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INTRODUCTION
The Arctic is one of the last frontiers left to mankind which remain

relatively unknown. It is a region of great importance for a number of rea-

sons. First of all because it is an important factor which the determines the

weather pattern on a global scale. It is a potential source of natural re-

sources in the form of minerals and possibly food. Thirdly is geographic loca-

tion

makes it an important geopolitical factor. For these reasons it behooves

man to gain as much information as possible about this particualr environment.

Prior to the present contract, this investigator was involved in another ONR

supported project whose principal objective was to establish the taxonomic iden-

tity

of arctic marine animals that are found in the water column. The taxonomic

and general biological information garnered in that effort formed the basis for

the present work. The main objectivesof this work were as follows:

1-

Description of the time and depth distribution of some of the most important
zooplankton species. A particular effort was made to also determine the na-
ture of those factors which determine the distribution of a particular spe-
cies in the water column.

Ellucidation of the freezing resistance mechanism in an invertebrate species.
Description of the anatomical, biochemical and pnysiological adaptations of
the visual receptors of selected animal species. Particular emphasis was
given to vertical migrators and to a teleost species which reputedly is

a component of arctic icatteting laeyrs.

Adaptation of the energy storage mechanisms, particularly the storage of
lipids.
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1-Time and Depth Distribution Studies.

During the contract period the following studies were carried out. Each
study is preceded by a short description after which resulting manuscripts
are inserted into the text of the report.

The Vertical Distribution and Rerpoductive Biology of Pelogobia longicirrata

) (Annelida) in the Central Arctic Ocean. by Douglas Yingst.

In this investigation Dr. Yingst made the first time and depth distribution
analysis of a cosmopolitan worm not only in the Arctic Ocean but of any other
water mass in the world. The work describes the disrtibution of the species
in terms of time and depth over a two year period and gives information on

the life cycle and pattern of reproduction.
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Reference: Biol. Bull., 147 : 457-465. (October, 1974)

THE VERTICAL DISTRIBUTION AND REPRODUCTIVE BIOLOGY OF
PELOGOBIA LONGICIRRATA (ANNELIDA)
IN THE CENTRAL ARCTIC OCEAN

DOUGLAS YINGST

Department of Biological Sciences and Allan Hancock Foundation, University of
Southern California, Los Angeles, California 90007

Although holopelagic polychaetes are widely distributed throughout the oceans,
very little quantitative information exists on their vertical distribution and even
less is known of their reproductive biology and life histories. Most of our knowl-
edge on these subjects comes from the many expeditions and surveys of the last
one hundred years which, although of great importance in many respects, are of
limited value for analytical evaluations and comparisons. This is due to differences
in the type of collecting gear and sampling methods employed and in the depths
sampled, and the fact that most cruises covered too wide a geographic range to
intensively study any one area over an extended period of time. As a result the
information which can be obtained on any particular species from a review of such
data is necessarily incomplete and sometimes even contradictory. More recent
quantitative approaches to plankton analysis have not increased our knowledge
either, since they have generally not included pelagic polychaetes. Of the few
studies on holopelagic polychaetes in which closing nets have extensively been
used, Mileikovsky (1969 and 1962), Tebble (1960), Friedrich (1950), and Hardy
and Gunther (1935) deserve special mention. Of the polychaetes studied by them,
one of the most abundant was Pelogobia longicirrata Greeff 1879, a cosmopolitan
species which reaches a maximum length of approximately 12mm in 26 to 30 seg-
ments and has been collected from below 4000m to the surface and throughout the
world : Stgp-Bowitz, 1948 (north Atlantic) ; Friedrich, 1950 (Atlantic); Tebble,
1960 (south Atlantic); Hardy and Gunther, 1935 (South Georgia); Augener,
1929 (Weddell sea) ; Berkeley and Berkeley, 1964 (Peru); Dales, 1957 (central
Pacific) ; Tebble, 1962 (north Pacific) ; Mileikovsky, 1969 (northwest Pacific) ;
and Okuda, 1937 (Japan). For a more complete listing of the literature concerning
this species the reader should see Dales (1972).

P. longicirrata is also present in the central Arctic ocean (Uschakov, 1957 ; Knox,
1959; and Yingst, 1972) and was the most abundant holopelagic polychaete col-
lected in a two year program of systematic plankton sampling conducted from
Fletcher’s Ice Island T-3. This paper presents data from that two year study
on the reproductive biology and vertical distribution of the larvae, juveniles, and
adults of P. longicirrata and proposes a life history for this species. Fletcher’s
Ice Island T-3 served as a stable working platform which permitted long term
quantitative sampling with closing nets in a restricted oceanic region and thereby
allowed researchers to amass the type of data so difficult to obtain by more conven-
tional means in the open sea. Likewise, the direct development of the larvae of
P. longicirrata into a form clearly recognizable and comparable with the adults
(Nolte, 1938) has facilitated this study. Since P. longicirrata is an abundant
cosmopolitan species, it is hoped that this Arctic study will also be of general
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458 DOUGLAS YINGST

interest to those concerned with the distribution and natural history of holopelagic
polychaetes in other seas.

MATERIALS AND METHODS

A one meter closing net with a number 6 mesh (215 u opening) was used to
sample discrete vertical intervals from 0 to 1500 m in the central Arctic basin.
All sampling was done by oceanographic teams from the University of Southern
California and the University of Washington from Fletcher’s Ice Island T-3, while
the island drifted from 84° 24'N, 112° 30'W (March, 1970) to 84° 20'N, 86° 17'W
(December, 1971). Complete series of tows from 0 to 1500 m were taken an aver-
age of 2 or 3 times a month from March, 1970 to November, 1971 with the excep-
tion of September, October and November, 1970. During 1970 the upper 300 m
(0-300 m) was sampled in 50 m increments; successive tows of 200 m were taken
from 300 m to 900 m followed by 300 m: tows from 900 m to 1500 m. In 1971
the sampling program from 0 to 500 m was modified, such that 25 m tows were
taken from O to 400 m, and 100 m tows from 400 m to 500 m. For purposes of
this report, data in the upper 500 m from both years was pooled to give three
intervals: 0-100 m, 100-300 m, 300-500 m. Thus, a complete series of tows from
0 to 1500 m includes the following : 0~100 m, 100-300 m, 300-500 m, 500-700 m,
700-900 m, 900-1200 m, 1200-1500 m. All data presented here are from com-
plete series of tows with the exception of July/August, 1970 when there were no
tows from 1200-1500 m and December, 1970 when the results from one complete
series from 0-1500 m were extrapolated to a partial second series extending from
0 to 700 m. In this case, the same number of specimens found in each size class
and in each depth interval from 700 m to 1500 m in the complete series was added
to the data from the partial series from 0 to 700 m. The net result is the adjusted
equivalent of two complete series for December, 1970.

Each tow was fixed and preserved in 10% formalin in seawater. Later, the
USC Arctic project personnel sorted the animals to phylum and gave the annelids
to the author who identified them to species. The total number of complete speci-
mens and fragments bearing a prostomium of P. longicirrata were then counted
and separately recorded for each tow, Likewise, the number of true segments (the
entire worm excluding the prostomium and the pygidium) was determined for each
complete specimen in a given tow. On the basis of its number of true segments, each
animal was placed in one of 8 size classes. Each class contained specimens in a
three segment range, so that the first group included specimens with 1 to 3 seg-
ments, the second those with 4 to 6 segments, and the eighth those with 22 to
24 segments.

In order to compare the vertical distribution of the size classes throughout the
year, the above data for each vertical tow were grouped into the depth intervals
previously noted and pooled for a two month period. Due to the differences in
the lengths of the depth intervals comprising the series of tows from 0-1500 m, the
volume of water filtered by the net varied considerably from interval to interval.
To remove this volume bias in comparing the data in the different intervals, the
number of animals in each size class in the 100 m intervals was multiplied by 3
and those in the 200 m intervals by 1.5, so that the volume of water equalled the
amount filtered in the largest intervals of 300 m. After this correction, the num-
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ber of animals in each size class at each depth was determined as a percentage of
the total number of complete specimens in a given two month period.

The above manipulation of the volume filtered was possible because the filtering
efficiency of the net was not found to vary considerably between tows. The filter-
ing efficiency was calculated by dividing the amount of water actually filtered by
the net (as measured by a flow meter) by the maximum theoretical filtering capacity
of the net. The ratio averaged approximately 0.5.

The average density of animals from 0-1500 m was calculated by dividing the
total number of complete and incomplete specimens in a two month period by the
total volume of water filtered by the net, as calculated from the filtering efficiency
and the length of the tow.

Oocytes were counted through the body wall under a compound microscope and
measured with an ocular micrometer. If an animal had a minimum of 4 oocytes
in each of at least 3 segments, it was recorded as being ovigerous. The total
number of ovigerous animals taken in a given two month period was then figured as
a percentage of all the specimens with more than 12 segments in that time period.
Larvae are defined here for convenience as specimens with 6 or less segments,
juveniles those with 7 to 12 segments, and adults those with 13 or more segments.

REsuLTs

Vertical distribution and relative age

The vertical distribution of P. longicirrata changed seasonally as a function of
the relative age of the specimens (Fig. 1). Animals with 13 or more segments
were primarily found above 500 m where at least 60% of the total population was
collected throughout the year in any given two month period. During the sum-
mer (and early fall) the percentage of animals under 500 m increased, reaching a
maximum between July and October (Fig. 1). In contrast to those above, most
of the individuals below 500 m had less than 13 segments. In fact, those with
the fewest number of segments were found the deepest. For example, specimens
with 1 to 3 segments were primarily found below 900 m and made up most of the
population from 900 m to 1200 m (Fig. 1).

Density

The average density of animals from 0-1500 m fluctuated somewhat during the
two year sampling period, but did so without demonstrating any apparent seasonal
trends (Fig. 1). The mean density for 1970 and 1971 was 46/1000 m® and
37/1000 m?, respectively.

The following is a list of the number of complete series of tows from 0~1500 m,
the numbers of whole specimens (ws), and fragments bearing a prostomium (f)
collected in a given two month period: March/April, 1970 (ws = 158, f = 30, 13
series from 0-1500 m); May/June, 1970 (ws =71, f=21, 5 series from 0-
1500m) ; July/August, 1970 (ws = 73, f = 53, 4 series from 0-1200 m) ; Decem-
ber, 1970, (ws = 54, f = 8, 1 series from 0-1500 m, and 1 series from 0-700 m) ;
March/April, 1971 (ws = 90, f = 14, 3 series from 0-1500 m) ; May/June, 1971
(ws = 106, f = 28, 4 series from 0-1500 m) ; July/August, 1971 (ws = 38, f = 52,
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5 series from 0-1500 m) ; September/October, 1971 (ws = 47, f = 6, 4 series from
0-1500 m) ; and November, 1971 (ws = 17, f = 3, 2 series from 0-1500 m).

Occurrence of oocytes

With the hope of defining the breeding season and the development of sexual
maturity in P. longicirrata, the occurrence of oocytes throughout the sample popula-
tion was investigated. Oocytes as viewed through the body wall with a compound
microscope were opaque, either spherical or ovoid, and contained a large amount
of yolk. In general they were similar to the oocytes of this species shown by
Reibisch (1895).

Oocyte diameters ranged from 8 u to 120 p, but most were between 20 u
and 40 p. The ratio of the yolk diameter to the total oocyte diameter decreased
from 0.7 in oocytes with a diameter of 20 p to 40 px to about 0.4 in the 60 x to
120 u range. These data, however, do not suggest at what size the oocytes are
sexually mature or even what diameter constitutes a maximum size for this species.
Occasionally, the coeloms of the middle segments of specimens were densely packed
with 30 to 40 oocytes per segment. In most specimens, however, the oocyte density
was 6 to 10 per segment in each of 5 to 10 of the middle segments. Of the 104
specimens which contain a minimum of 4 oocytes in each of at least 3 segments,
82% had 15 to 20 segments. No oocytes were visible in specimens with less
than 13 segments. Thus, on this basis, the breeding population is probably com-
prised of animals wth 15 or more segments.

