm, but most were under 5 mm.
The maximum number of circuli without compensating for worn tips
was 35 from a 104 cm female with a calculated age of 39 years. Ages
were calculated up to 40 years for a 98 cm female and 35 years for
an 84 cm male. Growth rates differ for the two sexes. After reading
the spines and correcting the ages of the worn spines, the estimated
ages were used to calculate the von Bertalanffy growth equation
using Faben's (1965) computer program. Estimates of the von Bertalanffy
growth parameters for females were L = 100.5, K = 0.1057, and
tO = -2.90; and for males, L = 82.49, K = 0.1481, and t0 = -2.67
(Figs. 12 and 13). The larger K in males is associated with faster
growth rate. The means, two standard deviations, and ranges of the

lengths at age are shown.



Figure 11: An age(y)-base diameter(x) expression for estimating
ages from worn spines.
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Figure 12: Von Bertalanffy growth curve for male Squalus acanthias.
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Figure 13: Von Bertalanffy growth curve for female Squalus acanthias.
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About 50% of the 36 spines collected during the summer had light
bases, whereas 897 of those collected in winter and early spring had
dark rings at the bases. This suggests that the dark (dense) rings
form during the cold period of the year. Length frequencies were
not useful in validating yearly ring formation after the first few

years of age due to overlap in length of age classes.

Summer Size and Distribution

Length frequency distributions by Groundfish Survey stratum
(Fig. 14) resulted in three major groupings of spiny dogfish in the
summer. The maximum length of dogfish in the southern New England
and Georges Bank strata during the summer was 40-50 cm. Very few
spiny dogfish were found in southern New England strata during
this time. The larger dogfish were caught in strata in the Gulf of
Maine. Because all these size groups occur in winter in abundance
off the Middle Atlantic States (Colvocoresses and Musick, 1980),
this shows that the larger dogfish undertake much longer migrations

than the smaller dogfish (<50 cm).

Weight-~Length

Regressions of weight on TL for 454 males and 858 females were
curvilinear upon inspection, so they were separated into two regressions
each at the point of inflection, 50 cm (Figs. 15 and 16). Two growth
stanzas (Ricker, 1975) were recognized by changes in weight-length

relationships, a slow one and a more rapid one.

Reproduction

During the NMFS spring surveys, depending on locality and time,

an individual trawl returned a catch including only: (1) mature females



Figure 14: Length frequency distributions during the summer of 1981
by Groundfish Survey stratum in the areas of southern New
England, Georges Bank, and Gulf of Maine.
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Figure 15: Weight(y)-length(x) regressions for male Squalus acanthias.
Triangles denote averages for each 1 cm interval.

33



uolsseibay
IHOIAMT Vv

puaba

0ol

wo ¢ yibus |pjo|
08 09 o

] ] .

é«@&\w 67 = U T6°0 = 41

¢aw\ ¥6€68°0 — 1L 8%€T0°0 = (THY)UT
HWO0GFIL

\ G0 = U 76°0 = g1

8T€G7°0 - L 6€TT0°0 = (T+HM)UT
‘WOQS> L

0¢

I
Up}
Q

G

SDIYIUDDY SNPNbg o
NOISS 303 HIONT T—=1HOIAM

Bx ‘(L + iybrom)u]




Figure 16: Weight(y)-length(x) regressions for female Squalus acanthias.
Triangles denote averages for each 1 cm interval.
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greater than 75 cm, (2) mature males greater than 60 cm with immature
females less than 80 cm, or (3) immature dogfish of both sexes.
Mature females predominated in inshore waters, while immature fish
were most abundant in offshore waters.

