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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 thvestigator 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 columo. The taxonomic

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

the present work. The main objectiv~~of 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 coluw.

2— Ellucidation of the freezing resistance mechanism in an invertebrate species.

3— Description of the anatomical, biochemical and pnysiological adaptations of

the visual receptors of selected animal species. Particular emphasis was

given to vertical migrarors and to a teleost species which reputedly is

a component of arctic scattering laeyrs.

4— Adaptation of the energy storage mechanisms, particularly the storage of

lipids.

mis
XC ~~~~ 0
uI~I1~~~

I
~tn

~~~~~~~~~~
~~‘ .‘ti~~A F I _

~~~~-



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 disrtibut ion 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 ANI) REPRODUCTIVE BIOLOGY OF
PELOGOBIA LONGICIRRATA (ANNELIDA)

IN THE CENTRAL ARCTIC OCEAN

DOUGLAS YINGST
Dep artment of Biological Sciences and Al/an Hancock Foundation , Unii ’ersily 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 anal ytical evaluations and comparisons. This is due to difference s
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 necessaril y 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 . Mileikovsk y ( 1969 and 1962), Tebble ( 1960), Friedrich (1950), and Hardy
and Gunther ( 1935) deserve special niention. Of the polychaetes studied by them ,
one of the most abundant was Pelogobi a long icirrata Greeff 1879, a cosmopolitan
species which reaches a maximum length of approximatel y 12mm in 26 to 30 seg-
ments and has been collected from below 4000m to the surface and throughout the
world : StØp-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
I’acific) ; 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).• 1’. Iongicirrata 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 , iuveniles , and

• adults of P. long icirra ta 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. Iongwirrata into a form clearly recognizable and comparable with the adults
(Nolte, 1938) has facilitated this stud y. Since P. Iong icir’rata 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.

MAT ERIAL S AND METHODS

A one meter closing net with a number 6 mesh (215 ~e opening) was used to
sample discrete vertical intervals from 0 to 1500 m in the central Arct ic basin.
All sampling was done by oceanographic teams from the University of Southern
Californ ia and the University of Washington from Fletcher ’s Ice Island T-3, while
the island drifted from 840 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 in
(0—300 m) was sam pled in 50 rn increments; successive tows of 200 m were taken
from 300 m to 900 m followed by 300 m tows from 900 in to 1500 m. In 1971
the sampling program from 0 to 500 m was modified , such that 25 m tows were
taken from 0 to 400 in , and 100 m tows from 400 in 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 rn , 300-.S00 in. Thus , a complete series of tows from
0 to 1500 m includes the following : 0— 100 in , 100—300 m, 300—500 m, 500—700 m,
70(J.—900 in , 900— 1200 m , 1200—1500 m. All (lata presented here are from corn-
plete series of tows with the exception of Jul y/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 part ial 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 in. 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
U~ C 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 1’. ion g icirra ta 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
previousl y 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 inte rval to interval .
To remove this volume bias in comparing the data in the different intervals , the
numbe r of animals in each size class in the 100 m intervals was multi pl ied 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-

-A
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her 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 considerabl y between tows. The filter-
ing efficiency was calculated by dividing the amount of water actuall y 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 fi gured 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. ion g icirrata changed seasonally as a function of
the relative age of the specimens (Fig. 1). Animals with 13 or more segments
were primaril y 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 Jul y and October (Fig. I) .  In contrast to those above, most
of the individuals below 500 in 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 in and made up most of the
populat ion from 900 in 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 demonst rating any apparent seasonal
trends ( Fig. 1). The mean density for 1970 and 1971 was 46/1000 m~ and
37/1000 m3, 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—
lSOOni); Jul y/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 I series from 0—700 m ) ;
March/A pril , 1971 (ws = 90, f = 14, 3 series from 0—1500 in); May/June, 1971
(ws = 106, f = 28, 4 series from 0—1 500 m) ; Jul y/August, 1971 (ws = 38, f 52,

-A-



460 DOUGLAS YINGST

DEPTH DI ST R I B U T I ONDEPTH-N 
BY%

I1IU,IIfll~ ~?~1uI~I1III~
900- 700 24/ 1000 N3 II MAO -API 581100DM 3 MA O- API
1200- 900 1970 1971

10%
1500-1200

100-0 
- - ..

300-100 (:~. - •
~

-

30/100DM 3 : MAY-JUN 58 /100DM3

1200-900 1970 1971

1500-1200

:00 - 00 iIl~~~::~~~ H-~ ___________

61/1000 N3 JUL~A UG 30/100DM 3 J UL-*Uc

1500-12G0 1
100-0
300— 100 

. 

.

~ —~ • -

500- 300
700 -500

900-700 22/1000 N3 
< UPT -OCT

1200-90 0
1500—1 200

509-300 ~~:.

700-Oil I
900-790 ~~~~~~~ SIC IS/huN 3

1200 -Oil lilt

1511-1200
I—a 4— c, - *— hi -- ;~,is—iu ti— i, ~~ 22—14

~~ 14111171 $IININTI ~ ~~~~~~~~~~ NI11ItTs~V~~uImuyI:::Ruufay$



PELOGOBIA, DISTRIBUTION AND BIOLOGY 461

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

\Vith the hope of defining the breeding season and the development of sexual
maturity in P. ion g icirra ta , the occurrence of oocytes throughout the sample popula-
tion was investi gated. Oocytes as v iewed 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 ,~ to 120 ~~, but most were between 20 ,i
and 40 ~~~ The ratio of the yolk diameter to the total ooc te diameter decreased
from 0.7 in oocytes with a diameter of 20 /L to 40 ~L to about 0.4 in the 60 ~L to
120 ~ 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 oocvte 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 probabl y 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 rap id decline in percentages from
May/June to July/August suggests that spawning took place in earl y summer.

Developmental feat ures conc ”rned with food  p rocurement

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 capacit y 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 l)e restricted to the anterior half of the body . \Vell
preserved specimens of this size , very similar to the figure shown by Mileikovskv
(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 in. As an adult , P . ion g icirrata does not develop jaws on its
probo scis which implies that it is not carnivorous.

FIG~~RR 1. The corrected annual v~rtica l distribution of P. longicirrala. The specimens
were placed into 8 size classes based on the number of segments. Each size class ic coded by
a different type of shading. The horizontal length of the bars is proportional to the relative
number of specimen s from each depth interval and in each size class in a two month period.
The solid black line nea r 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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F 1G US E 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.
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DIscussIoN

Although it appears that P. long icirra ta spawns during the late spring and
ear ly summer , it is doubtful that spawning is restricted to this period , as evidenced
by the presence of some specimens with oocytes as earl y as March/A pril 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 chiefl y
composed of animals living from 100 in 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 Pc logobia , possess
a protonephromixium which generall y provides a duct through which genital
products can be shed. If P. longicirrat a has such nephromixia . it is unlikel y that
the body wall would hav e to be ruptured an(l the female sacrificed to release the
ova or embryos. However they are released , these ova or embryos evidentl y
descend from the surface because most larvae are first found between 900 m and
1200 in. It is doubtful that the larvae f eed 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 yearl y phytoplankton bloom
in Jul y and earl y August (Eng lish , 1961).

Although it was not appreciated at the time , the occurrence of the larvae below
the adults may have been indirectly confirmed for P . longscirrat a 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 , Mileikov sky
proposed that the adults reproduce at greater depths, imply ing that the adults and
larv ae should be found together at depths below 500 m. To test this hypothesis, p
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two series of vertical tows were takeit during August of one year in the Kurile-
Kamchatka trench (M ile ikovsk y, 1969). Here adults were most numerous from
200 m to 1000 in and larvae from 300 in to 2000 in (Mileikovsk y, 1969). These
data were then interpreted as substantiating the above hypothesis that adults and
larvae are found in the same depth range below 500 in (Mi leikovsk v,  1969).
However , in li ght of the information now available from the Arctic ocean , the
sampling program in the Kuri le-Kamchatka trench may not have been sufficient
to unequivocall y delimit  the vertical distribution of the larvae and adults . For in-
~tauce, onl y two sets of tows in one month of one year were taken. Secondl y, the
lengths of the tows in the first set of samp les covered too great a vertical distance.
Thirdl y, 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-
Kainchatka trench may not l)e int onsist ent with the pattern present in the Arctic
ocean , in which the larvae are found deepe r 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 l)art 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 foun d in the same sample
with mature adults in a 11 in tow taken near h u t  Point , Antarctica (Ehlers , 1912).
Friedrich (1950) also notes that samples with many individuals collected on deep
tows in the At lantic were eith er of just young animals or a mixture  of young and
mature , whereas no sanip h’s contained only adults. From these data Friedrich
concluded that a small number of adults produce niany offspring and that (tue to
the negli gible amount of turbulence they tend to remain together in the deep sea ,
and only slowl y and passivel y disperse. Thus , although Friedrich confirms the
presence of young in (leep water , he apparentl y would disagree with the idea that
the adults spawn in shallower water than that subsequentl y occupied h~- t he 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 sampl es were
found b~- Friedrich to he certain that he Presents a general case . On the other
hand and in apparent support of deep l iving ovi gerous individuals , three females
with ova were collected between 750 m and 1250 m in the nort h Atlantic at two
wparate stations (StØp-Bowitz , l 94R). 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 ambi guous picture of the vertical distribution of
the adults versus t lw juveniles emerges from the work of Hard y and Gunther
( 1935) from South Georg ia , Antarctica. From November to May the vertical
distribution of the adults of P. Ion g icirra ta from 50 m to 1000 m tended to overlap
the vertical distributi ’ ii of the juve n i l e s  of all species of polychaetes collected.
Although most of the juveni les were thought by the authors to be P. I on g icirrat a,
the fact that alt 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.

Finall y, Tebble (1960) has found independent support for the contention made
here that P. long icirra la 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, lie determined that during the summer
and early fall from November to A pril 1’. Ion gicirra ta was riost abundant in the
upper 100 in , but that (luring the winter it migrated into deeper water where
it was fairl y abundant throughout the year. Tebble speculates that its presence in
the surface waters may l)e for purposes of breeding and feeding, althoug h he pre-
sents no tlata to support these l)ossibilities.

It is , of cou rse , tempting to directl y compare and discuss the vertical distribution
of the adults of 1’. long icirrasa with that found by others such as Tebble (1960),
( ;uri ther and Hard y (1935), and Mileikovsk y (1962 an(l 1969 ) iii different parts
of the world. That temptation , however , is resisted for many of the reasons
stated earlier in this paper. More productive comparisons can hopefull y be made
when t h e  results on other groups of 1)lankt oflic organisms collected in the same
program from Fletcher ’s Ice Islan(l 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 ad ults. With P. Iong ic irr&a
one can presentl y onl y speculate on an exp lanation for this phenomenon . One
possibility, however , is that living deeper may reduce predator pressure when the
larvae are too young to feed and thus ut iable to exp loit the surface waters.

I especiall thank 1)rs, Kristia n Fauchald and 1-lector R. Fernandez for their
hel pful suggestions and for reviewing the manuscri pt , Robert Smith for his computer
programing, and Josephine Yingst for her hel p in counting oocytes and segments
in many sp ’ciiiwns . Special appreciation is also extended to I)r . PattI Schroeder
who reviewed the manuscri pt and made important suggestions on ganietogenesis iii
polvchaetes. I also thank l)r. Thomas English of the University of Washington
fc,r providing some of t h e  samples on which this stud y is based. This work was
supported b~- ()NR contract N (X)0l4 67-A-0269—00l3 to 1)r . Hector R. Fernandez .