As to seasonal variations in numbers, the peak occurrence of oocytes in both
years was in the two month period of May/June when 30% of those with more
than 12 segments bore oocytes (Fig. 2). The rapid decline in percentages from
May/June to July/August suggests that spawning took place in early summer.

Developmental features concerned with food procurement

Specimens with more than 5 segments were found to have a mouth, anus, a
continuous digestive tract, and a muscled pharynx which was often everted.
Although these eversions were probably evoked during fixation of the specimens,
they do indicate a capacity for eversion, a necessary prerequisite for feeding. On
the other hand, the digestive tracts of animals with two or three segments were
incomplete and appeared to be restricted to the anterior half of the body. Well
preserved specimens of this size, very similar to the figure shown by Mileikovsky
(1970), had a dense opaque area in the anterior half. Such an area could indicate
the presence of yolk, which may play an important role in the survival of the
larvae below 900 m. As an adult, P. longicirrata does not develop jaws on its
proboscis which implies that it is not carnivorous.

Ficure 1. The corrected annual vertical distribution of P. longicirrata. The specimens
were placed into 8 size classes based on the number of segments. Each size class is coded by
a different type of shading. The horizontal length of the bars is proportional to the relative
number of specimens from each depth interval and in each size class in a two month period.
The solid black line near the top of the figure is equivalent to a 10% contribution. The num-
bers on the lower left side of each two month distribution represent the average density from
0 to 1500 m for the two month period.
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Figure 2. The percentage of specimens with 13 or more segments in a given two month

period possessing a minimum of 4 oocytes in each of at least 3 segments. There are no data
for the period of September-October, 1970.

Discussion

Although it appears that P. longicirrata spawns during the late spring and
early summer, it is doubtful that spawning is restricted to this period, as evidenced
by the presence of some specimens with oocytes as early as March/April and
as late as October (Fig. 2) and the occurrence of at least a few larvae for as
much as 6 months of the year (Fig. 1). Since the breeding population is chiefly
composed of animals living from 100 m to 500 m and very few ovigerous specimens
were found below 500 m, spawning probably occurs above 500 m. At present
nothing is known about fertilization or the subsequent fate of the spawners. It
is possible, however, that females could either spawn more than once or shed
the eggs or embryos over an extended period of time. According to Goodrich
(1945) the Phyllodocidae, which at that time included the genus Pelogobia, possess
a protonephromixium which generally provides a duct through which genital
products can be shed. If P. longicirrata has such nephromixia, it is unlikely that
the body wall would have to be ruptured and the female sacrificed to release the
ova or embryos. However they are released, these ova or embryos evidently
descend from the surface because most larvae are first found between 900 m and
1200 m. Tt is doubtful that the larvae feed at these depths; instead, they probably
live on stored yolk retained from the egg. As they mature and slowly develop
the morphology necessary for feeding, the juveniles move up in the water column.
This upward movement occurs during and just after the yearly phytoplankton bloom
in July and early August (English, 1961).

Although it was not appreciated at the time, the occurrence of the larvae below
the adults may have been indirectly confirmed for P. longicirrata by two former
studies. In the first, no larvae or juveniles were found during the summer in the
upper 500 m of the Norwegian and Barents sea, although adults were numerous
in this range (Mileikovsky, 1962). To explain this absence of larvae, Mileikovsky
proposed that the adults reproduce at greater depths, implying that the adults and
larvae should be found together at depths below 500 m. To test this hypothesis,
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two series of vertical tows were taken during August of one year in the Kurile-
Kamchatka trench (Mileikovsky, 1969). Here adults were most numerous from
200 m to 1000 m and larvae from 300 m to 2000 m (Mileikovsky, 1969). These
data were then interpreted as substantiating the above hypothesis that adults and
larvae are found in the same depth range below 500 m (Mileikovsky, 1969).
However, in light of the information now available from the Arctic ocean, the
sampling program in the Kurile-Kamchatka trench may not have been sufficient
to unequivocally delimit the vertical distribution of the larvae and adults. For in-
stance, only two sets of tows in one month of one year were taken. Secondly, the
lengths of the tows in the first set of samples covered too great a vertical distance.
Thirdly, the number of animals listed for each depth interval in both series is
uncorrected for differences in the lengths of the tows. Fourthly, it is not clear that
the same number of tows was taken at each depth. Thus, the data from the Kurile-
Kamchatka trench may not be inconsistent with the pattern present in the Arctic
ocean, in which the larvae are found deeper than the adults.

On the other hand, it is possible that the vertical distribution of the larvae and
juveniles relative to the adults may in part vary with the oceanic region in question
in accordance with factors not yet appreciated, for there are some observations in
the literature which are difficult to reconcile with the view put forth in this paper.
For instance, young approximately 2 mm long were found in the same sample
with mature adults in a 11 m tow taken near Hut Point, Antarctica (Ehlers, 1912).
Friedrich (1950) also notes that samples with many individuals collected on deep
tows in the Atlantic were either of just young animals or a mixture of young and
mature, whereas no samples contained only adults. From these data Friedrich
concluded that a small number of adults produce many offspring and that due to
the negligible amount of turbulence they tend to remain together in the deep sea,
and only slowly and passively disperse. Thus, although Friedrich confirms the
presence of young in deep water, he apparently would disagree with the idea that
the adults spawn in shallower water than that subsequently occupied by the larvae.
In this case, however, any apparent contradiction cannot be resolved, because we
do not know the exact size of the immature specimens and too few such samples were
found by Friedrich to be certain that he presents a general case. On the other
hand and in apparent support of deep living ovigerous individuals, three females
with ova were collected between 750 m and 1250 m in the north Atlantic at two
separate stations (Stgp-Bowitz, 1948). However, only 5 specimens of this species
in total were collected on the entire cruise and none of these were reported as
immature. Another somewhat ambiguous picture of the vertical distribution of
the adults versus the juveniles emerges from the work of Hardy and Gunther
(1935) from South Georgia, Antarctica. From November to May the vertical
distribution of the adults of P. longicirrata from 50 m to 1000 m tended 1o overlap
the vertical distribution of the juveniles of all species of polychaetes collected.
Although most of the juveniles were thought by the authors to be P. longicirrata,
the fact that all species were lumped together in their data and that we again do
not know the relative sizes of the juveniles precludes a critical evaluation of their
results.

Finally, Tebble (1960) has found independent support for the contention made
here that P. longicirrata is capable of seasonal changes in its vertical position.
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Examining data collected by a vertical closing net on a transect following the
Greenwich meridian from 70° S to 35° S, he determined that during the summer
and early fall from November to April P. longicirrata was most abundant in the
upper 100 m, but that during the winter it migrated into deeper water where
it was fairly abundant throughout the year. Tebble speculates that its presence in
the surface waters may be for purposes of breeding and feeding, although he pre-
sents no data to support these possibilities.

It is, of course, tempting to directly compare and discuss the vertical distribution
of the adults of P. longicirrata with that found by others such as Tebble (1960),
Gunther and Hardy (1935), and Mileikovsky (1962 and 1969) in different parts
of the world. That temptation, however, is resisted for many of the reasons
stated earlier in this paper. More productive comparisons can hopefully be made
when the results on other groups of planktonic organisms collected in the same
program from Fletcher’s Ice Island T-3 become available.

In conclusion, the occurrence of the larvae below the adults is an interesting
and even a bit unusual, because as Marshall (1954) notes, the larvae of most species
are either found above or in the same range as the adults. With P. longicirrata
one can presently only speculate on an explanation for this phenomenon. One
possibility, however, is that living deeper may reduce predator pressure when the
larvae are too young to feed and thus unable to exploit the surface waters.

I especially thank Drs. Kristian Fauchald and Hector R. Fernandez for their
helpful suggestions and for reviewing the manuscript, Robert Smith for his computer
programing, and Josephine Yingst for her help in counting oocytes and segments
in many specimens. Special appreciation is also extended to Dr. Paul Schroeder
who reviewed the manuscript and made important suggestions on gametogenesis in
polychaetes. I also thank Dr. Thomas English of the University of Washington
for providing some of the samples on which this study is based. This work was
supported by ONR contract N 00014-67-A-0269-0013 to Dr. Hector R. Fernandez.

SUMMARY

During a two year period the vertical distribution of Pelogobia longicirrata
(Polychaeta, Annelida) in the central Arctic ocean changed seasonally in conjunc-
tion with the relative age of the organisms. Adults with thirteen or more segments
were primarily found throughout the year from 100-500 m. The peak occurrence
of oocytes in the two month period of May/June was followed by a rapid decline
in July/August, suggesting a spawning season in early summer or late spring.
Larvae subsequently appeared below 500 m where specimens with one to three
segments accounted for most of the animals collected between 900 m and 1200 m.
Specimens with six or more segments were the youngest observed to have a mouth,
anus, a continuous digestive tract, and a muscled pharynx, indicating that larvae
smaller than these are probably incapable of feeding. They may instead live off
of stored yolk retained from the egg. Tt is suggested that as the larvae mature they
move up the water column and eventually join the adult population. The number
of animals collected throughout the two years varied somewhat without demonstrat-
ing any apparent seasonal trends. The mean density from 0-1500 m was 46/1000
m®* in 1970 and 37/1000 m® in 1971,




PELOGOBIA, DISTRIBUTION AND BIOLOGY 465

LITERATURE CITED

Aucener, H.,, 1929. Beitrage zur Planktonbevélkerung der Weddellsee. Int. Rev. Gesamten
Hydrobiol., 22 : 273-312.

Berkerey, E., ANp C. BErkiLEY, 1964. Notes on some pelagic and some swarming Polychaeta
taken off the coast of Peru. Can. J. Zool., 42: 121-134.

Davres, R. P., 1957. Pelagic polychaetes of the Pacific ocean. Bull. Scripps Inst. Oceanogr.
Univ. Calif., 7(2) : 95-167.

Daves, R. P., anp G. Peter, 1972. A synopsis of the pelagic Polychaeta. J. Natur. Hist., 6:
55-92.

Excriss, T. S., 1961. Some biological oceanographic observations in the central north polar
sea drift station Alpha, 1957-58. Arctic Inst. N. Amer. Sci. Rep., 15: 1-79.

Eunvers, E, 1912, Polychaeta. National Antarctic Expedition Natural History, 6: 1-32.

Friepericn, H., 1950. Vorkommen und Verbreitung der Pelagischen Polychaeten im Atlan-
tischen Ozean. Kiel. Meeresforsch., 7(1) : 5-23.

GooporicH, E. S, 1945. The study of nephridia and genitial ducts since 1895. Quart. J.
Microscop. Sci., 86: 113-292,

Greerr, R., 1879. Ueber pelagische Anneliden von der Kiiste der canarischen Inselin. Z. Wiss.
Zool., 32 : 237-284.

Haroy, A. C, anp E. R. GUNTHER, 1935. The plankton of the South Georgia whaling grounds
and adjacent waters. (1926-1927). Discovery Rep., 11: 1-456.

Kxox, G. A, 1959. Pelagic and benthic polychaetes of the central Arctic basin. Geophys.
Res. Papers no 63. Scientific Studies at Fletcher's Ice Island, T-3, 1: 105-114,

Marsuar, W. B, 1954. Aspects of Deep Sea Biology. Hutchinson, London, 380 p.

Mieikovsky, S. A., 1962. Distribution of pelagic polychaetes in the Norwegian and Barents
seas. Okeanologia, 2(6) : 1060-1074 (In Russian).

MiLeikovsky, S. A, 1969. Vertical distribution, breeding and abundance of pelagic polychaetes
in the northwestern Pacific. Okeanologiia, 9(4) : 676-685 (In Russian).

MiLeikovsky, S. A, 1970. The larvae of the pelagic polychaete Pe[ggobia longicirrata irom
the plankton of the Kurile-Kamchatka trench. Akademiia Nauk SSSR Institut
Okeanologiia Trudy, 86: 249-251 (In Russian).

Norte, W., 1938. .Anneliden larven, Phyllodocidae. Nordisches Plankton, Zool., 5: 171-182.