Five mature females caught on a longline in Norfolk Canyon off
Virginia in November, 1980, had 17 mm eggs and free embryos averaging
9 cm in TL. Later in the month large ovarian eggs of 40 mm to 48 mm
and nearly full term embryos (yolk sac almost completely resorbed)
of 23 cm to 29 cm were taken from 16 mature females caught closer
to shore at Triangle Wreck off Virginia. At the same station smaller
eggs averaging 18 mm and smaller embryos averaging 12 cm were observed
in ten mature females in the other phase of the reproductive cycle.
Three mature males were also caught here. A sample of 143 mature
females (85-110 cm TL) and one mature male (73 cm) was collected in
Hampton, Virginia, from commercial trawlers fishing in Norfolk Canyon
in December, 1979. 1In March, 1981, 14 mature females caught by
commercial trawlers off North Carolina were in two different stages
of the reproductive cycle. Some had 30 mm eggs and 16 cm embryos,
while others were in the candle stage. One had eggs measuring 54 mm
and empty uteri. Major sampling took place aboard the R/V Delaware II
during the NMFS 1980 and 1981 spring Groundfish Surveys in April,
with 1204 dogfish collected in 1980 and 244 in 1981. 1In May, 1981,
five mature females (95-108 cm TL) were caught on a longline at
Smith Island Shoals off Virginia. TFour of these fish were in the
candle stage with embryos averaging 3 cm in TL, still enclosed in
the envelope. The other fish had twelve 30 mm eggs and eleven 22 cm

embryos.



0f 491 mature females examined, 305 had large ovarian eggs, 187
had candled embryos, and 252 had large embryos. The regressions of
fecundity on TL are displayed with natural logarithmic transformations
(Figs. 17-19). Fecundity increased with TL, except in two 109 cm
fish which showed a decline in fecundity in the egg and candle stages.
These two instances may be due to senescence.

Based on a sample of 252 mature females with large embryos,
the average number of young per mature female per two year period
was 6.56, half of which were females. The average number of eggs,
candled embryos, and large embryos per 5 cm length interval of parent
is shown in Tables 3-5. The litter size ranged from two to fifteen
embryos, although one female had 18 large ovarian eggs. The size
at birth as calculated from the von Bertalanffy growth equation was
26.9 cm for males and 26.6 cm for females, showing no significant
difference between the sexes. The length at 50% maturity for females

(Fig. 20A) was 79.9 cm from the regression:

arc sin (% mature) = 8.15 TL - 621.21, r2 = 0.82

This corresponds to an age of 12 years. The CL above the region of
rapid growth on the CL-TL curve was 50 mm. The regression of percent

mature males on TL (Fig. 20B) was:

arc sin (% mature) = 11.90 TL - 677.89, r2 = (.82

The length and age at 50% maturity for males were 59.5 cm and 6 years,
respectively. The largest immature female was 85 cm, and the smallest

mature female was 76 cm. For males the range was 58 cm to 62 cm.
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Figure 17: Regression of fecundity on TL of Squalus acanthias
expressed in number of large ovarian eggs. Triangles
denote averages for each 1 cm interval.
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Figure 18: Regression of fecundity on TL of Squalus acanthias
expressed in number of candled embryos. Triangles
denote averages for each 1 em interval.
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Figure 19: Regression of fecundity on TL of Squalus acanthias

expressed in number of large embryos. Triangles
denote averages for each 1 cm interval.
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Figure 20: Arc sin (percent maturity) plotted against total length
for A) female and B) male Squalus acanthias.
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In three cases mature females in the candle stage also had
extremely large, whitish eggs still in the ovaries. One fish with
seven candled embryos (4 in left uterus, 3 in right uterus) had an
80 mm egg in the right ovary. Another with four candled embryos
in one uterus had two 20 mm eggs in the right ovary. The third had
four candled embryos (2 left, 2 right) in the uteri and five 70 mm
eggs (2 left, 3 right) in the ovaries. Aborted embryos were noted
in five females.

Twin embryos were found attached to the same yolk sac in a
95 cm fish. The length of each of the male twins was 16 cm, and
that of the third embryo found in the same uterus was 18 cm (Figs.

21A and 21B).