SUM MARY

1)tiring a two y ear p( ’riod the vertical distribution of P rl ogobia long icirra la
(I’olydiaeta , Atin e l ida  in the central Arctic ocean changed seasonall y in conjunc-
tion with t h e  relative age of t h e  organisms. Adults with thirteen or more segments
were primari l y found throughout the sear from 100—500 m. The peak occurrence
of rtocyles iii the tw o month period of May/June was followed hs’ a rap id decline
in Julv/August , suggesting a spawning season in earl y sunaner or late spring.
I .ar ’~ ar si ih ’ot 1 t ie t i t l y  appeared lx’low 500 ni where specimens with one to threesegment ~ accounted for most of the animals collected between 900 m and 1200 in.
specimens with six or more segments were the youngest observed to have a mouth .
anus, a continuou s digestive tract , anti a muscled pharynx . indicating that larvae
smaller than these ar~ probabl y incapable of feeding. Thes’ may instead live off
of stored yolk retained from the egg. It is suggested that as the larvae mature the
m ove tip the water colt~mn and eventuall y 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
, t% ~ in 1970 and 37/ 1000 m 5 in 1971.
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Growth Cycle and Related Vertical Distribution of the Thecoatomatous Ptero—

pod Spiratella (Limacina) helicina in the Central Arctic Ocean . by Dr. Hester

A. Kobayashi

The growth cycle and vertical distribution of Spira tella helicina was investi-

gated because evidence has been presented which implicates this organism with

the sona r 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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Growt h Cycle and Related Vertical Distribution of the Thecosomatous
Pteropod Spirate/la (“Limacina ”) he/ic/na in the Central Arctic Ocean
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Abstract N i k i t i n  ( 19 55) ,  and Harding (1966 ) have estab—
l i shed  the d i s t r i b u t i o n  of S. heli ’~~ria t o be

The growth cycle  and re lated ve r t i ca l  distribution mainly within the Arctic layer of the water co-
ol the thecosomatous pteropod p i~~ tella (“Linrz— lumn (0 to 250 m ) .  Aside f rom these observat ions ,
cina ”) he Ucina (Phi pps) were studied. 3. helicina however , very little has been known of the biol—
has a l i f e  cycle of approximate ly  1.5 to 2 years  ogy of the species in the cen t ra l  A r c t i c  Ocean .
in the cen t ra l  Arc t i c  Ocean (Canada Bas in ) .  It ttii s paper deals with the growth cycle , related
spawns mainl y dur ing  the sp r ing  to summer period , vertical distribution and environmental factors
and on a small scale during the winter. The young which may be of influence in determining vertical
double their sizes during the winter months of distributional patterns of the species.
October to May , slow down in growth until late
sunnier , and attain maximum size in early winter.
The oldest disappear by late March . Gonadal tissue Mat riils and t4ethod~
was first seen in young pteropods of 0.7 nun diam-
eter , the predominant size from February to April. Samples used in this study were collected from the
S. helicina 0.8 mm in diameter , the size predomi— drifting ice stations : “Arlis 1” at the periphery
nant f rom May through Ju ly,  are matux -e and herma — of the cen t ra l  Arc t i c  Basin (74 °— 75° N~ 143° —166 °W ) ,
phrodi t ic .  Growth during the winter  months sug— October , 1960—March , 1961 , 29 s tat ions ; “Arl is  II”
gests that  par t icu la te  organic mat ter  is availab le in the cen t ra l  Arc t i c  (83°—86 °N; 169 °— l 7 4 °W ) ,  Oct—
during this  period to these obl igate  c i l i a r y  ober , 1962—March , 1963 , 16 s t a t ions ;  “T—3” in
feeders ,  Vert ical  d i s t r ibu t ion  is size and season— the central  Arc t ic  (84 °—83 °N; 112 °—8 5 °W ) ,  Ma rch ,
dependent, The youngest specimens collected (0. 2 1970— October , 1972 , 85 st a t ions ,
to 0.4 mm) were found concentrated in the f i r s t  The “1—3 ” series was collected by f ield wo rke r s
50 m . The larger s izes  dispersed dur ing  the sum— from the Un ive r s i t y  of Southern Ca l i fo rn i a  (USC )
mer mon ths , and tended to concentrate in the top and the Univers i ty  of Washington , in vertical tows
150 m dur ing  the rest of the year .  They aggregated made cons i s t en t ly  at the fol lowing increments :
in the top 50 m from late winter  throug h earl y 50 to 0 m , 100 to 50 m , 1 50 to 100 m , 200 to ISO m ,
spring, and f a l l  th rough earl y win te r ;  then con— 250 to 200 rn , 300 to 250 m , 500 to 300 m , 700 to
centrated in the 100 to 50 m level until the end 500 m , 900 to 700 m , 1200 to 900 m, I m diameter ,
of w in te r .  Numerous environmental  fac tors  seem closing nets of 215 ~m mesh were used . Samples
to be involved in de te rmin ing  the vert ical  d i st r i —  from “Arl is  I ” and “Ar l i s  II” were obtained b y
bution of the species in the central  Arc t i c  Ocean, vert ical  and hor izonta l  tows wi th  0.5 m nets vary-

ing in mesh from 73 to 2 15  liz . USC f i e ld  workers
did the collect ing.

Introd uction Shell diameters  were determined b y measu r ing
across the shell f rom the end of the outer  whorl

SpiIxLtella (“Limacina ”) helicina (Phi pp s) ,  a pro— with an ocular micrometer.
minent member of marine zooplankt on in polar and Vert ical  d is t r ibut ion  was investi gated amon g
bo real waters , is the onl y theco somatous pteropod samples collected from “T—3 ” between March , 1970
recorded in the cent ral Arct ic  Ocean (Leung , 19 7 1) .  and December , 1 97 1 , the period of nnst  in tens ive
The role of S. helicina as a member of the Arc t i c  samp ling.
fauna has become of pa r t i cu la r  in te res t  as a re— Gonadal ma tura t ion  was determined from h i s to l o—
suit  of Hansen and Dunbar ’s (1970) report of the gical slides of Spira tella helici na of d i f f e r e n t
species in the acoustical scat ter ing layer asso— sizes , at the period of the i r  peak occurrence.
ciated with the 50 ~a pycnocline in the central Slides were prepared (method of H siao , 1939a) f rom
Arctic Ocean (Canada Bas in).  It has been found specimens preserwe d in 7 to 10% bu f f e r ed  formal in ,
concentrated at depths corresponding to locations decaicified in 1% ace t ic  acid , and whole —s tained
of the scat ter ing layers , and has been shown to w ith methylene blue for ease in handling.  5 pm
be physicall y capable of causing accoust ical re— thick pa ra f f in  sections were prepared and s tained
ve rberations. Ear l ie r  studies by Brodskii and wi th  henmatoxyl in  and eosin.

_____________ — - - — -  - — —— - - — —-  . - .  _____________________________________ - .— . - I — — .  - - -  - . . - .
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!,~ j~d t .c  .~.,j (1905) and Hsjao (1939a), wh o worked on ‘:,

~
‘na and .‘ . r’~ tr ~-~~ , ’::~ , respectively. Hsiao found

Growth—Cycle that mature )V~I in - . r -t - r~~x r ~a ranged f rom 50
to 70 ~im , had dark staining granules in their cy—

h . l l  !ciarne t. -, ’.’. Shell—diameter measurements top lasm , and a poorly staining nucleus . Two pro-
of ,~~i, ’i r ,  I t o  Ic~: L c ’i~o4  a re  presented i n T a b l ,~ I m i n e n t , m a t u re a c ce s sur y  reproduct ive  organs he
as ave rage monthly values. Two va l ues are provided described were the s h e l l  g l a n d  and the seminal ye—
b r  months during which the array of sample diam— sicularis . The shell gland , according to the
eters showed bimodal populations , one of large desc ri ptio n , is histologically characterized by
individuals (parent generation) and the other ut t h e presence of large secretory ce ll s and tall ,
smaller specimens (otfspring generation). Indivi— ciliated columnar cells. The seminal vesicularis
dual measurements wer pooled to derive the sche— is lined with cuboidal ep ithe lial cells and is an
matic growth cycle shown in Fig. I. elongated , pear—shaped organ connected to the her-

maphrod itic duct. These prominent characteristics
of the mature hermaphroditic system were used to

__________________________________ determi ne the maturity of the pteropods examined.
Table 2 summarizes the observations on 3. heli c~ina

~~3O 

1t\ 
of 

~~~~~~~~~~~~~~~~~ maturation of gonads does
-~~2O ~~~~~~~~~ 

‘. “~—‘Q~ not c,c- cur on the ave rage until the pteropods reach
about 0.7 nun diameter , the size found predominant—
ly f rom February to April , Accessory organs were

o l ,O difficult to identify until they reached aboutCD 
__ __ ___._ — ‘ 0.! nun diameter , the size predominant in May.

a Histologically, the hermaphroditic system of ..‘pi—
i F M A M J J A s o N 0 .i F p !~1te l l c  helicina of 0,8 mm and larger were very

Month ~imilar .

Fig. I. .f~irotella Icc -li ’icua . Schematic growth
cycle based on pooled data from samples collected Discussion
from the drifting ice stations “Ar lis I”, “Ar lis
Il” and “T—3”. C: parent generation of G 1 ; C 1 : 

/~c:ri Vatt~~c of Growth ~~~~~ The size of speci-
parent generation; C2: offspring generation inens taken at corresponding months from the dif-

ferent ice stations overlap within I standard de-
______________________________________________ viation (Table I). The periods in the growth cycle

when the smallest and largest individuals occur ,
and when the largest forms disappear also overlap.

During the growth cycle , young individuals of The appearance of a small number of veligers , 0.3
0.3 nun diameter begin to appear in August and are nun diameter , in March is also consistent.
prominent until November. The average diameter of Growth and reproduction are influenced by flue—
the population of young specimens increases tuations in a number of recognized environmental
throughout the winter. The sizes double from 0.4 features. &mong the most important seem to be
nun in October to 0.8 nun in May. External growth li ght , temperature , and a v a i l a b i l i t y  of food
ceases between May and July, and continue s again (Kinne, 1970). Throughout the central Arctic Ocean
to an average maximum diameter of 2.8 nun. During (Canada Basin) these features appear to be similar
the period of final growth , however , the popula— during any one period of the year. Because , hy—
tion declines very noticeabl y in the proportion drographically ,  the central Arctic water column
of individuals of 2 nun and large r found. Members is composed of 3 major water masses which vary
of the adult population seem to disappear corn— very sli ghtly in depth from one location to an—
p letely by the end of March; large individuals are other (Coachman, 1963), temperatures experienced
not collected until the following winter (October). by animals at corresponding depths in different

Data in Table I show that veli gers of 0.3 mm locations are very similar. Temperatures in the
diameter appear again in March . The numbers , how— most fluctuating part of the column , the top 50 m,
ever, are so small that their presence is not re— vary by a maximum of only 2C° throughout the year.
flected in Fig, I , based upon average sizes for Winter temperatures range between _ I .650 and _ I.850

each month . This appearance of young suggests that C, and sunnier temperatures between _I.70 and 0°C.
spawning occurs during the winter months on a Ii— Light penetration , energy for primary production ,
mjted scale , is sharp ly controlled by the li ght Cy cle and the

occurrence of snow cove r during similar periods 4
Gonadal Development. The adult Spi..r vat ella is throughout the area. The availabilit y of food is,

hermaphrodit ic .  Its gonad , or ovotestis , is a thus , s imi l a r ly  l imited un t il  the spri ng— sunine r
spiral structure posterior to the di gestive gland , peri od occurring roughly from June—Au gust (Eng—
occupying the posterior whorl of the sp iral shell. lish , 1963 , 1965).
Detailed description of the structure and organi— On the basi s of the shell—diameter measurements
zation is available in the work of Meisenhei tne r and the consistency of environmental feature s , I
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Table 2. . ‘p ’
~ aie1la l’eli (’ na. Shell size and gonadal development

Size Conadal state Accessory organs Comments Month
(mis)

0.4 No differentiation Undeveloped Primordial cells through— September
out body,  in clumps

0.5 No differentiation Undeveloped P r i m o r d i a l  c e l l s  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 de ta i l s  comp letel y out bod y Apri l
indeterminate  d i s t ingu i shab le

0.8 Mature ova , 37—46v Hermaphroditic Little histolog ical May,
seen , male tissue organs present difference from this Jul y
present size on -

0.9 Mature ova , 4 3 — 7 1 u  S imi la r  to that  Jul y
seen, male tissue in 0.8 mm
p resent specimen

1 . 4  Mature ova , 43—57 v Similar  to that  August
seen , male t issue in 0.8 mm
present speci men

I

have interpreted the growth cycle of Spiratella qua l i ty  and quan t i ty  of food avai lable  to them dur—
helicina to be generally a uniform one within the ing the long winter , and hence die out upon reach—
cent ral Arct ic  Ocean , and have therefore combined ing a maximum sustainable size.
the data to derive the growth cycle shown in Fig. I.

The l i f e  cycle of Spiratelta helicina in the Spawning. Histological data show that Spire—
central  Arc t ic  Ocean appears to extend over 1 . 5  tella helicina has mature ova and fully developed
to 2 years . Supporting this es t imate  are the ob— accessory organs b y about 0.8 nun diamete r , the
servat ions that  the major spawning period s ta r t s  average size at ta ined by the populat ion in May
in May when the population averages 0.8 nun, that (end of winter). This suggests that they can spawn
veli gers grow to 0.8 mm by May of the following from that size. Hansen and Dunbar (1970) have re—
year , and that an average of 2,8 m (maximum 3.7 ported specimens of this size carry ing egg masses.
nun) is reached by November , after which the large Since the major population of veligers appear in
specimens decline and disappear by March of the late sununer and early winter (August—November) it
following year. If larger S. helicina such as the appears that the major spawning period occurs
8 nun individuals  reported by van der Spoel (1967) during the spring and summe r, starting in the late
in the sub—Arctic occur , then the life cycle of winter and ending before the following winter. The
the species in the central Arctic Ocean may be peak probably occurs during the May—July period ,
longer. Our records of many years of sampling in when cessation of external growth in the popula—

• the region , however, do not show such large speci— tion was noted.
mens. Despite the obvious handicap of being unable The cessation of growth in overall body size
to make fast tows routinely from the ice stations in Spiratella helicina during the reproductive
except when wind conditions cause fast movement period is conunon among animals .  Energy demands re—
of the islands , we have been able to collect adult quire that only one of these processes predominate
spec imens of such fast—swimming zoop~ankton as (K inne , 1970). Growth after the major reproductive

• Hymenodora glacialia (decapod ), Clione limaoina~ period is not as common ; however , thi s fea ture
various medusae, an occasional octopus , and large does not appear to be an Arctic adaption since it
ançhipods ; even fish have been caught. If such is al so disp layed by the very cl ose ly rela ted
large S. helicina occur it is reasonable to assume species foun d in the Gulf of Maine , S. retroveraa
that a few would have been collected over the long (Hsiao , I939b; Red fie ld , 1939).
period of collec t ions . It  may be that larger S. Spawning does not seem to end entirely with the
helicina are unable to sustain themselve s on the onset of winter . There appears to be some winter

- 