Oxuna, S., 1937. Note on two unrecorded pelagic polychaetes from Japan. Annot. Zool. Jap.,
16: 75-77.

RemiscH, J. G. F,, 1895. Die pelagischen Phyllodociden und Typhloscoleciden der Plankton-
Expedition. Ergeb. Plankton-Exped. Humboldt-Stiftung, 2: 1-63.

Stge-Bowrrz, C., 1948. Polychaeta from the Michael Sars north Atlantic deep-sea expedition.
1910. Rep. Sci. Results “Michael Sars” N. Atlan. Deep-Sea Exped. 1910, 5(8) : 1-91.

TessLe, N., 1962. The distribution of pelagic polychaetes across the north Pacific ocean.
Bull. Br. Mus. (Natur. Hist.) Zool., 7(9) : 373-492.

TessLE, N., 1960. The distribution of pelagic polychaetes in the south Atlantic ocean. Dis-
covery Reports, 30 : 161-300.

Uscuaxoy, P. V., 1957. On the polychaete fauna of the Arctic and Antarctic. Zool. Zh.,
36: 1659-1672 (In Russian).

Yinest, D. R, 1972. Pelagic polychaetes of the central Arctic basin. Taxonomic Guides of
Arctic Zooplankton (V). USC Dept. of Biol. Sci. Tech. Rep., #1: 1-42.




Growth Cycle and Related Vertical Distribution of the Thecostomatous Ptero-

pod Spiratella (Limacina) helicina in the Central Arctic Ocean. by Dr. Hester
A. Kobayashi '
The growth cycle and vertical distribution of Spiratella helicina was investi-

gated because evidence has been presented which implicates this organism with

the sonar scattering layer found at certain times of the year in the 75-100
meters below the surface. The vertical distribution of the organism is cyclical
and appears to be influenced by the availability of suspended particulate organic
matter which accumulates near the picnocline and by the photic quality of the

water column.
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Abstract

The growth cycle and related vertical distribution
of the thecosomatous pteropod Spiratella ("Lima-
etna") helicina (Phipps) were studied. 5. helicina
has a life cycle of approximately 1.5 to 2 years
in the central Arctic Ocean (Canada Basin). It
spawns mainly during the spring to summer period,
and on a small scale during the winter. The young
double their sizes during the winter months of
October to May, slow down in growth until late
summer, and attain maximum size in early winter.
The oldest disappear by late March. Gonadal tissue
was first seen in young pteropods of 0.7 mm diam-
eter, the predominant size from February to April.
S. helieina 0.8 mm in diameter, the size predomi-
nant from May through July, are mature and herma-
phroditic. Growth during the winter months sug-
gests that particulate organic matter is available
during this period to these obligate ciliary
feeders. Vertical distribution is size and season—
dependent. The youngest specimens collected (0.2
to 0.4 mm) were found concentrated in the first

50 m. The larger sizes dispersed during the sum-
mer months, and tended to concentrate in the top
150 m during the rest of the year. They aggregated
in the top 50 m from late winter through early
spring, and fall through early winter; then con-
centrated in the 100 to 50 m level until the end
of winter. Numerous environmental factors seem

to be involved in determining the vertical distri-
bution of the species in the central Arctic Ocean.

Introduction

Spiratella ("Limacina") helicina (Phipps), a pro-
minent member of marine zooplankton in polar and
boreal waters, is the only thecosomatous pteropod
recorded in the central Arctic Ocean (Leung, 1971).
The role of S. helicina as a member of the Arctic
fauna has become of particular interest as a re-
sult of Hansen and Dunbar's (1970) report of the
species in the acoustical scattering layer asso-
ciated with the 50 m pycnocline in the central
Arctic Ocean (Canada Basin), It has been found
concentrated at depths corresponding to locations
of the scattering layers, and has been shown to
be physically capable of causing accoustical re-
verberations. Earlier studies by Brodskii and

Nikitin (1955), and Harding (1966) have estab-
lished the distribution of 5. helicina to be :
mainly within the Arctic layer of the water co-
lumn (O to 250 m). Aside from these observations,
however, very little has been known of the biol-
ogy of the species in the central Arctic Ocean.
This paper deals with the growth cycle, related
verticai distribution and environmental factors
which may be of influence in determining vertical
distributional patterns of the species.

Materials and Methods

Samples used in this study were collected from the
drifting ice stations: "Arlis 1" at the periphery
of the central Arctic Basin (749-75°N; 143°-166°W),
October, 1960-March, 1961, 29 stations; "Arlis II"
in the central Arctic (83°-86°N; 1690—174°w), Oct~-
ober, 1962-March, 1963, 16 stations; '"T-3" in

the central Arctic (84°9-83°N; 112°-85“W), March,
1970-October, 1972, 85 stations.

The "T-3" series was collected by field workers
from the University of Southern California (USC)
and the University of Washington, in vertical tows
made consistently at the following increments:

50 to O my, 100 to 50 m, 150 to 100 m, 200 to 150 m,
250 to 200 m, 300 to 250 m, 500 to 300 m, 700 to
500 m, 900 to 700 m, 1200 to 900 m. | m diameter,
closing nets of 215 pm mesh were used. Samples

from "Arlis I" and "Arlis II" were obtained by
vertical and horizontal tows with 0.5 m nets vary-
ing in mesh from 73 to 215 pm. USC field workers
did the collecting.

Shell diameters were determined by measuring
across the shell from the end of the outer whorl
with an ocular micrometer.

Vertical distribution was investigated among
samples collected from "T-3" between March, 1970
and December, 1971, the period of most intensive
sampling.

Gonadal maturation was determined from histolo-
gical slides of Spiratella helicina of different
sizes, at the period of their peak occurrence.
Slides were prepared (method of Hsiao, 1939a) from
specimens preserved in 7 to 107 buffered formalin,
decalcified in 17 acetic acid, and whole-stained
with methylene blue for ease in handling. 5 pm
thick paraffin sections were prepared and stained
with hematoxylin and eosin.
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Results and Discusetion
Growth=Cycle

Shell Diameters., Shell-diameter measurements
of Spiratella helicina are presented in Table |
as average monthly values. Two values are provided
for months during which the array of sample diam-
eters showed bimodal populations, one of large
individuals (parent generation) and the other of
smaller specimens (offspring generation). Indivi-
dual measurements were pooled to derive the sche-
matic growth cycle shown in Fig. 1.
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Fig. 1. OSpiratella helicina. Schematic growth
cycle based on pooled data from samples collected
from the drifting ice stations "Arlis 1", "Arlis
I1" and "T-3". G: parent generation of G;; G;:
parent generation; Gy: offspring generation

During the growth cycle, young individuals of
0.3 mm diameter begin to appear in August and are
prominent until November. The average diameter of
the population of young specimens increases
throughout the winter. The sizes double from 0.4
mm in October to 0.8 mm in May. External growth
ceases between May and July, and continues again
to an average maximum diameter of 2.8 mm. During
the period of final growth, however, the popula-
tion declines very noticeably in the proportion
of individuals of 2 mm and larger found. Members
of the adult population seem to disappear com-
pletely by the end of March; large individuals are
not collected until the following winter (October).

Data in Table | show that veligers of 0.3 mm
diameter appear again in March. The numbers, how-
ever, are so small that their presence is not re-
flected in Fig. 1, based upon average sizes for
each month, This appearance of young suggests that
spawning occurs during the winter months on a li-
mited scale.

Gonadal Development. The adult Spiratella is
hermaphroditic. Its gonad, or ovotestis, is a
spiral structure posterior to the digestive gland,
occupying the posterior whorl of the spiral shell.
Detailed description of the structure and organi=-
zation is available in the work of Meisenheimer

(1905) and Hsiao (1939a), who worked on &, heli-
ctna and 9. retroversa, respectively. Hsiao found
that mature ova in O, retroversa ranged from 50

to 70 pm , had dark staining granules in their cy-
toplasm, and a poorly staining nucleus. Two pro-
minent, mature accessory reproductive organs he
described were the shell gland and the seminal ve-
sicularis. The shell gland, according to the
description, is histologically characterized by
the presence of large secretory cells and tall,
ciliated columnar cells. The seminal vesicularis
is lined with cuboidal epithelial cells and is an
elongated, pear-shaped organ connected to the her-
maphroditic duct. These prominent characteristics
of the mature hermaphroditic system were used to
determine the maturity of the pteropods examined.
Table 2 summarizes the observations on S, helicina
of different sizes,

The data show that maturation of gonads does
not occur on the average until the pteropods reach
about 0.7 mm diameter, the size found predominant-
ly from February to April. Accessory organs were
difficult to identify until they reached about
0.6 mm diameter, the size predominant in May.
Histologically, the hermaphroditic system of Jpi-
ratella helicina of 0,8 mm and larger were very
similar.,

Discussion

Derivation of Growth Cycle. The size of speci-
mens taken at corresponding months from the dif-
ferent ice stations overlap within | standard de-
viation (Table 1), The periods in the growth cycle
when the smallest and largest individuals occur,
and when the largest forms disappear also overlap.
The appearance of a small number of veligers, 0.3
mm diameter, in March is also consistent.

Growth and reproduction are influenced by fluc-
tuations in a number of recognized environmental
features. Among the most important seem to be
light, temperature, and availability of food
(Kinne, 1970). Throughout the central Arctic Ocean
(Canada Basin) these features appear to be similar
during any one period of the year. Because, hy-
drographically, the central Arctic water column
is composed of 3 major water masses which vary
very slightly in depth from one location to an-
other (Coachman, 1963), temperatures experienced
by animals at corresponding depths in different
locations are very similar. Temperatures in the
most fluctuating part of the column, the top 50 m,
vary by a maximum of only 2C° throughout the year.
Winter temperatures range between -1.65° and -1.85°
C, and summer temperatures between =1.7° and 0°C.
Light penetration, energy for primary production,
is sharply controlled by the light cycle and the
occurrence of snow cover during similar periods
throughout the area. The availability of food is,
thus, similarly limited until the spring-summer
period occurring roughly from June-August (Eng-
lish, 1963, 1965).

On the basis of the shell-diameter measurements
and the consistency of environmental features, I

.
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Table 2, Spiratella helicina. Shell size and gonadal development

Size Gonadal state Accessory organs Comments Month
(mm)
0.4 No differentiation Undeveloped Primordial cells through-  September
out body, in clumps
0.5 No differentiation Undeveloped Primordial cells through- November
out body, in clumps
0.6 No differentiation Undeveloped Primordial cells through- November
out body, in clumps
0.7 Some differentia- Present, but not Differentiation through- March,
tion, but details completely out body April
indeterminate distinguishable
0.8 Mature ova, 37-46u Hermaphroditic Little histological May,
seen, male tissue organs present difference from this July
present size on
0.9 Mature ova, 43-7lu Similar to that July
seen, male tissue in 0.8 mm
present specimen
1.4 Mature ova, 43-57u Similar to that August
seen, male tissue in 0.8 mm
present specimen

have interpreted the growth cycle of Spiratella
helicina to be generally a uniform one within the
central Arctic Ocean, and have therefore combined
the data to derive the growth cycle shown in Fig.l.
The life cycle of Spiratella helicina in the
central Arctic Ocean appears to extend over 1.5
to 2 years. Supporting this estimate are the ob-
servations that the major spawning period starts
in May when the population averages 0.8 mm, that
veligers grow to 0.8 mm by May of the following
year, and that an average of 2.8 mm (maximum 3.7
mm) is reached by November, after which the large
specimens decline and disappear by March of the
following year. If larger S. helicina such as the
8 mm individuals reported by van der Spoel (1967)
in the sub-Arctic occur, then the life cycle of
the species in the central Arctic Ocean may be
longer. Our records of many years of sampling in
the region, however, do not show such large speci-
mens., Despite the obvious handicap of being unable
to make fast tows routinely from the ice stations
except when wind conditions cause fast movement
of the islands, we have been able to collect adult
specimens of such fast-swimming zooplankton as
Hymenodora glacialie (decapod), Clione limacina,
various medusae, an occasional octopus, and large
amphipods; even fish have been caught. If such
large 5. helieina occur it is reasonable to assume
that a few would have been collected over the long
period of collections, It may be that larger 5.
helicina are unable to sustain themselves on the

quality and quantity of food available to them dur-
ing the long winter, and hence die out upon reach-
ing a maximum sustainable size.