Fishery Potential

Estimates of certain parameters are needed in order to determine
the preliminary best yield per recruit (Holden, 1968) for S. acanthias
off the northeastern United States. The average annual standing
stock of spiny dogfish biomass estimated from the Gulf of Maine to
Cape Fear is 300,000 metric tons (Waring, pers. comm.). The average
number of females produced each year (x) by mature females at the
modal size range (90-94 cm) was 1.45 (Table 5). The age at 50%
maturity for females was 12 years. After solving Holden's (1974)
equation (see 'Methods and Materials'", equation 1) iteratively with
these estimates, Z' for the spiny dogfish population off the north-
eastern United States was 0.18. Assuming a low natural mortality
(M) of 0.1, as Holden (1968) did for the Scottish-Norwegian stock from

tagging studies, an instantaneous fishing mortality (F) of 0.08 was



Figure 21: A) Dorsal view of embryonic spiny dogfish twins.
B) Ventral view of embryonic spiny dogfish twins.
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left, since Z' = F + M. The annual fishing mortality (E) was also
0.08 since E = 1 - exp(-F).

Because the largest immature female was 85 cm (Fig. 20), it
is important to know what proportion of the spiny dogfish biomass
is greater than or equal to this length. This size will ensure
that all exploited females will be mature. Length frequencies of
dogfish caught in April, 1980, on the NMFS Groundfish Survey show
that about 25% of the dogfish were larger than 84 cm (Table 6).
From the weight-length regressions (Figs. 15 and 16), 62.5% of the
biomass was above 84 cm in TL, with less than 0.77% being males.

An estimated biomass of spiny dogfish above 84 cm off the northeastern
United States in 1980 was ca 187,500 metric tons (i.e., 62.5% of

300,000 metric tons).



Table 6.

Number, weight, and percentage of total weight of dogfish
at 5 em length intervals (from NMFS spring 1980 survey).

Length Number Weight 7 of total Number of Weight 7% of total
(cm) of males (kg) weight females (kg) weight
20- 24 6 ca 0 ca 0 52 ca O ca 0
25- 29 136 8 0.13 108 6 0.10
30~ 34 249 30 0.48 219 26 0.42
35- 39 195 35 0.56 253 48 0.77
40- 44 85 21 0.34 98 25 0.40
45—~ 49 22 7 0.11 35 12 0.19
50- 54 12 5 0.08 17 7 0.11
55~ 59 17 10 0.16 34 22 0.35
60— 64 36 30 0.48 26 24 0.38
65- 69 68 72 1.15 26 31 0.50
70- 74 369 483 7.74 26 40 0.64
75- 79 552 883 14.15 30 59 0.94
80- 84 178 342 5.48 47 114 1.83
85- 89 19 43 0.69 154 457 7.32
90- 94 420 1512 24,22
95- 99 339 1464 23.45

100-104 78 402 6. 44

105-109 4 24 0.38
Total 1944 1969 1966 4273



DISCUSSION

Food Habits

Several researchers (Ford, 1921; Templeman, 1944; Bonham, 1954;
Holden, 1966; Jones and Geen, 1977b) have found that S. acanthias
is an opportunistic feeder, feeding mainly on fishes, crustaceans,
mollusks, and coelenterates. Food habits in the present study were
similar to those found in other studies, except no coelenterates
were found in this study. Herring has been an important food item
in some studies (Templeman, 1944; Bonham, 1954; Jones and Geen, 1972),
but only when the stocks are abundant. Invertebrates have been found
to be more important in summer (Jones and Geen, 1977b). Dogfish are
indiscriminate feeders and do not seem to follow migrations of herring
(Clupea) or other commercial fishes in the North Sea (Holden, 1966).
Sandeels, or sand lances (Ammodytes) were the most important food
item in Holden's (1966) study and in the present study. Holden
(1966) suggested that sandeels and herring were abundant in stomachs
because of slow digestion rate of foods with high caloric value, and
because they were more easily recognized than other "white'" fish.
Scombrids were present in 4% of the stomachs examined (Table 1);
they were also abundant in trawl catches during the NMFS spring
surveys supporting the hypothesis that dogfish feed upon whatever
prey is available.