- ~~~~~~~~~~~~~~~ 
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spawning on a small scale , for individuals of 0.3 energy reserves. Numerous other zooplankton are
mm diameter occasionally have been found in Ma rch also capable of this activity , hence only a very
(Table I). Protracted reproduction has been found small portion of the total biomass remains which
to exis t  among Sp ir a te lla  hel icina by Paranjape requires POM throughout the year , ‘p irct 7.la app.
(1968). being included.

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— Vertical Distribution
summer period of the area. It parallels that of
S. retrover8a (Redfield , 1939), which has its ma— The data show seasonal vertical migration (Fig. 2).
jor spawning earlier in the year than ~~. helicina, Spiratella belicina concentrated in the 50 to 100 is
during the spring period of the temperate region, interval during the late winter months of March

and Apri l , migrated to the top 50 m during late
Major Growth Period and Food Supp ly. The fact winter to early spring (May—June), dispersed

that £rowth continues during the winter (October— during the sununer months , and reconcentrated at
May), with major size increase and gonadal deve— the end of summer. During September , the major
lopment occurring during the dark months (October— concentration was in the top 50 in; however, iii
March) suggests that food is available even during December there was a trend toward reconcentration
the winter months to these animals. Spiratella at the 50 to 100 m depth interval.
app. are entirely ciliary feeders (Morton, ~~54)
dependent , therefore , upon the presence of parti-
culate organic material (POM) of suitable size ‘I. of total Spirate/fo
(phytoplankton , nannoplankton , detritus) for nu— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
trition. Unlike a number of other Arctic and deep— ~~~~~~ L~ 

— 

~~ 1” E”~ t
water plankton from temperate areas which store — 100 - 50 • I I
reserves in the form of wax esters , pteropods do ~~150 100
‘lot appear to have this ability (Lee, personal
communication) , and hence are dependent through— 

~~3OO 250 Iout the year upon available food. .E 500,,300
The presence of POM is dependent upon primary 

~,7O0 5oO
productivity, and the subsequent events in the 

~goo-7oo
food chain which lead to nannoplankton and detri— 1200-900 — — — — — — — -—
tal production. In the central Arctic , primary Mar. Apr . May June Jul y ~uq Sep. Dec
productivity occurs in an annual mono—cyclical 1 29 5 2 6  3 11 11 28 5 20 6 20 15

manner in close association with local seasons Month/Date
(English , 1963, 1965), peaking during the biologi-
cal summer (roughly mid—July through August), de— Fig. 2. Spir a tella helicina . Vertical distribu—
d i ning through September (autumn), pausing during tion of specimens collected from “T—3” during
the dark months (October—March) and resuming again March—December, 1970. Values of 5% and less are
from late winter as the sun appears. POM estimates , indicated by lightl y shaded , open bars
based upon amounts of particulate organic carbon
for summe r 1970 and 1971 (Engli sh , unpublished da-
ta for chlorophyll a X 75, where 75—C /Chl a: com-
monly used ratio for phytoplankton) and April 1971
(Mourn—Hansen , unpublished data), shortly after the Vertical distribution limits varied with sea—
end of the dark period , at 25 m depth , were 32, son. From late winter to the end of spring 90% of
28, and 3 pg C/l , respectively . Because extensive the population remained in the top 150 m of the
annual surveys of organic particulates have not water column , but dispersed down as far as 900 to
been conducted in the central Arctic Ocean, the 1200 is depth during the summe r, continuing to be
major available data being li mited to the end of diffuse as late as December.
win ter (Kinney et a l . ,  1971; HoIm—Hansen , unpub— Vertical distribution as a function of size is
lished), li ttle can be said of the actual quanti— shown in Fig. 3. Spiratel-la helicina larvae of
ties of particulate material available to support 0.2 to 0.4 nun diameter (prominent from August to
POM—feeding zoop lankton throughout the year. It November) concentrated primarily in the top 50 is ,
can be said , however , that at a minimum , concen— while individuals of 0.5 to 0.7 nun (prominent from
trations are as high as that of other deep ocean December to April) tended to concentrate at the
basins which support POM—feeding populations 50 to 100 in interval.  The persistence of small
(Hobson and Menzel , 1969; HoIst—Hansen , 1969). In sizes less than 0.5 nun in the top ~~ is accounts
the cencral Arctic , only a small proportion of the for the top—heavy distribution in September , and
POM—feeding zoop lankton is dependent throughout the sh i f t  to the 50 to 100 m interval by December
the year on externa l energy sources. Hopkins (1969) as the pteropods on the average become 0.5 nun and
has shown that roughly 86% of the biomass is corn— larger. Sizes 0.8 to 0.9 nun (prominent from May
posed of copepods , and recent lip id studies (Lee to early July) were found mainly in the first

J at ‘ci ., 1972) have shown that the most p rominent 100 is. Specimens 1.0 to 1.4 mm, consnon during the
of these are capable of wax—ester production for summer, were dispersed — as would be expected

_ _ _  -~~~
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/.of total $‘pu’ate//a in size interval Among other environmental factors influencing
0 0 0 0 ~~0 ~ 50 ~ ° ~ ~ 5~100 vertical migrations , 1 i g h t appears to be of

100-50 of the young in the top 50 in , since larv .~.e a re
positiv ely phototactic (Paranjape , 1968). The mi—

E l50 100 g r a t i o n  of ad u l t s  to the top SO m in May and June
:200-ISO stay also be influenced by li ght, as a trigger and
~ 25o 200 in directional orientation.

r 

‘ some importance in the orientation and maintenance

~ 300 250 The in f l uen ce of t e in p e r a t u r a on the
£ 500 -300 mi gra t ion of cent ra l  Arctic Sp ira tella helicina
~ 700-S00 seems to be minima l , in view of the very sma l l0 900 .700 t empera tu re  change (about O .5C °) that  these ptero—
1200 - 900 _________________________________________ pods n o r m a l l y  exper ience  in the i r  vert ical  mi gra —

O 2~~J 0 1. 05 06 07 08 09 I C  11-1.4 1.9-Z5 t ion  f r o m  the top 50 is to the 100 to 50 is inter—
Shell d i o m e t e r l m m )  va l .  This  species spawns , ha t ches , and spends i t s

most f o r m a t i v e  per iod at t empera tu res  ranging f rom
Fig. 3. .~~~ra’

.-l u1 J cel i ’ia . Vertical distr ibu— _ l. 60 to —1. 0°C. The maximum change it may ex—
t i i r , as a f u n c t i o n  of size , of specimens collected perience would occur during surrune r dispersal , and
from “T—3 ” during March—December , 1970. Values of may be r ough l y about 2C °.
5% and less are indicated by li ghtly shaded , open Hydrostatic p r e s s u r e does not appear
bars to impose limits on the population , at leas t

within 100 is depth. The downward movement is , on
the whole , seasonal (Fig. 2). It is possible that
tole rance varies with size , for only large , ma—

f rom the genera l  p o p u l a t i o n  t rend in Fi g. 2. [i. 
- ture individuals have been found in depths below

~ic~~~~
’ ‘ ‘a of 1.9 to 2.5 nun, found during fall and 200 m.

early winter , di sp layed the reconcentrating ten— Salinity is often considered to pose physiolo—
den y described for the total population during gical limits on vertical migration of zooplankton.
this season. It appears that in the Arctic this factor is in-

fluential in setting an upper distribution limit.
:;p i’~’1t~~lla heliciria concentrates at the 50 is levelDiscuss ion in preference to other parts of the top 50 m )
(Hansen and Dunbar , 1970). They thus concentrate

Seasonal  m i g r a t o r y  behavior  as seen here is a in the s a l i n i t y  range of 29.8 to 32.00/00 (data
phe nomenon common to c e n t r a l  A r c t i c  z o o p l a n k t o n .  co l l ec t ed  by the U n i v e r s i t y  of Wash ing ton  at 50 m:
Hughes (1968) reported the seasonal ve r t i c a l  mi— S t a t i o n s  W I — W 2 , 1965; S t a t i o n s  0 12 — 0 13 , 1970) , in—
gr a t i o n  of seve ral copepods.  Dawson (personal  s tead  of sp r ead in g th rougho u t the top SO m of the
communiyation ) has shown that the copepodites ~~ water column which range in salinity from 28.5 to
‘~‘l lar ua ~y~er reu:: concentrate  in the top SO m 33.5 0/oo (Coach man , 1963). In the i r  dispersal
d u r i n g  the summe r , and g r adua l l y  mi grate  to deeper down the w a t e r  column d u r i n g  the summe r , S. hel~ —
wate r  by w i n t e r .  Such m i g r a t o r y  and agg rega t i ve  ‘~ina live at salinities as hi gh as 350/00 , how—
behav ior o f t e n  is  i n t e rp re t ed  as response to ~ ever this migration appears to be limited to -•
numbe r of factors in the biolog ical and physical adults.
e n v i r o n m e n t .  These inc lude  the a v a i l a b i l i t y  of A v o i d a n c e o f p r e d a t o r s
food , lig ht , pressure , salinity, and avoidance of by migration does not appear to be an advantage
predators . 

• of the v e r t i c a l  movement of Spiratella helicina.
The availab ility of food in the water column Cli ’.~rze lircw ina, it s well—defined predator (Lalli ,

th roughout  the year  is  of great importance to Arc— 1970), has a p a r a l l e l  pa t t e rn  of distribution
tic ::pi~~~ s lla ~~~~ ‘~i’rv~ since , as mentioned ear— (Mileikovsky, 1970).
h e r  in the discussion of the growth cycle , these
pteropods require a constant source of nutritive Acl’~~wledgemenrc. This work was supported by
POM. Studies  of POM in the A r c t i c  water  column the U.S. Office of Naval Research Contract
made in  Ap r i l , sho r t l y a f t e r  the  end of the corn— N0001 4— 6 7—A—0269 —O01 3 , NR 307—270 wi th  the Uni—
pletely dark period , have shown that it concen— versity of Southern California. My deepest appre—
tra tes  in the v i c i n i t y  of 50 in (Holni—Hansen , un— ciation goes to project princi pal inves tigator,
published data). At this t ime , . .  heli- ’ina conce n— H. K. Fernandez , for reviewing the manuscript , and
trates in the 50 to 100 m depth range (Fig. 2). to 0. Holm—Hanaen and T.S.  English for the use of
V e l i g e r s  of 0.2 to 0.3 sen are concentra ted  i n  the unpubl i shed  da ta .
top 50 in (Fi g. 3) — the euphotic zone of the Arc-
t i c  wate r  column (Eng l i sh , 1965) and hence the
depth range of highest POM levels during produc— Ljt’rature Cited
tive m o n t h s .  Larvae  of this size lack the adult
swirluning appendages, or “wings ” (Paranjape , 1968), Brodskii , K.A . and M. Nikitin: Hydrobiolog ical
and therefore may find advantage in being present work . In: Observational data of the scientific
in the layers of highest food concentration , research drifting stations of 1950—5 1 , Vol. I.