Spawning. Histological data show that Spira-
tella helicina has mature ova and fully developed
accessory organs by about 0.8 mm diameter, the
average size attained by the population in May
(end of winter). This suggests that they can spawn
from that size. Hansen and Dunbar (1970) have re-
ported specimens of this size carrying egg masses.
Since the major population of veligers appear in
late summer and early winter (August-November) it
appears that the major spawning period occurs
during the spring and summer, starting in the late
winter and ending before the following winter. The
peak probably occurs during the May-July period,
when cessation of external growth in the popula-
tion was noted.

The cessation of growth in overall body size
in Spiratella helicina during the reproductive
period is common among animals. Energy demands re-
quire that only one of these processes predominate
(Kinne, 1970). Growth after the major reproductive
period is not as common; however, this feature
does not appear to be an Arctic adaption since it
is also displayed by the very closely related
species found in the Gulf of Maine, S. retroversa
(Hsiao, 1939b; Redfield, 1939).

Spawning does not seem to end entirely with the
onset of winter. There appears to be some winter
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spawning on a small scale, for individuals of 0.3
mm diameter occasionally have been found in March
(Table 1). Protracted reproduction has been found
to exist among Spiratella helicina by Paranjape
(1968).

The growth cycle of Spiratella helicina in the
central Arctic is not unique to this region, but
merely adapted to the occurrence of the spring-
summer period of the area. It parallels that of
S. retroversa (Redfield, 1939), which has its ma-
jor spawning earlier in the year than 5. helicina,
during the spring period of the temperate region.

Major Growth Period and Food Supply. The fact
that growth continues during the winter (October-
May), with major size increase and gonadal deve-
lopment occurring during the dark months (October-
March) suggests that food is available even during
the winter months to these animals. Spiratella
spp. are entirely ciliary feeders (Morton, ¥954)
dependent, therefore, upon the presence of parti-
culate organic material (POM) of suitable size
(phytoplankton, nannoplankton, detritus) for nu-
trition. Unlike a number of other Arctic and deep-
water plankton from temperate areas which store
reserves in the form of wax esters, pteropods do
not appear to have this ability (Lee, personal
communication), and hence are dependent through-
out the year upon available food.

The presence of POM is dependent upon primary
productivity, and the subsequent events in the
food chain which lead to nannoplankton and detri-
tal production. In the central Arctic, primary
productivity occurs in an annual mono-cyclical
manner in close association with local seasons
(English, 1963, 1965), peaking during the biologi-
cal summer (roughly mid-July through August), de-
clining through September (autummn), pausing during
the dark months (October-March) and resuming again
from late winter as the sun appears. POM estimates,
based upon amounts of particulate organic carbon
for summer 1970 and 1971 (English, unpublished da-
ta for chlorophyll a X 75, where 75=C/Chl a: com-
monly used ratio for phytoplankton) and April 1971
(Holm-Hansen, unpublished data), shortly after the
end of the dark period, at 25 m depth, were 32,
28, and 3 pg C/1, respectively. Because extensive
annual surveys of organic particulates have not
been conducted in the central Arctic Ocean, the
major available data being limited to the end of
winter (Kinney et al., 1971; Holm-Hansen, unpub-
lished), little can be said of the actual quanti-
ties of particulate material available to support
POM-feeding zooplankton throughout the year. It
can be said, however, that at a minimum, concen-
trations are as high as that of other deep ocean
basins which support POM-feeding populations
(Hobson and Menzel, 1969; Holm-Hansen, 1969). In
the central Arctic, only a small proportion of the
POM-feeding zooplankton is dependent throughout
the year on external energy sources, Hopkins (1969)
has shown that roughly 867 of the biomass is com—
posed of copepods, and recent lipid studies (Lee
et al., 1972) have shown that the most prominent
of these are capable of wax-ester production for

A
energy reserves. Numerous other zooplankton are
also capable of this activity, hence only a very
small portion of the total biomass remains which
requires POM throughout the year, Spiratella spp.
being included.

Vertical Distribution

The data show seasonal vertical migration (Fig. 2).
Spiratella helicina concentrated in the 50 to 100 m
interval during the late winter months of March
and April, migrated to the top 50 m during late
winter to early spring (May-June), dispersed
during the summer months, and reconcentrated at

the end of summer. During September, the major
concentration was in the top 50 m; however, in
December there was a trend toward reconcentration
at the 50 to 100 m depth interval.

°(s of total Spiratella
0500500500500 50050 0500500500 5005005005100
50-0

- 500-300

1200-900

Mar. Apr. May June July 1 Aug)Sep|Dec
1 29|5 26|3 n|n 28|5 20|4[20[15
Month /Date

Fig. 2. OSpiratella helieina. Vertical distribu-
tion of specimens collected from "T-3" during
March-December, 1970. Values of 57 and less are
indicated by lightly shaded, open bars

Vertical distribution limits varied with sea-
son. From late winter to the end of spring 907 of
the population remained in the top 150 m of the
water column, but dispersed down as far as 900 to
1200 m depth during the summer, continuing to be
diffuse as late as December.

Vertical distribution as a function of size is
shown in Fig. 3. Spiratella helicina larvae of
0.2 to 0.4 mm diameter (prominent from August to
November) concentrated primarily in the top 50 m,
while individuals of 0.5 to 0.7 mm (prominent from
December to April) tended to concentrate at the
50 to 100 m interval. The persistence of small
sizes less than 0.5 mm in the top 50 m accounts
for the top~heavy distribution in September, and
the shift to the 50 to 100 m interval by December
as the pteropods on the average become 0.5 mm and
larger. Sizes 0.8 to 0.9 mm (prominent from May
to early July) were found mainly in the first
100 m. Specimens 1.0 to 1.4 mm, common during the
summer, were dispersed - as would be expected
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Fig. 3. Opiratella heliecina. Vertical distribu-
tion, as a function of size, of specimens collected
from "T-3" during March-December, 1970. Values of
5% and less are indicated by lightly shaded, open
bars

from the general population trend in Fig. 2. 5.

helicina of 1.9 to 2.5 mm, found during fall and
early winter, displayed the reconcentrating ten-
dency described for the total population during
this season.

Discussion

Seasonal migratory behavior as seen here is a
phenomenon common to central Arctic zooplankton.
Hughes (1968) reported the seasonal vertical mi-
gration of séveral copepods. Dawson (personal
communication) has shown that the copepodites of
Calanus hyperboreus concentrate in the top 50 m
during the summer, and gradually migrate to deeper
water by winter. Such migratory and aggregative
behavior often is interpreted as response to a
number of factors in the biological and physical
environment., These include the availability of
food, light, pressure, salinity, and avoidance of
predators.

The availability of food in the water column
throughout the year is of great importance to Arc-
tic Jpiratella helieina since, as mentioned ear-
lier in the discussion of the growth cycle, these
pteropods require a constant source of nutritive
POM, Studies of POM in the Arctic water column
made in April, shortly after the end of the com~
pletely dark period, have shown that it concen-
trates in the vicinity of 50 m (HolmHansen, un-
published data). At this time, 5. helicina concen-
trates in the 50 to 100 m depth range (Fig. 2).
Veligers of 0.2 to 0.3 mm are concentrated in the
top 50 m (Fig. 3) - the euphotic zone of the Arc-
tic water column (English, 1965) and hence the
depth range of highest POM levels during produc-
tive months., Larvae of this size lack the adult
swimming appendages, or "wings" (Paranjape, 1968),
and therefore may find advantage in being present
in the layers of highest food concentration.

Among other environmental factors influencing
vertical migrations, 1 i g h t appears to be of
some importance in the orientation and maintenance
of the young in the top 50 m, since larvae are
positively phototactic (Paranjape, 1968). The mi-
gration of adults to the top 50 m in May and June
may also be influenced by light, as a trigger and
in directional orientation.

The influence of temperature on the
migration of central Arctic Spiratella helicina
seems to be minimal, in view of the very small
temperature change (about 0.5C°%) that these ptero-
pods normally experience in their vertical migra-
tion from the top 50 m to the 100 to 50 m inter-
val. This species spawns, hatches, and spends its
most formative period at temperatures ranging from
-1.6% to -1.0°C. The maximum change it may ex-
perience would occur during summer dispersal, and
may be roughly about 2C°,

Hydrostatic p re s s ur e does not appear
to impose limits on the population, at least
within 100 m depth., The downward movement is, on
the whole, seasonal (Fig. 2). It is possible that
tolerance varies with size, for only large, ma-
ture individuals have been found in depths below
200 m.

Salinity is often considered to pose physiolo-
gical limits on vertical migration of zooplankton.
It appears that in the Arctic this factor is in-
fluential in setting an upper distribution limit.
Spiratella helicina concentrates at the 50 m level
in preference to other parts of the top 50 m
(Hansen and Dunbar, 1970). They thus concentrate
in the salinity range of 29.8 to 32.0%/0o (data
collected by the University of Washington at 50 m:
Stations WI-W2, 1965; Stations 012-013, 1970), in-
stead of spreading throughout the top 50 m of the
water column which range in saljnity from 28.5 to
33.5 °/oo (Coachman, 1963). In their dispersal
down the water column during the summer, 5. heli-
eina live at salinities as high as 35°/00, how-
ever this migration appears to be limited to
adults,

Avoidaance of predators
by migration does not appear to be an advantage
of the vertical movement of Spiratella helicina.
Clione limacina, its well-defined predator (Lalli,
1970), has a parallel pattern of distribution
(Mileikovsky, 1970).
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This study is based on some 7,000 individuals collected at the American basin of
the Arctic Ocean. Five species have been recorded: four of Halocyprididae and one
of Paradoxostomatidae. Conchoecia borealis maxima is the predominant s[:;)ccics
inhabiting depths ranging from 1500 m to the surface. One of the specics, athy-
conchoecia arctica, is new to science, and is described elsewhere. Conchoe-
cia shogsbergi is a new record for the Arctic basin. Acetabulastoma arcticum, a
parasitic form, lives attached to the gills and gnathopods of certain amphipods.
The size-range of the specimens of C. elegans and C. skogsbergi exceed that of
typical specimens and their systematic status merits a thorough study.

Y. M. Leung, Department of Biological Sciences, University of Southern California,
Los Angeles, California, U.S.A.

Though the ostracods are among the promi-
nent constituents of the high Arctic fauna,
they have hitherto been but little investi-
gated. A number of species occur at various
depths ranging from 1500 meters to the sur-
face, and some also occur in abundance on
the continental shelves. In earlier literature,
Skogsberg (1920) mentioned two marine spe-
cies (Philomedes globosus and Conchoecia
obtusata) found in the Arctic Ocean. Sars
(1928) revealed that nine Norwegian species
were distributed in the Arctic Sea: one
Cypridinidae, three Conchoechiidae, and five
Cytheridae. In this report five species are
recorded: one belongs to the Paradoxosto-
matidae (Cytheridae) and the others to the
Halocyprididae (Conchoechiidae). One of the
species of Bathyconchoecia turned out to be
new to science, and the other, a ‘long form’
of the rotundata group, is a new record in
the Arctic Basin.

This paper is based on some 7,000 samples
taken from the drifting stations ARLIS-I,
ARLIS-II, and T-3 (Fletcher’s Island) by
many field biologists of the University of

Southern California and the University of
Washington, collected from 1952 to 1971.
Most of the individuals were caught in
plankton net tows, with non-closing nets and
half-meter closing nets of 73 pm and 215 pm
mesh opening, and the host gammarids were
taken with a wire mesh trap and from the
surface of the hydrohole. The depth of col-
lecting was recorded from each station.

SYSTEMATIC ACCOUNT
Family HALOCYPRIDIDAE

Genus Conchoecia Dana, 1849

mollis group

Conchoecia borealis maxima Brady & Nor-
man, 1896

Conchoecia maxima, Brady & Norman 1896, p. 686,
Pl. LXI, figs. 1-8; Sars 1900, pp. 127-1387, Pls.
35, 36.