The onset of maturity may explain changes in feeding behavior of
S. acanthias. Ross (1978) found that mean prey number decreased and
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mean prey weight increased with body size in searobins (Triglidae).
A similar trend is shown in Table 2 for spiny dogfish. Weight-length
regressions (Figs. 15 and 16) suggest that larger fish (>55 cm) gain
weight much more rapidly than smaller fish. An increase in the
proportion of food energy available for growth may be reflected by
these two growth stanzas. Because onset of maturity and reproduction
probably results in an increase in energy demands and a decrease in
available foraging time (Ross, 1978), larger prey items should be
more energy efficient. Small (<35 cm) S. acanthias seem to feed as
number maximizers while larger (>55 cm) ones seem to feed as energy
maximizers (Table 2), as described by Griffiths (1975) for yellow
perch. The switch from pelagic squid to benthic bivalves (Figs. 6-8)
in the diet of S. acanthias occurs at about the length at which
maturity is reached for males and before the length at maturity
for females. This change in diet may be partially due to energy
conservation in mature fish. It also suggests that mature dogfish
may be more demersal than young dogfish. Mature S. acanthias may
become more capable of foraging on benthic prey as they grow older.
The high proportion of empty stomachs in dogfish may reflect
long intervals between feeding (Holden, 1966) or regurgitation in the
trawl. The stomach contents of any one fish were in a similar state
of digestion, suggesting that dogfish feed during a relatively short
time period and then stop feeding for a period while food is digested

in the stomach.
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Age and Growth

Dorsal spine circuli have previously been used to age spiny
dogfish in other regions (Kaganovskaia, 1933; Bonham et al., 1949;
Aasen, 1961; Holden and Meadows, 1962; Ketchen, 1975; Soldat, 1982).
Templeman (1944) examined the life history of spiny dogfish caught
in Newfoundland waters but did not use direct aging techniques.

Soldat (1982) counted circuli on the cross-sections of dorsal spines
collected from dogfish caught off the northeastern United States,
but apparently counted groups of rings as single annuli (as Holden
and Meadows, 1962, had previously) because ages only went up to

20 and 26 years for males and females, respectively.

Annual formation of circuli has not been validated through
direct methods, although several indirect methods have been used.
Length frequency analysis was used by Bonham et al. (1949), Holden
and Meadows (1962), and Ketchen (1975). Hanchet (pers. comm.) used
dried eye lens weight frequencies to produce distinct modes relating
to year classes of dogfish. Monthly variation in color of the basal
band (Holden and Meadows, 1962), mercury accumulation (Ketchen, 1975),
differences in length at known stages of pregnancy (Bonham et al.,
1949; Ketchen, 1975), and tagging studies (Bonham et al., 1949;
Ketchen, 1975) are some of the other methods that have been tried.

All of these authors assumed the circuli to be annual because their
methods demonstrated good correlation. Bonham et al. (1949) observed
no growth, or negative growth, in some cases as a result of a tagging
study, but spine circuli were not counted before release of the dogfish.

Jones and Geen (1977c¢) measured variations in elemental composition

within vertebrae with an x-ray spectrometric technique and concluded
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that the results were nearly identical with dorsal spine circulus
readings. They also noted that Ketchen's (1975) technique of
compensating for missing circuli from worn spine tips produces

better results than the rejection of the worn spines from consideration.
If these spines from the larger, older dogfish were rejected, it

would lead to an underestimation of age and an overestimation of

growth.

Oxy-tetracycline (OTC) injection of spiny dogfish in British
Columbia is the latest method attempted to validate annuli (MacLellan,
pers. comm.). In one instance a dogfish was at liberty ten months
before it was recaptured. The OTC mark showed clearly near the base
of the spine, and only a little growth was observed after that mark.
One ring had been laid down during this time interval, supporting
the hypothesis of yearly ring formation. This fish was a mature
female 101.1 cm in TL, having grown 1.3 cm between tagging and
recapture.