-~~~~~
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On the Ostracod Fauna oi ~e Arctic Ocean by Yuk M. Leung.

Ostracods are among the most prominent zooplankton constituents of the Arc-

tic Ocean . In this investigation Mr. Leung the geograp hic and seasonal ver-

tical distribut ion of five species
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L On the Ostracod fauna of the Arctic basin

YUK M. LELING

I.eung, Y. M. 1975 On the Ostracod fauna of the Arct ic basin. As tar te N , 41 - 47.

i’his stud y is based on some 7 ,000 individuals collected at the American basin of
the ,srctic Ocean. Five species have been recorded : four of Halocyprididac and one
of I’aradoxostomatidae, Conchoecia boreal is maxima is the predominant spccies
inhab iting depths ranging fr om 1500 m to the surface, One of the species, H at/I) ’-
conchoccza arc tica , i s n ew to sc ience , and is described elsewhere. Conchoe-
cia .rkogsbergi is a new record for the Arct ic  basin. Aie tabula.ctoma ar ’t i( Uif l , a
paras itic form , lives attached to the gills and gn ath opods of certain amphipods.
The size-range of the specimens of C. eh gains and C. skogsbergi exceed that of
typ ica l specimens and their  syst ematic status m erits  a thoroug h stud y.

Y. M. Leung, Dep ar tment of Biological Sciences, University of Southern Ca l ifo rnia ,
Los Angeles , California , U.S.A.

H
Thoug h the ostracod s are among the promi- Southern California and the University of
nent constituents of the hi gh Arctic fauna. Washington , collected from 1952 to 1971.
they have hitherto been but l i t t le  investi- Most of the individuals were caug ht in
ga ted. A number of species occur at various plankton net tows, with non-closing nets and
depths rang ing from 151)0 meters to the sur- half-meter closing nets of 73 jsns and 2 15 ~sm
face , and some also occur in abundance on mesh opening, and the host gammarids were
the continental shelves. In earlier literature , taken with a wire mesh trap and from the
Skogabcrg (1920) mentioned two marine ape- surface of the hydrohole. The depth of col-
cies (Phil omedes g lobosus and Conchoecia lccting was recorded from each station.
oblusa la) found in the Arctic Ocean. Sars
(1928) revealed that nine Norwegian species
were distributed in the Arctic Sea: one
Cypr idinidae , three Conchoechiidae , and five SYSTEMATIC ACCOUNT
Cytheridae. In this report five species are
reco rded: one belongs to the Paradoxosto- Famil y HALOCYPRED IDAE
matida c (Cytheridae) and the others to the Genus Conc lzoecza Dana , 1849

Halocypr ididae (Conchoechiidac). One of the moths group

~~ species of  Bath yconchoecia turned out to be Conchoecia borealis maxima Brady & Nor-

new to science , and the other, a along form ’ ma n , 1896
of the ro lundata group, is a new record in Conchoevia maxima . Brady & Norman 1896, p. 686.
the Arctic Basin. P1. LXI, figs. 1—8; Sara 1900, pp. 127—1 37 Plc.

This paper is based on some 7 ,000 samples ~~~ . ~6
taken from the d r i f t i n g  stat ions AR IA S—I , Remarks. Conchoecia boreali.c maxima is the
AR IA S—I l , and ‘1,—S (Fletcher ’s Island) by predominant species in the samp les, dis t rib-
many field biologists of the University of uted from the surface to 1500 meters in great
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abundante , Collectivel y, the features agree ARI.IS-1 from 74°18’N to 74c54~N at depths
with material  from the north Atlantic  de- fr oij i  t m to the surface; and at AR I . lS — I  I
scrihed by Brady & Norman (1896) and Sars fr ’ ;tii  83~31’N to 84 ’ .55’N at depths of 150 ni
(1900), a lthoug h some appendag es disp lay to the surface.
sonic t r i f l ing variations. In females the frontal
organ is club-shaped , hut the apex is not so t’legans group
acutely pointed as mentioned by Brady & Conclioct ia t ’lI ’g un.s G. 0. Sars, I
Norman; in the first antenna, the first two

~:cgnicnts of the stem are not of equal size, Conchoecia elegans , Sars 1~h5 p. 117 ; Skogsherg
and the basal one i s longer than the second ; 1920, pp. 624—636; Sars 11128. pp. 22-- 24, PIs. II ,

12.the mandib les are visibl y chitin ized , the
cutting edge is armed with a row of teeth , Remarks . Conc/zoeda elegan s made up ap-
the basal segment of the cndopodite is much prox i mate l y 0.74 ~/o of the collection (totalling
longer than the other three, and its lower 52 specimens); they were associated with C.
edge also hears a row of teeth; the second borealis maxima at depths from 750 m to the
pair of legs is the longest, and the last seg- surface. It occurred at T—3 and ARL! S— I.
mcnt is armed with two slender sctae of sub- hut no record has yet been reported fro m
equal size; the arrangement of furcal claws ARL I S— 1I. The present form is quite similar
correspon ds with Sars ’ descri ption , including to the type specimens (Sars 1 865) from the
the two small bristles behind the last pair Norweg ian Sea with the exception ~f its
which is slender and some distance apart. larger size. Since C. efrgans has a cosmo-
In the male, the apex of the frontal organ is politan di stribution from the Arctic to the
not so dilated as in the female; the f i rs t  An ta r c t i c . it varies considerably in size : Claus
antenna is str ong l y built and the proximal (1891) recorded it as 1 .20—1.30 mm from thc
long seta is armed with a series of short re- Atlantic;  Muller (1906) as 1 .00—2.00 tnm from
curve d niarginal sp ines in the middle; the the (;er man deep sea expedit ion;  Sars (1928)
mandibles resemble that  of the femaie , but as 2.30 mm from the Norwegian coast: the
the basal segment of the endopodite is almost male specimens investigated by Skogsherg
as long as the two following segments corn- (1920) were 2.10—2.25 mm from Lofoten.
bi ned; the (urea is relativel y larger than tha t 1 .20 mm from thc Atlant ic , 2.05—2.20 mm
of the female . and the copulatory organ is from the Arctic , and 1.45—2.00 from the
well developed, located adjacent to the furca Antarctic.  The present form has a range from
extending to the ventral edge of the shell. 2. 35—2.40 mm in both sexes, larger than all

Coneltoecia borealis maxima is very closel y the previous records . According to the reports
all ied to Conchoecia boreali.c borealis , but of the earlier workers , severa l size groups
positivel y separated b y larger size; the males exist with distinct geographical and vertical
meast ire 3.2 mm anti the females 3.5 mm in dis tr ibut ions which are in a state of taxonorn-
length (compared with 2.3 mm and 2.11 mm. ic confusion. Angel (pers , comm.) disclosed
respectivel y, in the typ ical form). The Arctic that wherever size groups overlap geograp h-
form also resembles the Antarctic Species , C. icall y, they are separated verticall y, and the
~nti/ioda Muller , par t icular l y in the a rma tu re  large form appears to extend far south in
of the male first  antenna. It deviates , how- the northern At l an t i c , but the median depth
ever , in that  the shoulder vaults of the former of its population descends , an d its population
are rounded , whereas in the C. anlipoda they density decreases by about two orders of
are raised to a sharp ed ge, while also the magnitude.  At least three species may he in-
carapace length is smaller, eluded within the present concept of the

spec ies .
Di stribution. The type species was described ~ /as occurring of I Greenland and extending Distribution. Sara (1865) described the species
southward to the Faroe Channel. Sars (1900) from the Norwegian coast, and it is distrib-
recorde d it as far north as 84°47’N. In the uted in the Atlantic Ocean (Claus 189 !),
present collection the habitat was recorded Indian Ocean. and Antarctic (Skogsberg
at T—3 Ice Island from 74°27’N to 76°08’N, 1920) ; the most northerl y record was 79°58’N
at depths of 1500 m to the surface; at (Auriviilius 1 898). The present record has
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a ~~~~~ ~~~~~
.j of ~~~~ ~a I  di~~~r1t.at o~ of Conc7’~ ’c ,  a borea~~~~~a a , m 4 in  ~‘‘~ 9’~~t ic  Bas ’~

e~~~’a J a ’ . Feb. I4arch pr~ 1 MaJ Jane J a I y Ai.g. ‘Je~.’~. 0,. t.  l.oa .  sr,’ .

~ 4 1 1 0 8

100-SO 7 0 33 7 2 2 3 2 4 1 6 10 77

50-100 II 0 29 34 6 6 0 5 2 6 6 6 121

200—110 4 7 12 2 1 4 13 3 7 34 0 2 10 10 .44

250-200 3 2 12 12 10 39 70 25 1 1 2 21 163

300 -2 43 2 1 15 13 22 14 14 29 3 9 3 17 151

540 -20 0 4 17 76 58 55 21 65 65 3 10 ‘a 72 456

703 - 503 0 18 27 51 15 5 20 36 15 5 6 13 237

SOo . 743  3 2 14 27 8 30 34 I I  8 2 3 II UI

1 203-900 8 3 15 14 13 10 33 2 1 8 5 5 34 136

1600-1200 2 0 16 49 15 18 6. 0 3 13 11 2 1 144

2000-1 500 0 0 7 0 0 0 0 0 I I  20 0 0 34

46 47. 262 282 170 141 190 2 11 63 54 £~ 194 3759

extended this to 85~ 29 ’N at T— .3 Ice Island Arctic Basin has several features which show
and 74 54 ’N at ARLIS— I . The depth is variation from Atlantic specimens. Althoug h
rang ing from 750 in to the surface. the Arctic form is similar to the specimen

from t he Norwegian Sea (Angel 1968), the
r olundata group size exceeds the Norwegian specimen which

Conchoecia skogsberg i F. J. lIes , 1953 measured only 1.33 mm. The whole group
needs drastic revision.

Conchoecia ro tundat a , Muller 1890, p. 83; Muller
1906, pp. 29—54; Skogsberg 1920, pp. 648—658.
Co,,c/,oecia skngsbergi , lies 1953, pp. 259—280;
Angel 1968. Genus Ba th yconchoecia Deevey, 1968
Remarks. Along with several juvenile Con- Ba/ h yconchoecia ar ctica Angel (Crus taceana ,
hoecia borealis maxima, an adult female in press)

Conchoecia .skog hergi of the ro lundata group Re,n ar ks. A sing le female Bath yconchoeda
was caug ht in a p lankton ret tow at 85~58’N , arctica was samp led at the Station 49-IH-45
9 1 ’ I O ’W . It measured 1.5 mm. Althoug h this of T—3 Ice Island. Angel (in press) remarked
spec ies is commonl y found in the Antarctic the Arctic form is distinguished from known
as far as 63~S and in the north Atlantic to spec i es by t he vertical carapace striations ,
oo N (Angel 1968), t h is recen t f indi ng is t he broad rostrum , the notched gland open-
a new faunal record in the Arctic Basin . ings , and the prominent frontal  organ. Si nce

i’he systematic status of C. rotundata has Deevey (l968a) described six new species in
long been confused since Muller (1906) the Gulf of Mexico , Poulsen ( 1969a , l 9t i9h.
separa ted the species into two groups: the 1972) added more from the Central At lant ic ,
‘long f orm ’ and the ‘short form ’. lIes (1953) Malayan Archi pelago , and the Azores , res-
re ferred to both forms as genuine species: he pectivel y, and Kornicker (1969) described a
named the ‘long form ’, as described hy Skogs- fur ther  species from the Peru—Chile Trench
berg (1920), C. .skog.cherg i, a cold water ape- System. Thus the genus is reported as occur-
cies; and the ‘short form ’ C. icre livalvata , a ring widel y in temperate and trop ical
warm wa ter spec ies. N o descr i ption of C. wa t ers . However , the finding of an Arctic
.ckogsberg i had been given for northern lat i -  form suggests that the genus inhabits an even
tu des, however , unti l  Angel (1968) recorded wider range of habi ta t
and described a female from the Norweg ian
Sea. Recent investi gation has shown that this
group demonstrates considerable variation Famil y PARADOXOS ’FOMA ’I’I DAF
with lat i tude.  Angel ( 1972) revealed that at Genus Acetabulas lonta Schornikov, 1970
least I I  forms fall within the ori ginal con- ,Ai-eiabulas loma arc licuni E. I. Schorn ’kov ,
cept. The individual collected from the 1970