Remarks. Conchoecia borealis maxima is the
predominant species in the samples, distrib-
uted from the surface to 1500 meters in great
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abundance, Collectively, the features agree
with material from the north Atlantic de-
scribed by Brady & Norman (1896) and Sars
(1900), although some appendages display
some trifling variations. In females the frontal
organ is club-shaped, but the apex is not so
acutely pointed as mentioned by Brady &
Norman; in the first antenna, the first two
segments of the stem are not of equal size,
and the basal one is longer than the second;
the mandibles are visibly chitinized, the
cutting edge is armed with a row of teeth,
the basal segment of the endopodite is much
longer than the other three, and its lower
edge also bears a row of teeth; the second
pair of legs is the longest, and the last seg-
ment is armed with two slender setae of sub-
equal size; the arrangement of furcal claws
corresponds with Sars’ description, including
the two small bristles behind the last pair
which is slender and some distance apart.
In the male, the apex of the frontal organ is
not so dilated as in the female; the first
antenna is strongly built and the proximal
long seta is armed with a series of short re-
curved marginal spines in the middle; the
mandibles resemble that of the femaie, but
the basal segment of the endopodite is almost
as long as the two following segments com-
bined; the furca is relatively larger than that
of the female, and the copulatory organ is
well developed, located adjacent to the furca
extending to the ventral edge of the shell.

Conchoecia borealis maxima is very closely
allied to Conchoecia borealis borealis, but
positively separated by larger size; the males
measure 3.2 mm and the females 3.5 mm in
length (compared with 2.3 mm and 2.6 mm,
respectively, in the typical form). The Arctic
form also resembles the Antarctic species, C.
antipoda Muller, particularly in the armature
of the male first antenna. It deviates, how-
ever, in that the shoulder vaults of the former
are rounded, whereas in the C. antipoda they
are raised to a sharp edge, while also the
carapace length is smaller.

Distribution. The type species was described
as occurring off Greenland and extending
southward to the Faroe Channel. Sars (1900)
recorded it as far north as 84°47'N. In the
present collection the habitat was recorded
at T-3 Ice Island from 74°27'N to 76°08'N,
at depths of 1500 m to the surface; at

ARLIS-I from 74°18'N to 74°54'N at depths
from 850 m to the surface; and at ARLIS-II
from 83°31'N to 84°55'N at depths of 150 m
to the surface,

elegans group
Conchoecia elegans G. O. Sars, 1865

Conchoecia elegans, Sars 1865 p. 117; Skogsherg
1920, pp. 624-636; Sars 1928, pp. 22-24, Pls. 11,
12.

Remarks. Conchoecia elegans made up ap-
proximately 0.74 /o of the collection (totalling
52 specimens); they were associated with C.
borealis maxima at depths from 750 m to the
surface. It occurred at T-3 and ARLIS-I.
but no record has yet been reported from
ARLIS-II. The present form is quite similar
to the type specimens (Sars 1865) from the
Norwegian Sea with the exception of its
larger size. Since C. e¢legans has a cosmo-
politan distribution from the Arctic to the
Antarctic, it varies considerably in size: Claus
(1891) recorded it as 1.20-1.30 mm from the
Atlantic; Muller (1906) as 1.00-2.00 mm from
the German deep sea expedition; Sars (1928)
as 2.30 mm from the Norwegian coast; the
male specimens investigated by Skogsberg
(1920) were 2.10-2.25 mm from Lofoten.
1.20 mm from the Atlantic, 2.05-2.20 mm
from the Arctic, and 1.45-2.00 from the
Antarctic. The present form has a range from
2.35-2.40 mm in both sexes, larger than all
the previous records. According to the reports
of the ecarlier workers, several size groups
exist with distinct geographical and vertical
distributions which are in a state of taxonom-
ic confusion. Angel (pers. comm.) disclosed
that wherever size groups overlap geograph-
ically, they are separated vertically, and the
large form appears to extend far south in
the northern Atlantic, but the median depth
of its population descends, and its population
density decreases by about two orders of
magnitude. At least three species may be in-
cluded within the present concept of the
species.

Distribution. Sars (1865) described the species
from the Norwegian coast, and it is distrib-
uted in the Atlantic Ocean (Claus 1891),
Indian Ocean, and Antarctic (Skogsberg
1920); the most northerly record was 79°58'N
(Aurivillius 1898). The present record has
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Table I. A yearly record of vertical distribution of Conchoecia borealis maxima in the Arctic Basin
Oepth Jan. Feb. March April May June July Aug. Sep Oct v De: otal
2 0 0 1 3 0 0 0 0 1 0 8
7 0 33 7 2 2 3 2 4 1 € 10 77
n 0 29 34 6 6 8 8 2 6 6 5 121
4 7 12 21 14 13 17 34 0 2 10 10 144
3 2 12 12 14 39 20 25 (3 i 2 21 1€3
2 Z e 13 22 14 14 29 3 9 17 151
4 17 76 58 £5 21 65 65 3 10 9 72 455
700-509 0 18 27 51 13 8 30 16 15 5 6 13 207
900-7G0 3 2 14 22 8 10 14 1 8 2 1 1 106
1260-900 8 3 18 14 13 19 13 21 8 8 5 14 135
1500-1200 2 0 16 49 15 18 (7 0 3 13 11 21 154
2000-1500 0 Y 7 0 0 0 0 0 11 20 v 0 38
46 56 262 282 170 141 190 211 63 84 €0 194 1759

extended this to 85°29'N at T-3 Ice Island
and 74°54’'N at ARLIS-I. The depth is
ranging from 750 m to the surface.

rotundata group
Conchoecia skogsbergi E. ]. Iles, 1953

Conchoecia rotundata, Muller 1890, p. 83; Muller
1906, pp. 29-54; Skogsberg 1920, pp. 648-658.
Conchoecia skogsbergi, lles 1953, pp. 259-280;
Angel 1968.
Remarks. Along with several juvenile Con-
choecia borealis maxima, an adult female
Conchoecia skogbergi of the rotundata group
was caught in a plankton ret tow at 85°58'N,
91°10'W. It measured 1.5 mm. Although this
species is commonly found in the Antarctic
as far as 65°S and in the north Atlantic to
66°N (Angel 1968), this recent finding is
a new faunal record in the Arctic Basin.
The systematic status of C. rotundata has
long been confused since Muller (1906)
separated the species into two groups: the
‘long form’ and the ‘short form’. Iles (1953)
referred to both forms as genuine species: he
named the ‘long form’, as described by Skogs-
berg (1920), C. skogsbergi, a cold water spe-
cies; and the ‘short form’ C. teretivalvata, a
warm water species. No description of C.
skogsbergi had been given for northern lati-
tudes, however, until Angel (1968) recorded
and described a female from the Norwegian
Sea. Recent investigation has shown that this
group demonstrates considerable variation
with latitude. Angel (1972) revealed that at
least 11 forms fall within the original con-
cept. The individual collected from the

Arctic Basin has several features which show
variation from Atlantic specimens. Although
the Arctic form is similar to the specimen
from the Norwegian Sea (Angel 1968), the
size exceeds the Norwegian specimen which
measured only 1.33 mm. The whole group
needs drastic revision.

Genus Bathyconchoecia Deevey, 1968
Bathyconchoecia arctica Angel (Crustaceana,
in press)

Remarks. A single female Bathyconchoecia
arctica was sampled at the Station 49-1H-45
of T-3 Ice Island. Angel (in press) remarked
the Arctic form is distinguished from known
species by the vertical carapace striations,
the broad rostrum, the notched gland open-
ings, and the prominent frontal organ. Since
Deevey (1968a) described six new species in
the Gulf of Mexico, Poulsen (1969a, 1969b,
1972) added more from the Central Atlantic,
Malayan Archipelago, and the Azores, res-
pectively, and Kornicker (1969) described a
further species from the Peru-Chile Trench
System. Thus the genus is reported as occur-
ring widely in temperate and tropical
waters, However, the finding of an Arctic
form suggests that the genus inhabits an even
wider range of habitat.

Family PARADOXOSTOMATIDAE
Genus Acetabulastoma Schornikov, 1970
Acetabulastoma arcticum E. 1. Schornikov,
1970
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Paradoxostoma rostratum, Baker & Wong 1968,
pp- 307-311; non Sars 1865, pp. 97-98, 256, P1. 119,
nec Elofson 1940, pp. 1-8, figs. 1-11.
Acetabulastoma arcticum  Schornikov
1132-1143.

1970, pp.

Remarks. Acetabulastoma arcticum is a para-
sitic form frequently found on Gammarus
wilkitzkii and Gammaracanthus loricatus, and
was referred to as Paradoxostoma rostratum
by Baker & Wong (1968). The species mea-
sures 0.74-0.90 mm in length. It fastens habit-
ually to the gills and the base of the gnatho-
pods of the hosts by means of the sucking
disc of the oral cone. Its systematic status was
in a state of confusion before it was finally
assigned to its appropriate species and genus.
Sars (1865) originally described Paradoxo-
stoma rostratum from two detached valves
found in shell sand at @xfjord, Norway, but
details were not available until Elofson (1940)
gave a complementary description of the
carapace and appendages from a collection
caught at Mortensas, Norway. Baker & Wong
(1968) described it as a new species solely on
the basis of its commensalism with certain
Arctic gammarids which populated the ice-
water interface of the drifting ice stations.
Eventually, Schornikov (1970) erected a new
genus Acetabulastoma, in which he included
five new species and one sub-species, all
probably parasitic on amphipods: four are
ectoparasitic on Gammarus and Amphitoe,
but the hosts of the other two have not been
determined. One of his new species, A.
arcticum, was taken from the brood pouch of
Gammarus wilkitzkii in the Arctic Basin, and
Schornikov considered Paradoxostoma rostra-
tum Baker & Wong to be synonymous with
his new species, as he regarded it not to be
the same as P. rostratum Sars, Baker & Wong
(1968) stated that their Arctic species agreed
with Elofson’s description, except the proxi-
mal side projection of the distal segment of
the copulatory organ which was more prom-
inent, while the apparent spine-like process
on the outer margin at the proximal end of
the distal segment was not evident. Schorni-
kov (pers. coinm.) has confirmed by examina-
tion of their specimens that P. rostratum
Baker & Wong was a synonym of A. arcticum.

Baker & Wong (unpublished report) exam-
ined metazoans and parasitic ostracods from
some 960 amphipods, including Gammara-
canthus loricatus, Gammarus wilkitzkii, Ano-

nyx nugax, Hyperia galba, and Pseudalibrotus
nanseni. It is of interest that Gammaracan-
thus loricatus and particularly Gammarus
wilkilzkii were the only two species which
were parasitized by A. arcticum. Hence, it is
likely that the parasitic ostracods show host
specificity. Since the ostracod is not free-
swimming, infestation probably spreads by
bodily contact. As the hosts are members of
the under-ice population which occurs in the
restricted habitat of the ice-water interface,
the chance of bodily contact is high. Schorni-
kov (1970) also showed host specificity by
demonstrating that Acetabulastoma littorale
and A. robustum parasitized two closely re-
lated species, Gammarus oceanicus and G.
setosa, respectively, which were found to
occur together in the littoral zone of the east
Murman coast.

Distribution. The genus is distributed from
the Arctic Basin along the east coast of the
Bering Sea to the Sea of Japan. Hart (1971),
however, described a new species, A. kozloffi,
from Sam Juan Island, Washington; thus the
known distribution. has been extended to the
eastern Pacific. The type locality of A. arcti-
cum is in the Arctic Basin, but no exact posi-
tion was given (Schornikov 1970). In the
present collection, it ranged from 74°54’N at
ARLIS-T to 82°04'N at ARLIS-II and
86°53'N at T-3 Ice Island.