Data from the present study support the hypothesis that circulus
formation is annual. The variation in lengths at age may be attributed
to the difficulty in dinterpreting rings along the spine and to natural
individual variation within the species. Water temperatures over the
geographic range of Atlantic S. acanthias range between 6C and 15C;
these differences may be enough to affect growth rates and spine ring
formation in different localities. Ring formation probably occurs
during the winter when there is less growth, since about 897 of the
spines taken in winter and early spring had dark rings at the bases,

whereas in the summer about 50% of the spine bases were light.
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Are there reasonable alternatives to the hypothesis of the annual
formation of one ring? The energy expenditure and the lower food
intake resulting from migration might lead to formation of more than
one ring during the year. If migration were the cause of extra
ring formation, one would expect to observe two rings for each year,
corresponding to the southward fall migration and to the northward
spring migration. Based upon length frequencies from NMFS summer
surveys, dogfish appear to remain in the southern New England area
until they reach a length of 40-50 cm (Fig. 14). Therefore single
spine rings should form yearly to correspond with the annual tem-
perature cycle while the dogfish remain in the same area, but two
rings might form each year after migration begins. The pattern of
spine ring spacing on large dogfish (>50 cm) was not noticeably
different from that on smaller fish, and there was not an increase
in the frequency of double rings. Therefore, the hypothesis of
double annual "migration" rings must be rejected.

The most parsimonious interpretation of all available evidence
points to the annual formation of one ring on the fin spine. With
this assumption Ketchen (1975) observed an age of 64 years and
calculated growth parameters of K = 0.048 and L = 125.3 cm for females
in the northeastern Pacific. He calculated an age of 95 years at
lengths of 124.3 cm for females and 99.7 cm for males from the von
Bertalanffy growth equation. Holden and Meadows (1962) observed
ages up to 21 years and calculated parameters of K = 0.11 and
L, = 101.4 cm for females in the northeastern Atlantic. For females
in the present study K = 0.106, L_ = 100.5 cm, and maximum age was

40 years. These differences may be partially due to differences in
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aging criteria, but they also suggest that spiny dogfish in the Pacific
grow much more slowly and reach a greater size than in the Atlantic.
The small growth coefficients calculated in the present study mean

S. acanthias has a slow growth rate. The maximum theoretical lengths
were large, though not as large as the observed lengths. This is due
to small sample size at the upper extreme of the size range.

Tag return data support the theory that S. acanthias is a slow
growing, late maturing species. A dogfish tagged at 74 cm was recap-
tured 11 years later and had only grown 13 cm (Templeman, 1976).

It was still immature, making an age at 50% maturity of 12.5 years
very feasible. Both the small K and large L are typical of elasmobranchs

and other K selected species.

Reproduction

Schooling by size up to maturity and by size and sex after
maturity was observed in the present study. This is consistent
with the pattern reported by Bigelow and Schroeder (1953).

Some evidence has been given concerning the dates of egg
liberation, candled embryo liberation, and parturition. Based on
the maximum ovarian egg sizes observed in the present study, egg
liberation into the oviducts probably occurs at an average egg
diameter of 45 mm. Ford (1921) estimated an average size of 40 mm
upon liberation for northeastern Atlantic fish. The 54 mm eggs
found in the mature female in March may have been retarded in their
release into the oviducts. Embryos up to 7 cm have been observed
still in candles (Ford, 1921). Since 9 cm embryos were observed
free in the uteri, embryos probably break out of the candle at a

TL between 7 cm and 9 cm. The hypothesis of November to January
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parturition is supported by the presence of females carrying 23 cm

to 29 cm pups in November. Full term pups have been observed in
October and November at Woods Hole (Hisaw and Albert, 1947).