__________ 
______

1~
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Parad oxos tomu ro.stratum , Baker & Wong 19633, nyx nugax , IIy/x ’ria ga/ha, and Pse uda/ ibro tus
PP . 3317 31 I n iai i  S~ rs I 5 ( a ,, l~l~ ~~~~~ 

25l~, l’l. 119 , sususen,. It is of interest that Gammaracan—
sue t’]ofson 1134 (3 , pp. 1— ~2 , f i g s. l’~l I •  thus lori ca ius and particularl y Gam,naru.sAcctabula s tuma arcticum Schornikov 1970 , pp.
1132— 1143. wilk itzki i were t he on l y two spec ies which

were parasitized by A.  aTr!uu,n. Hence , it is

Rem arks. Acetabulas loma arc ticum is a para- likel y t hat the parasitic ostracods show host
sit ic form frequent l y loun d  on G~s,iipp icirzt.c 

specif ic i ty .  Since the ostracod is not free—

wilki tz kii and Gwnmara ra n// sus  / orica lu.c , and swimming, infestation probably spreads by

was referred to as P ara doxosloma r os lra tu m bodil y contact. As the hosts are members of

by Baker & Wong (1968). ‘I’he species mea- t he under- cc population which occurs in thc
sures 0.7 4—0 .9(1 mm in length. It fastens h abit- res tricted habi ta t  of the ice-water interface ,
ua ll y to the g il ls  and the base of the gnatho-  the chance of bodil y contact is hi gh. Schorni-
pods of the hosts by means of the sucking kov ( 1970) also showed host specificity b y
disc of the oral cone, Its sy stemat ic  status was demonstrating t h at Aa ’tabula.cloma littoral e

in a state of confusion before it was finall y and A . r obu.rtun i parasitized two closel y re-
assi gned to its appropriate species and genus. lated species . Gammaru. oceanicus and G.

Sars (1865) ori ginall y described Par u/oxo- .ce’I o.sa, respect ivel y, which were found to

stoma rostra/urn from two detached valves occur together in the littoral zone of the east
Mur mnan coast .found in shell sand at Oxfjord , Norway, but

details were not available until  Elofson (1940) Distribution. The genus is distr ibuted from
gave a comp l ementary descr i ption of the the Arct ic  Basin along the east coast of the
carapace an d appendages from a collection Bering Sea to the Sea of Japan. h art ( 197 1) .
( aug ht at Mortensas , Norway. Baker & Wong however , described a new species , A. kozlo Ii i ,
(1968) described it  as a new species solel y on f rom Sam~ .Juaii I sland , Washington; thus the
the basis of its commensa lisno with certain known distribution , has been extended to the
A rt-tic gammarids which populated the ice- eastern Pacific : The type locality of A.  arcti-
water interface of the dr i f t ing ice stations. curn is in the Arctic Basin , hut  no exact posi-
Eventuall y, Schornikov (1970) erected a new tion was given (Schornikov 1970). In the
genus Acetabula.sto,na, in which he included prese nt collection , it ranged from 74°54’N at
f ive  new species and one sub-species , all ARL IS—I to 82°04’N at ARLIS— II and
probabl y parasitic on amp hi pods: four are 86° .5.3’N at T—3 Ice Island.
ectoparasitic on Gasnmarus and A7np hitoe ,
hut  the hosts of the other two have not been

SEASONAL VERT I CAL.  DISTRIBUTIONdetermined . One of his  new species , A.
ar cticunz , was taken fron9 the brood pouch of Vertical d iurnal  mi grat ion is a natural phe-
(;anz,naru.c wilk itzkii in the Arctic Basin , anti nomenon in many p lanktonic  species. In
Schorn iko v considered P arad oxos/ orn a rostra- pelagic Halocypriformes, Fowler (1909).
tu rn Baker & Wong to be synonymous with Mackintosh ( 1937 ) , lIes (1953), McHardv &
his new species , as he regarded it not to be Bary (1965), and Leveau (1969) reported tha t
t he same as P. roslr ,turn Sars. Baker & Wong planktonic ostracods show vertical migration
(1968) stated that their Arctic species agreed toward the surface at ni ght , an d return into
with Elofson ’s descr i ption , excep t the proxi - deeper waters during the day lig ht hours.
mal side projection of the distal segment of Deevey (1963(b). (In the other hand , found no
the copulatory organ which was more prom- si gni f icant  evidence of vertical mi gra t i on  in
i nent , while the apparent sp ine-like process the common Conchoecia species off Bermuda.
on the outer marg in at the p rox ima l  end of Pou!sen (1969b) also pointed out that  a
the dis ta l  segment was not evident.  Schorni- number  of Common species collected in the
kov (pers . comm.) has confirmed by ex amina -  trop ical eastern At lan t i c  did not demonstrate
t i un of their  specimens that  P. ro. tra lu,n diurna l  vertic al mi gration. Angel ( 1972) ob-
Baker & Wong was a synonym of A. arcti eum. served that some species showed nocturnal

Baker & Wang (unpubl ished report ) exam- mi grat ions , whi l e others showed l i t t le  if any
m e d metazoans anti paras itic ostracods from vertical movement , anti two spec ies even had
some 960 amp hi pods , inc luding Gammar a- a reverse pat tern of mi grat ion off the
cant hu.c lorica iu .s, ~~~~~~~ wilkitzkii , .4 no— Canas ies.
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‘[‘here arc no reports of diurnal mi gration species do not match any of the Norweg ian
by pelag ic ostracods in the Arctic Basin , a!- species (Phi lomede. globosus , Conchoec ia
thoug h some earl y workers (Walther 1893, borea lis , Jlemisylhere emarg inata , Cy therur a
Russell 1927 , Bogorov 1946) gave d i f fe ren t  sirn i/ is , C. c/a/ bra / a , Schierochilus con/ or/us
v iews on nocturnal  mi gration of Arctic plank- and Pa ra doxo.stoma variabile) which were
tonic organisms in general. It is not clear presumed to occur in the Arctic as suggested
whether the polar seasons affect vertical by Sars (1928 , p. 14 , 24 , 184 , 204 , 2 16 . 248
movements: there is continuous day li ght i n and 257), who probabl y used records from
summer when the sun is above the horizon at other less reliable sources. It is questionable
midni ght from mid-March to earl y October , if these species exist in the Arctic Ocean as
and there is continuous darkness during the neither the present collections nor those in
winte r months. Table I shows a year l y record the seas of USSR (Zenkevitch 1963) have
of  Con hoecia borealis m axima samp les at included any of these species . Moreover , Sam
various depths at T—3 Ice Island between ( 1900) found but one species , C. borealis
82 °50’N to 85°29 ’N. Althoug h the collecting maxima , i n t h e Norweg ian North Polar Ex-
hours were between 01.03 and 23.50, they pedition , and no other species was encoun-
h ave no t been cons i dered separa tely as day tered.
samp les or night samples. However, the num-  C. borealis maxima is the predom i nant
her of individuals  caug ht each month varied , species of the p lanktonic ostracod fauna of
The catches were abundant in March , A pril , t he Arctic Ocean. C. elegans and C. skogc-
and August when there was a cycle of light bergi , found in abundance in the N. Atlantic ,
and dark , but the yields were comparably also inhabit the Arctic Basin. However , it is
low in January, February, September , Oc- uncertain whether these two species arc en-
toher , and November in conditions of total or demic or mi grants fr(sm the Atlantic current.
near total darkness. Thus there is evidence of but their  large sizes do appear to distinguish
a seasonal migration into shallower depths them from the type descri ption . It is general-
during the Arctic spring and early summe r. ly accepted that the size of marine animals

Indication shows that each species of plank - is correlated with ~emperature, as plankton
tonic animals may have its own vertical zone. of northern and cold-water forms attain a
Bra dy & Norman (1896) recorded C. borea li.c larger size than the same or closel y related
maxima in abundance at the dep th of 350 species in warmer waters. The larger size of
fathoms (about 830 m) off Greenland at the Arctic forms reported here compared with
74°49’N, 11 °30’W, and of 2(10 fathoms (about those collected from temperate waters as
475 m) at 60°20’N, 00°07’W; Sa rs’ (1900) recorded by earlier workers is consistent with
animals were collected at depths of 300 on this generaliza tion. Angel (1972) showed
in the Arctic Ocean (from 78°N, 136°E to that  C. elegan.s is composed of various sizes
85°l3’N , 79°E) ; Zenkevitch (1963) remarked rang ing from 1 .1 mm in trop i ca l waters to
that Conchoeda species were abundant at 2. ! in the Arctic , but is made up of at least
depths of 200—500 on in the Sea of Japan. three consistentl y sized populations within
Table I shows that the largest number of this size-range. The status of the’ro tunda la ’
ostracods were caught at 500—300 m and 700— group is even more confused because it in-
500 m (455 and 207 individuals  taken respec- eludes at least I I  forms additional to the
tive l y) off T—3 Ice Island , and that the noon - original two species , C. .ckogsbergi and C.
her of individuals  sharp l y declined below / ereiivalvata. The Arctic specimen of C.
1500 m anti above 50 m. In general , the .ckog.cbergi may represent yet another form ,
depth-zone of C. borealis ?naxi;na is from since its size is larger than any of the pre-
3(30—300 m at hi gh latitudes. vious l y known species. Angel (pers. comm.)

remarked that the Arctic form is clearl y dif-

I)ISCEJSSION AND CONCLUSION 
that haVe ~~~~~ col-

The five species described in this report arc Atlantic ( I I  1’_60°N) . However , th ere i s some
based on some 7,000 individuals collected likelihood that  low temperature phenotyp ical-
from 1952— 197 1. Except for Conchoecia ly influences the development of animal
borealis maxima and C. elegans , the other structure. It supports ilesse ’s h ypothesis (1924)

L~~~~ . --- - ..~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  ____. _______
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that delayed sexual maturity favors gro wth Angel , M. V. 1972. Planktonic oceanic ostracods .
for different species , but also for individuals past , present and f u tu re .  Proc. I? . Soc. Edin-

burg /s 73, 2 13—228 .of different  stages of development of a spe- Angel , M. V. 1975. Bat hyc oncizoecia arctica , n. sp.,
des , sometimes even for the different sexes, a new species of ostracod (L-Ialocyprididac , Myo-
It  is well known that there are several factors docopidae) f rom the Arctic. Crustac eanu , in
controlling vertical movement. Light is not press.

Aurivi il ius , C. W. S. 1898. Vergleichcndc thicr-
the onl y factor regulating vertical mi gratory gcografischc Untersuchungen über die Plankton
behaviour , but other physi cal factors anti Fauna des Skageraks in den Jahrcn 1893—1897.
chemical properties such as temperature , K. sven.ska VeleuskAkad. I land l. 30 (3), 1—42 6.

sali nity,  currents  and water mass also play Baker , J. El. & J. W. Wong 1968. Para d~xostoma
rn,stratum Sars (Ostraco da , Podocop ida) as a

an important  role in influencing vertical dis -  commensal on the Arctic gammarid amp h i pods
tribution . Gaujusaracant/mus loric at us (Sabine) anti Gam-

This stud y is a prel iminary one. There arc marus wilkitzkii Birula.  Crusta ceana 14 , 3(17—
.31 1.many facets of problems which require fur th -  Bogorov , B. G. 1946 . Peculiarities of diurnal

er investi gation: the chaotic systematic status vc rt m ca l migrations of zoop lankton in polar
of both C. elegan.c and C. skogsbergi needs seas. J .  mar. Res. 6 , 25—32.
clarification; the stud y of breeding cycles Brady, C. S. 13)02. On new or imp er f ect l y-known
of  C. borealis maxima is essential for under-  Oatracoda , chi efl y f rom a co ll ection in t h e

Zoological Museum , Copenhagen. Tra ns . zool.
standing the production of standing cr01) ; Soc. Land. 16 , 1 79— 21( 1.
vertical mi gration and vertical dist r ibut ion Brady, G. S. & A. M. Norman 1896. A monograp h
need further  investi gation; the role of ostra- of the marine and freshwater Ostracoda of the
cods in the food chain and their metabolism North Atlant ic  and of North Western Europe.