SEASONAL VERTICAL DISTRIBUTION

Vertical diurnal migration is a natural phe-
nomenon in many planktonic species. In
pelagic Halocypriformes, Fowler (1909),
Mackintosh (1937), Iles (1953), McHardy &
Bary (1965), and Leveau (1969) reported that
planktonic ostracods show vertical migration
toward the surface at night, and return into
deeper waters during the daylight hours.
Deevey (1968b). on the other hand, found no
significant evidence of vertical migration in
the common Conchoecia species off Bermuda.
Poulsen (1969b) also pointed out that a
number of common species collected in the
tropical eastern Atlantic did not demonstrate
diurnal vertical migration. Angel (1972) ob-
served that some species showed nocturnal
migrations, while others showed little if any
vertical movement, and two species even had
a reverse pattern of migration off the
Canaries.




There are no reports of diurnal migration
by pelagic ostracods in the Arctic Basin, al-
though some =arly workers (Walther 1893,
Russell 1927, Bogorov 1946) gave different
views on nocturnal migration of Arctic plank-
tonic organisms in general. It is not clear
whether the polar seasons affect vertical
movements: there is continuous daylight in
summer when the sun is above the horizon at
midnight from mid-March to early October,
and there is continuous darkness during the
winter months, Table I shows a yearly record
of Conchoecia borealis maxima samples at
various depths at T-3 Ice Island between
82°50’'N to 85°29’N. Although the collecting
hours were between 01.03 and 23.50, they
have not been considered separately as day
samples or night samples. However, the num-
ber of individuals caught each month varied.
The catches were abundant in March, April,
and August when there was a cycle of light
and dark, but the yields were comparably
low in January, February, September, Oc-
tober, and November in conditions of total or
near total darkness. Thus there is evidence of
a seasonal migration into shallower depths
during the Arctic spring and early summer.

Indication shows that each species of plank-
tonic animals may have its own vertical zone.
Brady & Norman (1896) recorded C. borealis
maxima in abundance at the depth of 350
fathoms (about 830 m) off Greenland at
74°49'N, 11°30'W, and of 200 fathoms (about
475 m) at 60°20°'N, 00°07°'W; Sars’ (1900)
animals were collected at depths of 300 m
in the Arctic Ocean (from 78°N, 136°E to
85°13'N, 79°E); Zenkevitch (1963) remarked
that Conchoecia species were abundant at
depths of 200-500 m in the Sea of Japan.
Table T shows that the largest number of
ostracods were caught at 500-300 m and 700-
500 m (455 and 207 individuals taken respec-
tively) off T-3 Ice Island, and that the num-
ber of individuals sharply declined below
1500 m and above 50 m. In general, the
depth-zone of C. borealis maxima is from
830-300 m at high latitudes.

DISCUSSION AND CONCLUSION

The five species described in this report are
based on some 7,000 individuals collected
from 1952-1971. Except for Conchoecia
borealis maxima and C. elegans, the other
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species do not match any of the Norwegian
species (Philomedes globosus, Conchocecia
borealis, Hemicythere emarginata, Cytherura
similis, C. clathrata, Schlerochilus contortus
and Paradoxostoma wvariabile) which were
presumed to occur in the Arctic as suggested
by Sars (1928, p. 14, 24, 184, 204, 216, 248
and 257), who probably used records from
other less reliable sources. It is questionable
if these species exist in the Arctic Ocean as
neither the present collections nor those in
the seas of USSR (Zenkevitch 1963) have
included any of these species, Moreover, Sars
(1900) found but one species, C. borealis
maxima, in the Norwegian North Polar Ex-
pedition, and no other species was encoun-
tered.

C. borealis maxima is the predominant
species of the planktonic ostracod fauna of
the Arctic Ocean. C. elegans and C. skogs-
bergi, found in abundance in the N. Atlantic,
also inhabit the Arctic Basin. However, it is
uncertain whether these two species are en-
demic or migrants from the Atlantic current,
but their large sizes do appear to distinguish
them from the type description. It is general-
ly accepted that the size of marine animals
is correlated with. femperature, as plankton
of northern and cold-water forms attain a
larger size than the same or closely related
species in warmer waters. The larger size of
the Arctic forms reported here compared with
those collected from temperate waters as
recorded by earlier workers is consistent with
this generalization. Angel (1972) showed
that C. elegans is composed of various sizes
ranging from 1.1 mm in tropical waters to
2.1 in the Arctic, but is made up of at least
three consistently sized populations within
this size-range. The status of the‘rotundata’
group is even more confused because it in-
cludes at least 11 forms additional to the
original two species, C. skogsbergi and C.
teretivalvata. The Arctic specimen of C.
skogsbergi may represent yet another form,
since its size is larger than any of the pre-
viously known species. Angel (pers. comm.)
remarked that the Arctic form is clearly dif-
ferent from specimens that have been col-
lected from various positions in the N.
Atlantic (11°-60°N). However, there is some
likelihood that low temperature phenotypical-
ly influences the development of animal
structure, It supports Hesse's hypothesis (1924)
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that delayed sexual maturity favors growth
for different species, but also for individuals
of different stages of development of a spe-
cies, sometimes even for the different sexes.
It is well known that there are several factors
controlling vertical movement. Light is not
the only factor regulating vertical migratory
behaviour, but other physical factors and
chemical properties such as temperature,
salinity, currents and water mass also play
an important role in influencing vertical dis-
tribution.

This study is a preliminary one. There are
many facets of problems which require furth-
er investigation: the chaotic systematic status
of both C. elegans and C. skogsbergi needs
clarification; the study of breeding cycles
of C. borealis maxima is essential for under-
standing the production of standing crop;
vertical migration and vertical distribution
need further investigation; the role of ostra-
cods in the food chain and their metabolism
needs to be explored. The study of all these
aspects would provide important contribu-
tions to our understanding of the Arctic eco-
system.
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Distribution of Calanus hyperboreus in the Central Arctic Ocean by
John K. Dawson. (submitted for publication to Limnology and Oceanography)

Calanus hyperboreus 1is one of the four most important copepod species in
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the Arctic Ocean. Mr. Dawson describes the annual vertical distribution

of adults and of copepodite stages II to V.
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Abstract

A study was undertaken to determine the vertical distribution

of Calanus hyperboreus in the central Arctic Ocean.

The immature stages of C. hyperboreus show a sequence of molting

from stage II copepodite to the adults, with immature stage
distribtuions similar to each other, but dissimilar to the adults.
The concentration centers of copepodites'réﬂge from 300 to 500 m
during most of the year, with the exception of summer when they rise
to the surface.

The adult female population center showed a gradual increase
in depth from 100 to 300 m in spring. During the summer, females
are found at the surface and by the fall, the population is centered
about 150 m. Females remain in the upper 150 m throughout winter
and by early spring the population is centéréd about 100 m, after
which it again starts its slow sinking during the spring.

Adult males are centered deeper (400-700 m) than the females
and are present only during the spring and early summer.

As far as can be determined, the population of C. hyperboreus

has a generation length of at least three years.




DISTRIBUTION OF CALANUS HYPERBOREUS IN THE

CENTRAL ARCTIC OCEAN

INTRODUCTION

The first plankton collection from the high polar basin was
by Fridtjof Nansen in 1893 when the Fram drifted for three years
with the ice pack from the New Siberian Islands to north of
Spitzbergen. The Crustacea collected during this drift were later
descriSed by Sars (1900). 1In 1937 a similar drift was followed by
the G. Sedov but at higher latitudes (Bogorov,1946). The most
fruitful research in the central Arctic Ocean has been by Russians
and Americans working from flows and ice islaﬁds (e.g. North Pole
Series, ARLIS II, and T-3) drifting with the polar ice pack.

In 1952 a station on T-3 Ice Island was established. Since
then this slab of glacial ice has drifted through two cycles in the
anticyclonic drift system”of the Beaufort Sea. This study is based
on nearly two years of collecting while T-3 drifted about one-third
the way between Ellesmere Island and the North Pole.

Plankton collection from T-3 affords a unique opportunity to
sample continually over a long period of time; furthermore, T-3
provides a stable platform from which to accurately sample discrete
depths. Investigations dealing with the distribution of Calanus

hyperboreus Kroyer in the central Arctic Ocean (Bogorov, 1946;

Brodsky and Nikitin, 1955; Johnson, 1963; Minoda, 1967; Hansen,
Bulleid, and Dunbar, 1971) have been based on either relatively

short sampling periods, limited depths, or both. This study, however,
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incorporates over 700 plankton samples taken throughout the water
column over a two year period.

I wish to express my gratitude to T. S. English, Department of
Oceanography, University of Washington, who kindly furnished many

of the samples upon which this study is based.

METHODS

Zooplankton were collected by vertical tows with a one meter,
number 6 mesh (215u opening) closing net while T-3 drifted from
84° 24" N, 112° 30' W in February 1970 to 84° 20' N, 86° 17' W in
January 1972. From February to December 1970, the upper 300 m were
samples in 50 m increments. From December 1970 through the end of
the sampling period, the upper 400 m were sampled in 25 m increments,
and the deeper waters in 100, 200, 300, and 500 m increments to
the bottom. The filtration efficiency of the net was about 50%
according to flow meter tests.

Plankton samples were collected via a hole cut through the
sea ice, preserved in 7% buffered Formaiin and sent to the University

of Southern California for identification and analysis.

RESULTS

. Three distinctly different types of distribution are evident

for copepodite stages II through V, adult females and adult males.

Distribution of copepodites

The copepodites have a vertically undulating seasonal distribution

descending into deep water in winter and returning to shallow depths




in summer. Fig. 1 shows the beginning of this type of distribution
when stage II copepodites (CII) are found in deep water in the

latter part of winter and spring. Before the upward summer migration
it appears, assuming no caﬁastrophic mortality, that most CII molt

to CIII. The surface concentration during the summer is probably

the result of the concentration effect of remaining CII moving to

the surface for summer.

CIII (Fig. 2) show a similar distribution to CII during the
winter to spring period. However, in May, they start their ascent ]
and by June, July, and August they are at or near the surface
presumably feeding on phytoplankton present at that time (English 1

1961). Following the summer growth of CIII, the population has ]

moved into deeper water and waned, suggesting a molting of CIII to
CIv.
Prior to the upward movement of CIII to the surface, CIV (Fig.
3) were not present in the water column in significant numbers. Only |
with the growth and molting of CIII did CIV come into being.
Following summer, the population starts its return to deeper water
and by December the population is centered bétween 300 and 400 m. :
The CIV population has dwindled by early spring of 1971 suggesting
that by this time most of CIV have molted to CV, however, sufficient
numbers remain to indicate a return migration to the surface for
the summer of 1971.
The distribution of CV is characterized by relatively low
numbers collected in comparison with other copepodite stages (Fig.
4), resulting perhaps from rapid development through stage V.

Sufficient numbers of CV were collected to show that the vertical




distribution of this stage is similar to those of stages II, III and
IV. During the spring of 1971, CV return to the surface for the
summer months and in the fall and winter of 1971-1972, the population
begins to wane suggesting that following the 1971 summer, most of

the copepodites have reached the adult stage.

Distribution of adult females

Adult females show the second type of distribution (Fig. 5).
During the spring of 1970, females descend from between 50 and 100 m
in March to between 250 and 300 m in June at about 50 m per month.
The concentration at the surface in July represents an upward
movement of existing females, molting CV to adults, or both. By
early fall, the female population is centered around 150 m and it
is believed that the adult females stay in the upper 150 m through
the remaining fall and winter. The deeper females shown in Fig. 5
during the winter of 1970-1971 are probably the result of CV at
those depths molting to aéult females, rather than an actual
downward movement of existing females.
| By early spring 1971, the population center has returned to
about 100 m and again the females start their spring descent. The
summer of 1971 distribution is similar to the summer of 1970, and
by early fall the population is centered at about 150 m. Throughout
the remaining fall and winter, the female population remains in
the upper 150 m. Since at this time almost all of the CV have
matured to adults, there is no large female population found in
deeper water as there was the previous winter.

During the spring of both years, from February to Junn,
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gravid females were encountered. During April 1970 and March 1971,

gravid female percentages peaked at 30 and 20% respectively.