Templeman (1944) suggested mature females came inshore to release

their young between January and May. Since he sampled further north

in Newfoundland waters, this later date of parturition may be attributed
to the effect of lower temperature on the growth rate of the embryo.

There have been numerous studies on the reproduction of the
spiny dogfish (Ford, 1921; Hickling, 1930; Templeman, 1944; Hisaw
and Albert, 1947; Ketchen, 1972; Jones and Geen, 1977a). Litter
size has been variously reported as 3 to 25 in the northwestern
Pacific (Kaganovskaia, 1933), 2 to 17 in the northeastern Pacific
(Bonham et al., 1949), 2 to 15 in the northeastern Atlantic, (Ford,
1921), and 1 to 11 in the northwestern Atlantic (Jensen, 1966). The
maximum litter size reported in the present study was 15 (Table 5).
The lengths at 507 maturity for the females in the Pacific populations
have been found to be greater than those in the Atlantic populations.
The lengths at 507 maturity calculated in the present study were
similar to those calculated by Holden and Meadows (1964), ca 82 cm,
and Gauld (1979), 83 cm, for the Scottish-Norwegian stock.

The number of females with large ovarian eggs (305) exceeded
the number with large embryos (252) by 53. This excess resulted
since many females had not previously been pregnant, and their eggs
were thus developing for the first time. Perhaps as well a few
females had just released their pups, leaving large eggs still in

the ovary. It is also possible that some females lost their embryos
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through abortion during capture. Also, five natural abortions were
observed.

Fecundity in dogfish has been shown to increase with size of
the parent (Templeman, 1944; Holden and Meadows, 1964; Ketchen, 1972;
Gauld, 1979). Fecundity relationships suggest that about 407 of
the variability in fecundity may be attributed to size of parent
(Figs. 17-19). Some of the variability might have been due to abortion
of some embryos during capture. Table 3 shows that the number of
eggs was larger than the number of candled embryos which was in turn
larger than the number of large embryos for a particular length interval.
The difference in numbers between large eggs and candled embryos was
partially due to ovulation failure, which was noted in several instances
by the presence of extremely large, whitish, or addled eggs. Non-
ovulation has been observed by Holden and Meadows (1964) and Gauld
(1979). The number of large embryos was probably less than the
number of candled embryos because of abortion during capture.

Holden and Meadows (1964) found that the litter size may increase
as stock density decreases. However, in the Scottish-Norwegian fishery
in 1962 Holden (1968) calculated that even if fecundity were to increase
by 38%, it would not be enough to maintain constant recruitment because
Z' was so high (0.287) (Aasen, 1962). At the rate of fishing in
1973, recruitment could have been maintained only if the average
litter size increased from 5.78 to 19, which Holden (1973) believed
would not be possible due to the limiting size of the body cavity.
However, Gauld (1979) found that the body cavity of larger dogfish
was able to accommodate up to 25 full term embryos, therefore the

volume of the uteri was not considered to be limiting. He suggested
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that physiological restraints such as the rate of gas exchange between
embryos and uterus may limit the number of embryos carried. Templeman
(1944) calculated the average number of young produced per mature
female dogfish off Newfoundland to be 3.69 every two years. In the
present study it is 6.56. Fecundity for any length interval in the
present study was greater than that found in Templeman's (1944) study
by an average of 1.3. The difference may be due to sampling location,
since Templeman (1944) sampled further north, or the stock density
may have decreased since 1944, resulting in a compensatory increase

in fecundity. This mechanism can provide a higher degree of response
than density-dependent changes in growth rates (Holden, 1973).