Part 2. Sections IL to IV: Myodocopa , Clado-
needs to be exp lored . Th e stud y of all these copa and Platycopa. Scient. Trans. R. Dublin
aspects would provide important contrihu- Soc.. Ser. 2. .5, 62 1—746.
tions to our understanding of the Arctic ceo- Decvcy, G. B. 1968a. Bat/ s yconc/ moecia , a new

gen us of pelag ic ostraco ds (Myodocopa, 1-lab -system. cyprididae ) with six new species from the
deeper waters of the Gulf of Mexico. Proc. biol.
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Distribution of Calanus hyperboreus in the Central Arctic Ocean by

John K. Dawson. (submitted for publication to Liinnology and Oceanography)

Calanus ~yperboreua is one of the four most importa nt copepod species in

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 calartus 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 range f~e~ - 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 in in spring. During the summer, females

are found at the surface and by the fall, the population is centered

about 150 in. Females remain in the upper 150 m throughout winter

and by early spring the population is centered about 100 in,  after

which it again starts its slow sinking during the spring.

Adult males are centered deeper (400-700 i n )  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.

I

_ _ _ _  
_
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DISTRIBUTION OF CkLANIJS 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

described by Sars (1900). In 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 islands (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 0! Calanus

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

Brodsky and Nikitth, 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 rsany

of the samples upon which this study is based .

METHODS

Zooplankton were collected by vertical tows with a one meter,

number 6 mesh (215LL opening) closing net while T-3 drifted from

84° 24’  N, 112° 30’ W in February 197 0 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 in increments,

and the deeper waters in 100 , 200, 300, and 500 in 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 Formalin 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 throug h 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
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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 mi gr at ion

it appears , assuming no catastrophic mortality, that most CII molt

to CIII. The surface concentration during the summer is probably

the result of the concentration e f fec t  of remaining CII moving to

the surface f or 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

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 between 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 , suff ic ient

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



distr ibution of this stage is similar to those of stages II , I I I  and

IV. During the spring of 1971 , CV re turn  to the sur face  for the

summer months and in the f a l l  and winter  of 1971-1972 , the populat ion

begins to wane suggesting that following the 1971 summer , most of

the copepodites have reached the adult stage .

Distr ibut ion of adult females

Adult females show the second type of dis t r ibut ion (Fig .  5) .

During the spring of 1970 , females descend from between 50 and 100 in

in March to between 250 and 300 in in June at about 50 in per month.

The concentration at the surface in July represents an upward

movement of existing females , molting CV to adults , or both . By

early f a l l ,  the female population is centered around 150 in 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 adult 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 in. Throughout

the remaining fal l  and winter , the female population remains in

the upper 150 in. 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.

Dur ing the spr ing of both years , from February to Jun”~,



gravid females were encountered . During April 1970 and March 1971 ,

gravid female percentages peaked at 30 and 20% respectively.

Dis t r ibut ion  of adult  males

The third type of d is t r ibut ion  is that of the adult males

(Fig .  6 ) .  The bulk  of the males are clearly deeper than the females ,

with the males being found pr imari ly between 400 and 800 m. The

males are also time limited, being present only during the spr ing

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.

DISCUSSI ON

Distr ibution

The undulating seasonal distribution pattern of immature C.

hyperboreus copepodites is supported by earlier findings (Ussing ,

1938; Brodsky and Nikitin , 1955; 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 run, 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 max imal intensity of li ght from May through June ,

preceding the highest chlorophyll a concentration by about 4 to 6



weeks. This late July—early August phytoplankton maximum is

strongly supported by Ussing ( 1938) and Hal idal  ( 1 9 5 3 ) ,  but Shirshov

(1938) found the phytoplankton bloom restr icted to August .

Although previous investigators found adult females and

immature copepodites with similar dis t r ibut ions (U ssing , 1938;

Ostvedt , 1955; Hughest , 1968),  my study shows their dis t r ibut ions

and vertical migrations are diss imilar .  The short increments in

which these samples were taken in the upper 300 or 400 in clearly

demonstrate a slow descent of females from about 100 to 300 in.

This distribtuion differs considerably from that of the immature

copepodites.

The large number of females present between 200 and 300 in

during the sun nier 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 in. It appears that the females

already present in the fall remain in the u~pper 150 m during winter

while those females found deeper are recently 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 large population of females
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in deeper water .  Brodsky and N i k i t i n  (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 Nikitin (1955) and

Ostvedt (1955) noted their presence from November to May and December

to June, respectively. Others (~iiborg , 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 in and the bulk of the males being found

between 400 and 800 in. 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), particularly

in deep water copepods. In 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.

Spawning

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 g raz ing  activity. The presence of gravid females during

spring of both years support this notion , and is fur ther  supported

by other invest igators  (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 developed 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 only during occasional

years.

To estimate the generation length of C. hyperboreus during

this study, it is necessary to establish when CII and CIII present

in March of 1970 were spawned . Since these stages 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, wh ich remained as CII or CIII

through the winter. He concluded that these individuals r’~su1ted



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

copepodites present be fore 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 197 0, 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 developed

to CIV , 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 female s, 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 central Arctic 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 .

H -_ . - .

~~~~~~~~~ 
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Perhaps only in the third year does the male distr ibution overlap

with the female dis tr ibut ion such that  copulation may occur . If

this is the case, the delay in production of young un til 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.

I
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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 copepodite 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 in
3
.

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— E l luc ida t ion  of the Freez ing  Resis tance  Mech3n lsm in an A r c t i c  Isopod .

The Freezing Resistance of and A r c t i c  Isopod , Mesidotea  en tomon by D r .  Douglas

Y i n g s t .  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 beg ins

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

of ions in the hemolymp h 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 i~. surrounded by ice because the cutt~ le prevents

the external ice from inoculating the hemolytnph. Evidence that the cuticle is an

effective barrier to ice propagation is presented.
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I MTRODLCT I CN

The blood of most teleosts freezes approxThately 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, 1969; DeVries , 1971a), the depression

of plasma freezing points through colli gative action (Scholander ,

et al.,1957; Gordon , et al., 1962; Crringer , 1967 and 1969a; Smi th ,

1972), and the ability to supercool (Scholander , eta l ., 1957;

Gordon , et al., 1962; Limminqer, 1967 and 1 95gb; Smith , 1972). The

blood of most mari ne 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 ., 1957; DeVries , 197lb). This

notion has been so pervasive that to date no one has carefully inves-

tigated the freezing resistance of a rarine invertebra te. 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 wh i ch live near the surface of the ocean , in

1
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shallow areas, or in l agoons where they intimately contact growing

and established ice. In Antarctica , for instance , Dayton , et al .

(1969) reports numerous examples of live mobile epibenth ic inverte-

brates entrapped in or firmly frozen into the sea ice. Do animals

living in such close association wi th the sea ice live wi th ice

crystals in their blood or do they somehow prevent the formation of

such crystals and remain unfrozen? 
• -

Personal observations at Point Barrow , Alaska suggested that

under some ci rcumstances they do remain unfrozen . For instance ,

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

isopod , were often frozen Into sea ice in the laboratory where they

were maintained at —1.8 to -2.2°C in seawater wi th a salinity of

approximately 330/00. If these animals were chipped free of the ice ,

they imediately crawled away. Those that were only partially encased

often moved their free appendages. Also , rather than evading Ice in

the environment , this species actually demonstrated a predilection for

it. For instance , specimens on the ice-free bottom of a twenty gallon

aquarium filled with seawater with a salinity of 33°/oo at -1.9°C

would sw im 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 suggested 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

2



freezing point of the hemolymph? If it is the same as the seawater ,

does Ft . entomon freeze along with t:-~ seawater? Does Ft . entomon freeze

when it becomes entrapped in ice? If M. entomon does not freeze , 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.

3



MATERIALS ,~N D METHODS

Field Wor k

During the late spring of 1973 and 1974 specimens of Mesidotea

entomon were collected in baited traps l owered through holes cut in

the sea Ice of Elson Lagoon at Point 1~arrow , Alaska. Wi thin the Lagoon

the primary collecting holes were near Eluitk ak Pass. Collected spec-

imens were taken to the Naval Arcti c Research Laboratory (TLARL),

maintained there in seawater and sc’-e 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 34°/oo.

The depth of the Lagoon at the collecting sites was sounded by a

weighted rope marked in. intervals of 0.5 m . The thickness of the ice

was estimated by measuring the length of a sipre core drilled through

the Ice. Bottom water temperatures were measured by a partial irrr~ersion

thermometer (marked in intervals of 0.2°C) imersed in a two liter

water sample collected with a snatch bottle. The snatch bottle consist-

ed of a weighted plastic bottle stc~pered wi th a cork to which a light

weight cord was afixed . When the bottle was on the bottom , the cork was

pulled out , the bottle wa; 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 samp les were stored at 4°C

up to two weeks until water samples were removed , filtered through 
a 4



0.8 p Mil lip ore fi l ter , placed in 2 dr am vials of borosi uicate glass ,

and frozen at —20°C for subseqt :ent chemical analysis. The salinity of

the remaini ng water was determined cn a standard Beckman salinameter.

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°/oo) and temperature

(2, 0, —1 , —2°C). Seawater samples wi th salinities of 32°/oo and

44°/oo were col lected from Elson Lagoon , whereas salinities of 4, 8,

and l6°/oo were made by dilutinç seawater of 32°/oo with distilled

water. The freezing points of herrolymon collected from animals at

each combination of temperature and salinity were measured as

described below and the results were both gra p hed 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 combinat ion of temperature and salinity .

The freezing point of each sample was measured once.

Extraction of Hemolymph

Hemolymph samples from animals in the above experiment were

extracted by heart puncture with a 1 ml syringe fi tted with a 24 goug e

hypodermic needle. After extraction hemolyrrph samples were placed in

1 ml plastic centri fuge tubes w hic~’ ~ere covered with parafiln , and

imediately frozen at -20°C. Sample processing was perfo rmed In the

laboratory at 22 to 26°C.
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At NARL in 1973 hemolyrnph was extracted wi thin 30 hours of

specimen collection and al l samples were processed in a cold room

between 2 and 8°C. After extraction the hemolymp h was contrifuged

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 hernolymph under parafin oil were placed

in the holes of a smali brass plate otherwise filled with parafin oil.

This plate was sealed in a chamber filled with nitrogen , frozen to

—5°C, and then automatically warmed at a rate of 0.01°C per minute.

The hemolymph samples were observed using a dissecting microscope 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 1274

were also determi ned by the di rect observation of crystals , but in a

different apparatus . Samples with a volume of approximately io~ 
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were taken up under parafin oil into capillary tubes of boro silicate

gloss. These capillarie s were mounted under an observat ion window in

a rectangular container 10 cm x 10 cm x 18 cm through which a 1:1

mixture of methanol and water was circul ated. A thermistor (Yellow

Springs Instruments (YSI) #427; t.c. = 300 rns) was mounted next to

these tubes and wi th accompanying instrumentation , was used to read

the bath temperature j ust outside the tubes. The fluid was circulated

and the temperature maintained at any desired leve l 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 tiarmed at a rate of 0.01 °C per minute and

the melting point was determined by the foreinentioned cri teria. In

th i s  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 behavior of the hemolymp h was also studied using

the above apparatus. Frozen sam ples were warmed to within a few

hundreths of a degree of their melting points and then the circulating

fluid was cool ed down again w hile the behavior of the crystals was

observed.

Chemical Analysis

Sodium concentrations were measu red in triplicate by flame pho-

tometry. Samples were diluted in double glass distil led water and run
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against standards prepared from a 1000 ppm stock solution manufac-

tured by }iarleco (Philadelphia , Pa.).

Chloride concentrations were determined using a silver nitrate

titration with a potentiometric end point as described in the first

micro method of Ramsay , et al . (1955). All samples were run in trip-

licate against a set of stock solutions made from reagent grade NaC1

in double glass distilled water.

The concentrations of sodium and chloride in the seawater and

hemolymph were compared wi th a one-way analysis of variance.

Macromolecular constituents of the hemolymph were separated by

gel electrophoresis. For comparison , full strength hemolymph was run

against controls of normal human serum (NIIS) diluted in wate r and

sucrose. Gels were stained w ith CoomassIe Clue for protein and with

periodic acid-Schiff (PAS) for carbohydrates and glycoproteins. All

gel s were prerun for 30 minutes at 4mA/gel , 20 minutes at 2mA/gel ,

and 97 minutes at 4mA/gel.

In V ivo Free7 inq Point

To detect the freezing point of the hemolyrnph In vivo , a therm-

istor was inserted in the hemocoel of 1. entoron. Then the animal

was cooled at a steady rate in seawater seeded w ith 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 cooling8



ra te and in the case of fast cooli ’~; rates the plateau appears more

like a peak. In either case , the te—~erature at the plateau is the

in vivo freezing point of the herro i i—ph.

The chamber built for these exteriments is shown in Plate 1.

Throughout the experiments animals .~ere in~robilized and fastened to a

plexiglass stand with rubber bands 2late 2). The thermistor which was

cemented in the tip of a 26 gauge hypodermic probe (YSI #524 ; t .c .=lO0

ms) was inserted approxima tely 3 rn under the cuticle and cemented in

place wi th a cyanoacrylic glue whic h was coated wi th silicon grease when

dry . All specimens were between molts and were the same size (approxi-

mately 57 mm long). With one implanted thermi stor, the probe was always

inserted through the dorsum in the -iddle of the thoracic herr.ocoel. With

two probes one was inserted into th~ 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 by circulating cooling fluid in the

exterior chamber. t~hen 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 seawater with a salinity of 340
/00 in

which they had been living at -l 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 340/00 was inj ected in its place. The thermistor probe was inserted