Distribution of adult males

The third type of distribution is that of the adult males
(Fig. 6). The bulk of the males are clearly deeper than the females,
with the males being found primarily between 400 and 800 m. The
males are also time limited, being present only during the spring
and early summer months. When males are present, the females far
outnumber the males in the water column by a ratio of roughly 30

to 1.

DISCUSSION

Distribution

The undulating seasonal distribution pattern of immature C.

hyperboreus copepodites is supported by earlier findings (Ussing,

1938; Brodsky and Nikitin,'i955; Ostvedt, 1955; Hughes, 1968).

Ussing (1938) proposed that their annual ascent to the surface in
early summer is in response to light. Recently Fernandez and Yingst
(pers. comm.) have measured the spectral sensitivity of the adult

female C. hyperboreus eye and found it to be maximally sensitive

near 540 nm, the same wave length peak of light found by Maykut
and Greenfell (1975) to occur beneath sea ice with algae present.

This suggests that C. hyperboreus is especially adapted to wave

lengths penetrating the Arctic Ocean beneath the ice cover. English
(1961) reported maximal intensity of light from May through June,

preceding the highest chlorophyll a concentration by about 4 to 6
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weeks. This late July-early August phytoplankton maximum is
strongly supported by Ussing (1938) and Halldal (1953), but Shirshov
(1938) found the phytoplankton bloom restricted to August.

Although previous investigators found adult females and
immature copepodites with similar distributions (Ussing, 1938;
Ostvedt, 1955; Hughest, 1968), my study shows their distributions
and vertical migrations are dissimilar. The éhort increments in
which these samples were taken in the upper 300 or 400 m clearly
demonstrate a slow descent of females frém about 100 to 300 m.

This distribtuion differs considerably from that of the immature
copepodites.

The large number of females present between 200 and 300 m
during the summer months suggests that they do not migrate to the
surface with the copepodites. Those females found near the surface
are probably the result of molting CV to new adults.

Previous workers (Ostvedt, 1955; Hughes, 1968) have indicated

that after summer the adult females, along with the immature copepodites,

descend into deeper water for the winter. My study, however, shows
that although large numbers of adult females are found with the
immature copepodites as they descend into deep water, many adult
females remain in the upper 150 m. It appears that the females
already present in the fall remain in the upper 150 m during winter
while those females foundldeeper are recentiy molted from CV already
in deeper water. Supporting this view is the fact that during the
fall and winter of 1971-1972, when very few immature copepodites
remained in the water, the adult female population was found

primarily in the upper 150 m with no lérge population of females
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in deeper water. Brodsky and Nikitin (1955) have also indicated
that part of the population of adult females remains relatively close
to the surface during winter.

The presence of adult males have been reported to occur only
during the winter and spring months. Brodsky and Wikitin (1955) and
Ostvedt (1955) noted their presence from November to May and December
to June, respectively. Others (Wiborg, 1940; Grainger, 1959),
however, have reported the males limited to January and February.
While my study found males to be present primarily during the spring
and early summer months (March through July), two individuals were
found in September and January.

The data of Brodsky and Nikitin (1955) support vertical
segregation of males and females, with the females being abundant
primarily in the upper 400 m and the bulk of the males being found
between 400 and 800 m. This raises the question of sufficient contact
between the two sexes which is further compounded by the relatively
low numbers of males as indicated by my study and others (Somme,
1934; Conover, 1965). This phenomenon of a high ratio of females
to males is not unusual according to Mednikov (1961), particularlf
in deep water copepods. 1In areas of restricted food supply as is
found in the central Arctic Ocean and in deep water of other oceans,
a low male to female ratio may be a definite selective advantage

by resulting in a greater fecundity for the species.

Spawnin
Unlike many herbivorous species of copepod which spawn during

or after the phytoplankton bloom, C. hyperboreus belong to a group




which reproduce during the winter or spring (Heinrich, 1961). Since
the phytoplankton bloom is thus anticipated, there is essentially
no delay in grazing activity. The presence of gravid females during
spring of both years support this notion, and is further supported

by other investigators (Somme, 1934; Wiborg, 1940, 1954).

Generation length

Conover (1965) reports generation length of C. hyperboreus in

the Gulf of Maine to be one year. However, it is well known that
as a species' distribution extends into higher latitudes its

development rate becomes slower. In the Canadian Arctic some C.

hyperboreus deQeloped to adults within a single year, while others
required two or more years (Grainger, 1959). Cairns (1967) described

the development rate of C. hyperboreus as extremely slow and concluded

that because of this, they probably breed oﬁly during occasional
years.

To estimate the gené}ation length of C. hyperboreus during

this study, it is necessary to establish Qhen CII and CIII present
in March of 1970 were spawned. Since these gtages occurred con-
currently with gravid females, one might expect that CII resulted
from the gravid females already present. However, considering this
species' very slow development rate, and the fact that gravid
females were still present following the CII and CIII molt, it is
reasonable to assume that these copepodites were spawned the
previous spring. Harding (1966) supports this belief by collecting
large numbers of CII in September, which remained as CII or CIII

through the winter. He concluded that these individuals r2sulted




from spawning in the previous spring. Thus it appears that the

copepodites present before this study began were spawned in the

spring of 1969, reached CII and CIII during the winter of 1969-1970,

and were collected as one year olds in March of 1970. Since no

CII were collected following the spring of 1970, it must be assumed

that this potential brood was, for some unknown reason, unsuccessful.
By the spring of 1971, all CII and most CIII have deveioped

to CIvV, CV, and adults, all being two years old at this time. Again,

a percentage of the females was gravid during this spring, but as

in the previous year, apparently no progeny developed from them as

evidenced by the lack of collected CII following the period of

gravid females. By fall 1971, almost all of the copepodites

present in the water have molted to adults and it can be speculated

that by the spring of 1972 the gravid females, now three years old,

finally produced a successful brood and the generation cycle would

be complete. Thus, it appears that if reproduction occurs at all

in the central Arctic Ocean, the generation length, i.e., the

period from successful brood to successful brood in C. hyperboreus,
is a minimum of three years. —
The reason for the lack of young following the two periods of
gravid females remains unresolved. Some possibilities, however,
can be considered. It is conceivable that reproduction is never
achieved in the centrallArctic Ocean and copepodites are recruited
from more productive continental shelf waters. On the other hand,

if C. hyperboreus does reproduce in the central Arctic Ocean and

the generation length is three years, the distribution of males

may be such that two out of three Years the females do not mate.
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Perhaps only in the third year does the male distribution overlap
with the female distribution such that copulation may occur. If
this is the case, the delay in production of young until all of
the copepodites already in the water have matured to adults may

be advantageous to C. hyperboreus considering the very limited

food supply available to them in the central Arctic Ocean.
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FIGURE DESCRIPTIONS

Fig. 1.

Vertical distribution of C. hyperboreus copepodite II.

Contours are drawn at 10, 20, 40, 60, 80, etc. copepodites/20 m3.

Fig. 2.

Vertical distribution of C. hyperboreus copepodite III.

Contours are drawn at 100, 200, 300, 400, 500, etc. copepodites/20 m3.

Fig. 3.

Vertical distribution of C. hyperboreus copepcdite IV.

Contours are drawn at 50, 100, 200, 300, 400, etc. copepodites/20 m3.

Fig. 4.

Vertical distribution of C. hyperboreus copepodite V.

Contours are drawn at 5, 10, 20, 30, 40, etc. copepodites/20 m3.

Fig. 5.

Vertical distribution of C. hyperboreus adult females.

Contours are drawn at 10, 20, 30, 40, 50, etc. females/20 m3.

Fig. 6.

Vertical distribution of C. hyperboreus adult males.

Contours are drawn at 1, 2, 3, 4, 5, etc. males/20 m3.
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2- Ellucidation of the Freezing Resistance Mechanism in an Arctic Isopod.

The Freezing Resistance of and Arctic Isopod, Mesidotea entomon by Dr. Douglas
Yingst. in press Journal of Comparative Physiology.

This investigation by Dr. Yingst has revealed that in Mesidotea freezing

resistance occurs in the following manner: At the surrounding sea water begins

to freeze and the ionic concentration of sea water increases, the concentration

of ions in the hemolymph also increases. This depresses the freezing point of

the hemolymph. The animal does not freeze as ions are taken up fromthe surrounding
sea water, even when the animal is surrounded by ice because the cuticle prevents
the external ice from inoculating the hemolymph. "Evidence that the cuticle is an

effective barrier to ice propagation is presented.




THE FREEZING RESISTANCZ OF AN ARCTIC ISOPOD,
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INTRODLCTICH

The blood of most teleosts freezes approximately 1°C above the
freezing point of normal seawater (3lack, 1951 and 1957). Hence, with-
out some form of protection, these fish could freeze in polar seas
where ice is present. Physiologists now know of at least three basic
mechanisms by which ice crystal formation in the blood is either
prevented or reduced. These include: the manufacture of antifreeze
agents (DeVries and Wohlschlag, 19€3; DeVries, 1971a), the depression
of plasma freezing points through colligative action (Scholander,

et al., 1957; Gordon, et al., 1962; Urminger, 1967 and 196%a; Smith,

1972), and the ability to supercool (Scholancer, et al., 1957;
Gordon, et al., 1962; Umminger, 1967 and 196§b; Smith, 1972). The
blood of most marine invertebrates, on the other hand, is isoosmotic
with seawater and would therefore freeze at the same temperature as
seawater. For this reason, most investigators have assumed that
freezing is not a danger for invertebrates unless they become entrap-
ped in the ice (Scholander, et al., 1257; DeVries, 1971b). This
notion has been so pervasive that to date no one has carefully inves-
tigated the freezing resistance of a rarine invertebrate. Yet, if the
blood of invertebrates freezes at the same temperature as seawater,
why would it not freeze along with the seawater? This is especially

pertinent for animals which live near the surface of the ocean, in




shallow areas, or in lagoons where they intimately contact growing ]
and established ice. In Antarctica, for instance, Dayton, et al. 1
(1969) reports numerous examples of live mobile epibenthic inverte-
brates entrapped in or firmly frozen into the sea ice. Do animals
living in such close association with the sea ice live with ice
crystals in their blood or do they somehow prevent the formation of i
such crystals and remain unfrozen?

Personal observations at Point Barrow, Alaska suggested that
under some circumstances they do remain unfrozen. For instance, 3

specimens of Mesidotea entomon (Linnaeus, 1758), a large benthic

isopod, were often frozen into sea ice in the laboratory where they 4
were maintained at -1.8 to -2.2°C in seawater with a salinity of
approximately 339/oo. If these animals were chipped free of the ice,
they immediately crawled away. Those that were only partially encased
often moved their free appendages. Also, rather than evading ice in
the environment, this §pecies actually demonstratad a predilection for
it. For instance, specfméns on the ice-free bottom of a twenty gailon
aqﬁarium filled with seawater with a salinity of 23%00 at -1.9°C
would swim to the surface to crawl, perch, and evidently to feed in
the midst of growing ice spears and crystals on the underside of
floating ice.

Since the above observations suggasted that M. entomon did not
freeze with the seawater or even when the animals became entrapped in
the ice, previous explanations for the freezing resistance of marine
invertebrates appeared inadequate (Scholander, et al., 1957). In terms

of M. entomon, some of the outstanding problems were: What is the




freezing point of the hemolymph? If it is the same as the seawater,
does M. entomon freeze aleng with th2 seawater? Does M. entomon freeze
vhen it becomes entrapped in ice? i7 M. entcmon does not freeza, how
is freezing prevented? If it does freeze, at what temperature does
freezing begin? These questions were the impetus for my study and

their investigation is the subject of this dissertation.




MATERIALS AND METHODS

Field Vork

During the late spring of 1973 and 1974 specimens of Mesidotea
entomon were collected in baited traps lowered through holes cut in
the sea ice of Elson Lagoon at Point Barrow, Alaska. Within the Lagoon
the primary collecting holes were near Eluitkak Pass. Collected spec-
imens were taken to the Naval Arctic Research Laboratory (NARL),
maintained there in seawater and scme were then shipped by air to Los
Angeles in refrigerated styrofoam containers. In Los Angeles these
isopods were maintained at -1.0°C to -2.0°C in twenty gallon aquaria
filled with seawater with a salinity of approximately 349/0o0.