In addition to the few cases of addled eggs and abortions, one
other abnormality was observed, that of the twin embryos. Depressant
effects of cold, or lack of oxygen, can cause the originally single
axis of polarity to be replaced by two (Huxley, 1934). Twinning is
not infrequent in fish, but offspring rarely survive (Berrill and
Karp, 1976). Embryos developing from a single blastoderm share one
yolk sac between them (Plate 2A and 2B). When the yolk is finally
resorbed, the embryos become united at their abdominal surface as
"Siamese" twins (Berrill and Karp, 1976), or "double monsters".
Gemmill (1912) stated that the degree of duplicity depends on the
distance which originally separated the two embryonic rudiments on
the margin of the blastoderm. Double monstrosity has been reported

in Squalus fernandinus (von Bonde and Marchand, 1929) and in Acanthias

vulgaris (Ford, 1930/31). Woodhead (1976) observed the same phenomenon
reported in the present study and stated that it was very rare in

elasmobranchs, but fairly common in teleosts. The twins he reported
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were also smaller than their siblings, which is to be expected when

sharing the same food supply.

Fishery Potential

A preliminary best yield per recruit (BYR) (Holden, 1968) of
spiny dogfish biomass can be calculated with the above information.
The average rate of total instantaneous mortality (Z') tolerated
in order to sustain the stock must be known, along with the instanta-
neous natural (M) and fishing (F) mortality rates. The annual fishing
mortality (E) allowed is another parameter necessary in determining
the BYR for the stock. 1In addition, an estimate of the annual standing
stock is needed.

An estimate of the tolerable Z' was arrived at earlier (0.18).
Although Z' is the average rate of total instantaneous mortality over
a lifespan and may not be strictly applicable to the exploited portion
of the stock, it may represent the best available estimate in this
instance. In unexploited populations Z' is a close approximation to
M (Holden, 1974). 1In S. acanthias M is probably very low, no more
than 0.1. 1Internal fertilization ensures that all of the eggs will
be fertilized, and ovoviviparity circumvents the planktonic larval
stage, reducing mortality in the early stages of development. At
birth the young are fairly large, and thus probably subject to low
predation pressure. Spiny dogfish shoal by size, avoiding intraspecific
predation. Holden (1968) found values of M close to 0.1 through tagging
for the Scottish-Norwegian stock of spiny dogfish. The estimates of
tolerable F (0.08) and E (0.08) are close to the real parameters if
the assumption of low M (0.1) is correct. The annual standing stock

estimate was 300,000 metric tons.



58

Therefore, from a tolerable annual fishing mortality of 0.08,
an estimate of the annual yield of female dogfish biomass is 24,000
metric tons. Because there are about 187,500 metric tons of spiny
dogfish greater than 84 cm (Table 6), setting a minimum size limit of
85 cm would leave a large margin for an exploitable biomass. Almost
90% of this biomass is female.

Squalus acanthjias demonstrates all the attributes associated

with a K strategist (Pianka, 1972; Blueweiss et al., 1978; Rex, 1979;
Adams, 1980; Parry, 1981): (1) a high age at first maturity, (2) a low
K from the von Bertalanffy growth equation, (3) a large L from the
von Bertalanffy growth equation, (4) low natural mortality, and
(5) a high maximum age. The maximum yield per recruit should occur
at a lower level of fishing mortality and at a later age at first
entry than in fisheries based on r selected species. Therefore,
S. acanthias is much more sensitive to overfishing both in terms of
fishing mortality and age at first entry. Since time is needed for
the stock to respond when the relation between stock and recruitment
is direct, as it is in dogfish, exploitation rates should be restrained
at the beginning of a fishery (Holden, 1974).

The spiny dogfish fishery is expanding, and a management plan
may soon be needed to protect the stock. Underexploitation of the
male stock will result by imposing a minimum size limit irrespective
of sex sufficient to protect the female stock. However, the existing
U. S. fishery lands primarily large (>85 cm) females. There is
virtually no current market for smaller fish, including most of the
males (Wray, pers. comm.). Expansion of the fishery and changes in

market demands in the future may necessitate more complex management



based on catch quotas by sex. At present, it appears that at least
8% of the stock can be harvested annually without damage, yielding
at least 24,000 metric tons, which is enough to support a substantial

fishery.
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