- ~~~ .~~~~~ 
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into the hole made by the hypodermic needle and the experi me nt was

carried out as described above . In another set of experiments animals

from the aquaria were frozen -in instant ocean wi th salin ities of

l5°/oo and 42°/oo 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 cemented wi th cyanoacrylic glue over a 5 mm diameter hole

between two chambers each with a 50 ml capacity . The chambers were

filled with sea’~’iater, cooled , and the chamber on the exterior side of

the cuticle was seeded with ice. After seeding the temperature in both

chambers was either progress ively 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

when and how It would become nucleated. The temperature in each

chamber was measured by a thermistor (YSI #427; t.c. 300 ms) placed

at the level of the hole on either side of the partition separating

the two chambers .

Thermistor Calibra tion

Thermistors were connected to a Wheatstone bridge and a chart

recorder through a preamplifier. Each thermistor was Individual ly cal-

ibrated against a total Immersion thermometer (Brooklyn thermometer
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#22620) graduated in hundreths of a degree centigrade. This ther-

mometer witho!~t calibr ation is ac~~rate to ~ 0.03°C and is precise

to ± 0.005°C. To increase Its acc~racy , this thermometer was cali-

brated in an ice bath made from double glass distilled water following

the methods and procedures outl i ned for such calibrations in monograph

#90 of the tlatlonal Bureau of Standards (Swlndells , 1965) and in Hal l

(1953). Corrections for use of the thermometer at partial immers i on

were also made following the procedure outlined in monograph #90.

After calibration , temperatures determined wi th the thermistors

were precise to ± 0.01°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 Cuticle

Cuticle to be examined in the transmission electron microscope

was dissected from fresh specimens. Pieces of cuticle were removed

from a ventral stergite , the lest pai r of pleopods , and the arthrodial

membrane between two ventral sterg i tes. Fi xation was 2 hours in 2.5~

gluteraldehyde In Millonig phosphate buffer (p11 7.4), and then rinsed

in Millo nig buffer. Pieces of ventral cuticle and arthrodial membrane

were dec alc ifi ed for 48 hours in a lO~ soluticn of ethyl enedi amine

tetraacetate (the disodium salt) in Mi llon ig buffer (pH 7.4), whereas

11



cuticle from the last pair of plec pods was not decalcified. Post

fixation was in osmium tetroxide far two hours and embedding was in

hard epon. Thin sections were cut on a Sorvall M-2 microtome , stained

wi th uranyl acetate and lead , and examined and photographed on an

electron microscope.

Pieces of cuticle to be examined in the scanning electron

microscope (SEt1) were dissected from freshly sacri ficed specimens and

fixed in 5% gluteraldehyde for 30 days. After fixation the epidermis

and underly ing tissue were removed from the cuticle. The pieces were

then critically point dried and st~ sequently shadowed with a mixture

of platinum and gold. After this preparation the cuticle was observed

$ and photographed on a scanning electron microscope .

0
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RES?LTS

Physical Description of the
Col ~ectinq 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 HemolyriDh

Ionic concentrations and freezing point. The mean freezing

point of the hemolyrrph from freshly ccllected animals (Table 3) was

not significantly different (P> 0.05) from that of the seawater

(Table 2) in which they were livin g (Table 4). Similarly, the

concentration of sodium and chloride in the hëmolymph (Table 3) was

not signifi cantly di fferent (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 hemoly-~h are assumed to be equal to their

concentrations in seawater, and the concentrations of all ions in the

hemolymph are summed , the theoretical freezing point based on their

total concentration accounts for most of the measured freezina point

(Table 3).

Or~7anic constituents of the he olymph. To determine the relative

amounts of protein , glycoprotein , and carbohydrate present in the

13
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Table 4

Comparison of the Freezinq Points of Seawater an~ ‘Te~o1yriph ,
usinq One-Way An alysis of Variance

Hypotheses: H0: ~ 
= p 2

H 1.

One-Way Analysis of Variance Table:

Source SS df MS r

between 5.56 x 10~ 1 5.56 x iO~~ 5.76 x lO~~

error 6.76 x 10-2 7 9.65 x l0~~ -

total 6.76 x 10-2 C 9.82 x io
.2 

-

Critical va l ue: F 0.05 (1,7) = 5.59

Conclusion : Since 5.76 x 10~ < 5.~ ? , H0 is accepted . (There Is no

significant difference (P , 0.05) between the freezinq points of the

seawater and hemolyrr~h.)
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Te:le 5

Comparison of the Concentrati on of Sodium in the ~ea~~ter an d in
the Her.olynph, usin g Cne-~ay Analysis of Variance

Hypotheses: H0: p = p
1 2

U 1 : p p
~ 1 2

One-Way Analysis of Varian ce Table:

Source SS df F

between 5.69 1 5.69 1.25 x io
_2

error 3.17 x lO~ 7 4.53 x 1O~ -

total 3.18 x lO~ 8 2.13 x 101 -

Critical value: F 0.05 (1 ,7) 5.59

Conclusion: Since 1.25 x io 2 < 5.59 , H~ is accepted . (There is no

sinnl ficant difference (P > 0.05) between the concentration of sodium

in the seawater and in the heroly~’ph.)
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Ta~1e 6

Comparison of the Concentra tion of Chloride in the Seawater and in
the Hemolymph , using One-Way Analysi s of Variance

Hypotheses: H0: p~ p 2

H1: Pi~~~~ P 2

One44ay Analysis of Variance Table:

Source SS df MS F

between 9.89 x io2 1 9.89 x 102 3.28

error 2.11 x l0~ 7 3.01 x io2

total 3.10 x iO~ 8 1.70 x i01 -

Critical value: F 0.05 ~l ,7) = 5.59

Conclusion: Since 3.28 < 5.59, H0 Is accepted. (There is no s1~jnificant

diffe rence (P > 0.05) between the concentration of chloride in the

seawater and in the hemolyrnph.)

- —~~~~~~~~~ :i~~~~~~
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hemolymph , the position of protein bands separated on an acryl emide

gel (stained wi th Coomassie Blue) are compared to the positions of

bands of glyccprotein and/or carbohydrate on another gel (stained

with PAS). This comparison of the positions of the bands (Plate 4)

demonstrates that out of the approximately 6 bands of pro tein , one

(band A), and perhaps four (bands A , B, C, and D), are glycoprotein.

By quanti ty, however, the preponderance cf the protein (bands E and

F, and perhaps also B, C, and D) is not glycoprotein. The comparison

shown in Plate 4 also demonstrates that littl e if any high molecular

weight carbohydrate is present in the hemolyriph.

To demonstrate the reliability of the separation and Staining

techniques which form the basis of the above comparisons and to provide

a qualitative measure of the mobility of the macror .olecular species

represented by the bands , each of the gels shown in Plate 4 are

individually compared to controls of normal human serum (UHS) run and

stained along with the samples of hemolymph. The bands in the control

of UHS stained for prot~in (Plate 5) have the fol l owing identities:

1 = y globulin , 3 = 8-2 globulin , 4 = 8—1 globulin , transferrin ,

5 = cx-2 globulin , 6 = a-i globulin , and 7 = albumin. In Plate 6 the

bands in the control of NHS stained for carbohydrates and glyco-

proteins are: 1 to 6 = same as in Plate 4 and 7 = prealbu min.

The Influence of Temperature and Salinity on the
Freezing Point of the Hemoiy~~h

The in vitro freezing points of hemolymph extracted from animals

adapted to twenty different combinations of temperature and salin ity
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were affected by salinity (P< 0.05), but not by temperature (P> 0.05),

nor by the interaction of temperature and salinity (P> 0.05), as

measured by a two-way analysis of variance (Table 7) and as shown

graphically (Fig. 1).

Data from these same series of experiments also demonstrated that

specimens adapted to salinities below 23°/co maintain their hemolymph

hyperosmotic to the ambient seawater. This phenomenon is shown in

Fig. I by the positi on of the mean freezing points of the hemolymph

above the unit slope line from which the freezing point of seawater

wi th a given salinity can be determined. On the other hand , anima ls

adapted to seawater wi th salinities from 280/00 to 32°/oo may maintain

their hemolymph slightly hypoosmotic to the seawater. Finally, an ima ls

adapted to seawater with salinit ies of 340/00 and above have hernolymph

concentrations which tend to be isoosmotic wi th the seawater (Fig. 1).

A Comparison of the Mel ting and Freezinq
Points of Hemolymph

The meltin g and freezing points of hemolymph from five different

specimens were equal. Single rounded crystals in capillary tubes a

couple hundreths of a degree below their melting points would become

rectangular and immediately beg in to grow wi thout hysteresis when

the temperature of the bath was reduced as little as 0.05°C. In this

respect the crystals behaved identically to crystals in solutions of

sodium chlori de.

The rate at which the crystals grew, however , was very sensitive

to the cooling rate . Also , the manner in which the crystals in the
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Table 7

The Effect of Temperature (Factor A) and Salinity (Factor B)
on the Freezing Point of the Hemolymph , using Two-Way

Analysis of Variance

£~ul1 Hypotheses:

H : all (ct8)
~

. = 0 (no interaction between temperature and
salinity )

H0: all a~ 
= 0 (no temperature effects)

H0: all 8,~ 
= 0 (no salinity effects)

Two-Way Analysis of Vari ance Table:

Source ‘ SS df MS

Factor A 0.16 3 0.0560

Factor B 8.73 4 2.1800

Interaction AB 2.25 12 0.1870

Error (E) 2.52 19 0.1230

Total 13.70 39 -

Null Hypotheses Examined:

H
0
: all (a8)~~ = 0

F = MS~3 / MS E 1.41

Critical value: F 0.05 (12,10) = 2.31

Conclusion: Since 1.41 < 2.31 , H0 is accepted. (There is no

interaction between temperature and salinity.)

H0 : all = 0

F = MS A / MSE = 0.40

Crit ical value: F 0.05 (3 ,19) = 3.13

22



Table 7 - Continued

Conclusion: Since 0.40 < 3.13 , H0 is accepted. (There is no
temperature effect.)

h o : a l l  = 0

F = MS8 / MSE = 16.39

Critical value: F 0.05 (4,19) = 2.90

Conclusion: Since 16.39 >2.90, H0 is rejected. (There is a

salinity effect.)
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Fig. 1 The in vi tro freezing point of hemolymph from Mesidotea
entomon versus the salinity to which specimens were adapted
at different temperatures. Each open symbol is the mean for
two separate hemolymph samples , each measured once. The
closed symbol is the mean for the four values at each
salinity . The expected freezing point of seawater of any
given salinity can be determined from the unit slope line.
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hemolymph enlarged was qualitatively different from crystals in

solutions of sodium chloride with similar freezing points . Such

differences prevented a quantitative comparison of the rates of

crystal growth in the two types of solutions.