The depth of the Lagoon at the collecting sites was soundad by a
weighted rope marked in. intervals of 0.5 m. The thickness of the ice
was estimated by measuring the lencth of a sipre core drilled through
the ice. Bottom water temperatures were measured by a partial irmersion
thermometer (marked in intervals of 0.2°C) immersed in a two liter
water sample collected with a snatch bottle. The snatch bottie consist-
ed of a weighted plastic bottle stoppered with a cork to which a light
weight cord was afixed. VWhen the bottle was on the bottom, the cork was
pulled out, the bottle was allowed to fill, and then it was hauled to
the surface. Water samples for chemical analysis were collected in the
same manner in 120 ml plastic bottles. These samples were stored at 4°C

up to two weeks until water samples were removed, filtered through a




0.8 py Millipore filter, placed in 2 dram vials of borosilicate glass,
and frozen at -20°C for subsequent chemical analysis. The salinity of

the remaining water was determined cn a standard Beckman salincmeter,

Adaptation to Combinations of
Temperature and Salinity

At NARL in 1973 animals were adapted for 6 days to 20 different
combinations of salinity (4, 8, 16, 32, and 44%/00) and temperature
(2, 0, -1, -2°C). Seawater samples with salinities of 32%/o0 and
44%/00 were collected from Elson Lagoon, whereas salinities of 4, 8,
and 16°/00 were made by dilutinc seawater of 32%/0o with distilled
viater. The freezing points of hemolympnh collected from animals at
each combination of temperature and salinity were measured as
described below and the resuits were both graphed and analyzed by a
two-way analysis of variance. Although many more samples were collect-
ed, the data graphed and analyzed here are based on two separate
hemolymph samples from each combination of temperature and salinity.

The freezing point of each sample was measured once.

Extraction of Hemolymph

Hemolymph samples from animals in the above experimant were
extracted by heart puncture with a 1 ml syringe fitted with a 24 gauge
hypodermic needle. After extraction hemolymph samples were placed in
1 ml plastic centrifuge tubes whick were covered with parafilm, and
immediately frozen at -20°C. Sample processing was performed in the

laboratory at 22 to 26°C.



At NARL in 1974 hemolymph was extracted within 30 hours of
specimen collection and all samples were processed in a cold room
between 2 and 8°C. After extraction the hemolymph was centrifuged
15 minutes at 500 g; the supernatant was removed, placed in capped
vials of borosilicate glass, and frozen at -20°C. After collection
and prior to extraction, specimens were maintained at -1 to -2°C

in water from the collection sites.

In Vitro Melting and Freezing Points

The melting points of the hemolymph samples collected in the two
different years were later determined in Los Angeles on two different
instruments using the basic method of Ramsay and Brown (1955). The
1973 samples were measured using a cryostat with thermoelectric
temperature control. Drops of hemolymph under parafin 0il were placed
in the holes of a small brass plate otherwise filled with parafin oil.
This plate was sealed in a chamber filled with nitrogen, frozen to
-5°C, and then automatfcally varmed at a rate of b.o1°c per minute.
The hemolymph samples were observed using a dissacting micrdsc0pe and
the melting point was determined as the temperature at which the last
crystal disappeared. The temperature of this melting point was deter-
mined in reference to the theoretical melting point temperatures of
3 salt solutions of known concentrations.

The melting points of hemolymph and seawater samples from 1374
were also determined by the direct observation of crystals, but in a

different apparatus. Samples with a volume of approximately 1076 1




were taken up under parafin oil into capilliary tubes of borosilicate
glass. These capillaries were mounted under an observation window in
a rectangular container 10 ¢m x 10 c¢cm x 18 cm through which a 1:1
mixture of methanol and water was circulated. A thermistor (Yellow
Springs Instruments (YSI) #427; t.c.= 300 ms) was mounted next to
these tubes and with accompanying instrumentation, was used to read
the bath temperature just outside the tubes. The fluid was circulated
and the temperature maintained at any desired level within 0.02°C by
a Lauda super K-2 circulating bath. To freeze the samples the
capillary tubes were sprayed with freon outside the cooling box. Then
the tubes were placed in the box where the circulating fluid had been
precooled. This fluid was warmed at a rate of 0.01°C per minute and
the melting point was determined by the forementioned criteria. In
this case, however, temperature was determined directly, instead of
in reference to standards. The melting points of the seawater and
hemolymph were compared using a one-way analysis of variance.

The freezing behaQior of the hemolymph was also studied using
the above apparatus. Frozen samples were warmed to within a few
hundreths of a degree of their melting points and then the circulating
fluid was cooled down again while the behavior of the crystals was

observed.

Chemical Analysis

Sodium concentrations were measured in triplicate by flame pho-

tometry. Samples were diluted in double glass distillad water and run




against standards prepared from a 1000 ppm stock solution manufac-
tured by Harleco (Philadelphia, Pa.).

Chloride concentrations were determined using a silver nitrate
titration with a potentiometric endpoint as described in the first
micro method of Ramsay, et al. (1955). A1l samples were run in trip-
licate against a set of stock solutions made from reagent grade NaCl
in double glass distilled water.

The concentrations of sodium and chloride in the seawater and
hemolymph were compared with a one-way analysis of variance.

Macromolecular constituents of the hemolymph were separated by
gel electrophoresié. For comparison, full strength hemolymph was run
against controls of normal human serum (MHS) diluted in water and
sucrose. Gels were stained with Coomassie Blue for protein and with
periodic acid-Schiff (PAS) for carbohydrates and glycoproteins. All
gels were prerun for 30 minutes at 4mA/gel, 20 minutes at 2mA/gel,

and 97 minutes at 4mA/gel.

In Vivo Freezing Point

To detect the freezing point of the hemolymph in vivo, a therm-
istor was inserted in the hemocoel of M. entoron. Then the animal
was cooled at a steady rate in seawater seeded with ice, and its
‘internal temperature was plotted versus time. On such a graph the
temperature decreases steadily until it either levels off or begins
to rise to a temperature at which it does plateau. After reaching a
plateau the temperature again decreases. The length of time the

temperature remains at the plateau is inversely related to the cooling

8




rate and in the case of fast coolin; rates the plateau appears more
like a peak. In either case, the te-perature at the plateau is the
in vivo freezing point of the hemol/~ph.

The chamber built for these exzariments is shown in Plate 1.
Throughout the experiments animals were immobilized and fastened to a
plexiglass stand with rubber bands ‘Plate 2). The thermistor which was
cemented in the tip of a 26 gauge nypodermic probe (YSI #524; t.c.=100
ms) was inserted approximately 3 mm under the cuticle and cemented in
place with a cyanoacrylic glue which was coated with silicon grease when
dry. A1l specimens were between mol<s and were the same size (approxi-
mately 57 mm long).‘with one implan:ed thermistor, the probe was always
inserted through the dorsum in the niddle of the thoracic hemocoel. With
two probes one was inserted into thz thoracic hemocoel off the midline
just behind the head. The second was approximately 15 mm more posterior
in the most posterior region of the thoracic hemocoel. After the inser-
tion of the probes, the preparation was placed in the center of the
cooling chamber (Plate 3), submerge? in approximately 100 ml of sea-
water, and cooled at a chosen rate 5y circulating cooling fluid in the
exterior chamber. When the temperature of the seawater was about 0.2°C
below its freezing point, it was artificially seeded by adding ice, and
then further cooled.

Most animals were frozen in se:water with a salinity of 34°/oo in
which they had been 1iving at -1 to -2°C for several months. In one
control experiment 0.4 ml of hemoly—oh from each of two animals was
removed with a syringe and an equal amount of seawater with a salinity

of 34%°/00 was injected in its place. The thermistor probe was inserted




into the hole made by the hypodermic needle and the experimant was
carried out as describad above. In another set of experiments animals
from the aquaria were frozen in instant ocean with salinities of

15°/00 and 42°/00 to which they had been adapted for at least 48 hours.

Cuticle Permeability

To experimentally study the ability of the cuticle to retard the
propagation of ice, the permeability of the cuticle was measured in
vitro. Fresh pieces of cuticle, minus the epidermis and underlying
tissue, were cemen;ed with cyanoacrylic glue over a 5 mm diameter hole
between two chambers each with a 50 ml capacity. The chambers were
filled with seawater, cooled, and the chamber on the exterior side of
the cuticle was seeded with ice. After seeding the temperature in both
chambers was either progressively lowered or set at a predetermined
level while the unseeded chamber (equivalent to the inside of the
animal) was visually observed with a dissecting microscope to determine
vhen and how it would bécome nucleated. The temperature in each
chamber was measured by a thermistor (YSI #427; t.c.= 300 ms) placad
at the level of the hole on either side of the partition separating

the two chambers.

Thermistor Calibration

Thermistors were connected to a Wheatstone bridge and a chart
recorder through a preamplifier. Each thermistor was individually cal-

ibrated against a total immersion thermometer (Brooklyn thermometer

10




#22620) graduated in hundreths of a degree centigrade. This ther-
mometer without calibration is accurate to ¢+ 0.03°C and is precise
to £ 0.005°C. To increase its accuracy, this thermometer was cali-
brated in an ice bath made from double glass distilled water following
the methods and procedures outlined for such calibrations in monograph
#90 of the National Bureau of Standards (Swindells, 1965) and in Hall
(1953). Corrections for use of the thermometer at partial immersion
were also made following the procedure outlined in monograph #90.
After calibration, temperatures determined with the thermistors
were precise to ¢ 9.01°C and accurate to + 0.04°C. During the course
of the various experiments using thermistors, the thermometer was
calibrated on two separate occasions and the thermistors four
different times, equivalent to once every three weeks of use. From one
calibration to the next there was very little variation in the therm-

istor readings.

Structure of the Cuticie

Cuticle to be examined in the transmission electron microscope
was dissected from fresh specimens. Pieces of cuticle were removed
from a ventral stergite, the last pair of pleopods, and the arthrodial
membrane between two ventral stergites. Fixation was 2 hours in 2.5%
gluteraldehyde in Millonig phosphate buffer (pH 7.4), and then rinsed
in Millonig buffer. Pieces of ventral cuticle and arthrodial membrane
were decalcified for 48 hours in a 10% soluticn of ethylenediamine

tetraacetate (the disodium salt) in Millonig buffer (pH 7.4), whereas

n




cuticle from the last pair of plecpods was not decalcified. Post
fixation was in osmium tetroxide for two hours and embedding was in
hard epon. Thin secticns.were cut on a Sorvall M-2 microtome, stained
with uranyl acetate and lead, and axamined and photographed on an
electron microscope.

Pieces of cuticle to be examined in the scanning electron
microscope (SEM) were dissected from freshly sacrificed specimens and
fixed in 5% gluteraldehyde for 39 days. Affef fixation the epidermis
and underlying tissue were removecd from the cuticle. The pieces were
then critically point dried and subsequently shadowed with a mixture
of platinum and gdld. After this preparation the cuticle was observed

and photographed on a scanning electron microscope.
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RESULTS

Physical Description of the
Collecting Area

The environmental conditions at the collection sites in Elson

Lagoon during 1974 are summerized in Table 1 and 2.

Chemical Analyses of Seawater
and Hemolymph

Ionic concentrations and freezing point. The mean freezing

point of the hemolymph from freshly ccllected énima]s (Table 3) was
not significantly different (P> 0.03) from that of the seawater

(Table 2) in which they were living (Table 4). Similarly, the
concentration of sodiuq'and chloride in the hemolymph (Table 3) was
not significantly diffe}ent (P> 0.05) (Tables 5 and 6) from the
concentration of these ions in seawater (Table-2). If concentrations
of the other cations in the hemolyroh are assumed to be equal to their
concentrations in seawater, and the concentrations of all ions in the
hemolymph are summed, the theoretica2l freezing point based on their
total concentration accounts for most of the measured freezina point

(Table 3).

Orqganic constituents of the he~olymph. To determine the relative

amounts of protein, glycoprotein, and carbohydrate present in the
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