Measurement of the In Vivo Freezing Point

Animals adapted to seawater with a salinity of 34°/oo at approx-

imately —1.5°C, which represents conditions very similar to those

during the winter in Elson Lagoon , had in v ivo freezing points

approximately 0.3°C below the temperature one would expect of an

animal wh i ch was Isoosmotic with the seawater (Fig. 2).

When two probes were placed in the hemocoel of animals adapted

to seawater of 340/00, the anterior probe recorded freezing a few

minutes before the posterior probe (Fig. 3). Hevertheless , in a

given experiment the freezing point as given by the plateau tem-

peratures were approximately the same for the two probes .

If the hemolymph was removed from specimens adapted to seawater

wi th a salinity of 34°/oo and seawater with a salinity of 340/00 was

injected in its place , the freezing point of the seawater in vivo

~sas also 0.3°C below its in vitro freezing point (Fig. 4).

• 
Specimens adapted to seawater with a salinity of 42°/co also

froze approximately 0.3°C below the expected in vitro freezing point

(Fig. 5). On the other hand , animals adapted to sea~:ater of 15°/oo

froze in vivo (Fig. 5) at approximately the temperature one would

expect based on in vitro freez ing point measurements (Fig. 1).
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Fig. 2 The temperature and in vivo freezing point of Iesidotea
entomon adapted to seawater wi th a salinity of approximately
34°/oo, temperature recorded from the center of the thoracjc
hemocoel . A continuous line through a series of symbols
of a given design represents an idealization of the data
from one experiment. Each experiment is indicated by a
symbol of a different design.
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Fig. 3 The temperature and in vivo freezing point of Metidotea
entomon adapted to seawater with a salinity of approximately
34~[oo, temperature recorded simultaneously from theanterior and posterior regions c~f the thoracic hemocoel .
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Fig. 4 The temperature and in v ivo freezing point of Mesidotea
entomon with the hemolynph removed and seawater with a
salinity of 34°/oo injected in its place , temperature
recorded from the center of the thoracic hemocoel .
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Fig. 5 The internal temperature and in vivo freezing point of
M~sidotea entomon adapted to different salini ties , recorded
from the center of the thoraci c hemocoal . Two separate
experiments were run at each salinity ; triangl es represent
animals adapted to seawater wi th a salinity of 420/00,
squares those adapted to 34~/oo , and circles those adaptedto 15°/oo. The data in [ ] is the expected in vitro fraezing
point for anim als adapted to sea’.iater wi th the same
sal in i ty.
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Cuticular Permeability

Even after considerable ice formation (artificially induced) in

the chamber represen ting the outs ide of the animal , no seeding of the
supercooled chamber representing the ins ide of the animal was seen to
occur across the cuticle mounted over a hole between the two chambers

(Table 8). In experiments during which the chamber representing

the inside of the animal did freeze (whether or not It was caused
• by inoculation through the cuticle), It did so most often at approx-

• imately -5.0°C when the supercooled water was unstable and freezing

• S could be Induced by the slightest vibration of the chamber.

Cuticle Morpholoqy~
Stergite. The general organization of the ventral cuticle of

N. entomon follows the general arthropod pattern (Hackman, 1971),

as may be partially seen in Plate 7. The proximal epidermis (EP) gives

rise to the more distal endocuticle (EN) which is In turn overlain by

the exocuticle (EX) (Plate 7). The epicuticle (EPC), the outermost sub-

division of the cuticle , (Plate 11) Is torn from the section tn Plate

7, but If present it would be attached to the distal border of the

exocuticle located In the upper right hand corner of Plate 7. Pore

canals which might serve as paths through which external Ice could grow

Into the hemocoel arise at the inner boundary of the endocuticle (Plate

1, EN, arrow; and Plate 8, arrow) and slowly enlarge unti l they reach

their largest diameter in the exocuticle (Plate 7, EX , arrow; and
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Plate 9, arrow). Accordingly, the diameter of pores in the center of

the endocuticle (Plate 8,, arrow) is approximately 710 ~ whereas those
• in the distal exocuticle are 1 ,700 A (Plate 9, arrow). Some of the

pores in the exocuticle contain filaments which may be cytoplasmic

extensions of the epidermi s (Plate 10, arrow). Pores approximately

50 A in diameter do enter the epicuticle (Plate 11 , EPC I arrow), but

they do not seem to traverse the outermost layer of the epicuticle

wh ich, incidentally, supports many bacteria.

Arthrodial membrane. The general structure of the arthrodial

membrane , including the location of pores , Is similar to the stergites.

The di ameter of the pores in the epicuti cle is 210 A (Plate 12). in
Plate 12 note that the pores do continue from the exocuticle Into the

epIcuticle (arrow), but that these pores do not seem to traverse the

outermost layer of the epicuticle.

Pleopods. Although the cuticle of the pleopods (Plate 13) Is much

• thinner than that of tP~e stergites or arthrodIal membrane, Its general

structure Is similar to that of the stergite and arthrodial membrane.

One Important difference, however, Is that pores of the size found in

the other types of cuticle are not visible. Attempts to photograph the

cuticle at higher magnification , in order to look for smaller pores,

failed due to poor resolution at those magnifications.

Surface structure of a tergite. The exterior surface of the

epicuticle of a tergite Is shown in Plates 14 and 15. No pore-like

• openings are present as can be seen in Plate 15 which shows an area

representative of those examined. If pores 100 A in diameter were

present In Plate 15, they would appear as structures 0.35 m in
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diameter and would be clearly visible. The homogeneous surface of the

epicuticle (Plates 14 and 15) should be compared wi th the interior

surface of the endocuticle of the same tergite (Plates 16 and 17)

which is both fibrous and porous and therefore could give rise to

numerous pores. This fibrillar surface of the endocuticle interfaces

with the epidermis which has been removed.
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DISCUSSION

The Difference between the In V itro
and In V i vo Freez ing Points

Using the criteria of earl ier investigators such as Scholander,

etal . (1957), t4esidotea entomon should freeze along with the seawater
• - under the winter conditions existing in Elson Lagoon , because the in

vi tro freezing point of the hemolymph is the sarre as the freezing

point of the seawater. Yet, M. entomon actually freezes 0.3°C below

the freezing point of the seawater as shown by the in viva freezing

points of the hemolymph In animals adapted to seawater with a salinity

of 34°/co. This difference in freezing points is evidently responsible

for the ability of N. entomon to remain active and unfrozen when in

contact with established ice and growing crystals , and its ability

to move Its free appendages while partially frozen into the Ice, as

observed in the laboratory. Due to the shallow habitat of this

species, sim i lar condi tions undoubtedly arise In the field and this

di fference between the In vitro and in viva freezing points may

represent the margin of safety which permi ts M. entonon to live in

• . such close association wi th the ice. This difference In freezing

points also clearly suggests the naivete of assuming that j.~ vi tro

measurements are reliable estimates of physiological freezing points,

as others have often inferred about invertebrates (Scholander , etal .,
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1957 ; DeVr ies , 1971b).

Possible E~p1anation for the Differe~~in Freezing Points

An tifreeze. The difference between in vitro and In vivo freezinq

points could be explained by a chemical antifreeze similar to a

glycoproteln present in the blood of some Antarctic fishes of the

genus Trematornus (DeVries and Wohlschlag, 1969; DeVries , 1971a).

This antifreeze is effective by somehow creating a hysteresis between

the melting and freezing points of the blood of the fish. For example ,

the blood of these fish containing the antifreeze mi ght have a

mel ting point of -0.8°C, determined by the temperature at which the

last crystal melts in a small sample in a capillary tube. On the other

hand , when a crystal is present In the samp le at a temperature just

below the melting point , and the temperature of the sample is then

lowered, the crystal will not enlarge until the teriperature is lowered

more than a degree centigrade. The physical-chemical mechanism respon-

sible for this hysteresis Is not yet understood, but it is not

primarily due to the colligative action of the glycoprotein or to

supercool i ng.

An antifreeze, however, Is probably not present in the hertolymph

of N. ento;~ n for the following reasons. First, the In vitro melting

and freezing points of the heniolymph are the same, I.e., an Ice

crystal in a hemolymph sample just below Its melt ing point will

enlarge as soon as the temperature is lowered. Second, there are no

large quantitics of qlycoprotetns present In the herolynph . Third ,
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specimens with seawater injected in place of the hemolymph freeze at

the same temperature as those wi th their hemolynph intact.

Artifacts. Two possible experimenta l artifacts mi ght also explain

the difference between the in vlvo and in vitro freezing points . The

first possibility is that freezing in vivo may have begun undetected

at a point distant from the thermistor. Then as water was removed

from the so lution as ice , the freezing point of the remaining

solution was progressively depressed unti l the hernolymph which froze

in range of the probe actually had a lower freezing point than the

original solution . The results of the dual probe experiment (Fig. 3)

do in fact show that all of the body fluids do not freeze simul ta-

neously, because the tempera ture at the anterior probe does rise a

few minutes before the temperature at the posterior probe. On the

other hand , the freezing point (as given by the plateau temperature)

Is almost the same for the two probes in a given experiment , demon-

strating that the freezing point of the hemolyrnph is not significantly

depressed by prior freez i ng.

Another potential artifact is that the temperature of the hemo-

lymph did not rise to Its true freezing point owing to the loss of too

much heat through the cuticle and into the bath of ice and water.

Indeed, ft is difficult to enti rely eliminate this factor as a poten-

tial source of error. On the other hand , if the freezing point of the

hemolymph had been sensitive to heat loss , one would expect the

freezing point to vary with the cooling rate, i.e., the rate at which

heat Is removed from the hemolyvr,ph. The data In FIg. 2, however , show

that freezing points did not vary wi th the cooling rates employed,
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although the faster cooling rates did markedly decrease the time at

which the temperature remained at the freezing point. Therefore, the

loss of latent heat is not sufficient to explain the existence of a

difference between the in vitro and in vivo freezing points , althouqh

It may have sllahtly affected the magnitude of the differences.

Hypothesized Mechanism by which the
In Vivo Freezing Potht is Lowered

• 
• Mechanism. As the seaw ater freezes , M. entomon may take up ions

attempting to remain isotonic wi th the seawater which is becoming

progressively more concentrated as it freezes. During the uptake of

ions , inoculation of the hemolymph is prevented by the cuticle which

effectively isolates the hemolyrnph from the external ice. Without thft

cuticular barrier, Ice would penetrate into the animal and the hemo—

lymph would freeze along with the seawater, because at no point during

the process is the freezing point of the hemolymph lower than that of

thc seawater. Thus, according to this explanation , the freezing resist-

ance of H. entomon is based on a dual mechanism : prevention of inoc-

ulation by the cuticle and an ability to depress the freezing point of

the hernolymph as the concentration of salts in the seawater increases

due to freezing.

Initiation of ice formation In the herolymph. The emphasis on

Inoculation of the herolymph by the external ice as the mechanism by

which freezing is initiated in the hemolymph , versus seeding by some

other component of the hemolymph or spontaneous nucleation , is founded

on the follo’~iing considerations. First , pure water in the absence of
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nucleating agents can be cooled rrany degrees past its thermodyna~nic

equ ilibri wn freezing point, i.e., supercooled before it spontaneously

freezes. For instance , a drop of pure water 1 cm in diameter will not

spontaneously freeze until the temperature is below -30°C (Fletcher,

1062 in Flazur , 1966). The temperature at which supercooled water

freezes may be raised considerably by nucleating agents . Effective

agents , however , are crystalline su bstances similar to ice which are

not readily soluble in water (Mazur, 1966) and are therefore probably

not present in the hemolymph . Solute molecules in solution apparently

are not nucleating agents either. They have in fact been shown to

lower supercooling points approximately in proportion to the amount

they reduce equilibrium freezing points (lusena, 1955; Pruppacher,

1963). Organic molecules in solution and structural proteins are also

ineffective nucleating agents (Mazur , 1966).

The data of Salt (1965) which shows that many insects supercool

20°C in dry air , and mo$t of them at least 10°C, substantiate the

contention that the hemolyniph of arthropods does not contain effective

nucleating agents. S$mme (1964) also found that most insects could

be supercooled in dry air to at least -20°C, and some to as much as

—44°C, although in the latter case the extent of supercooling may have

been increased by the presence of glycerol which is thought to stabiliz e

supercooled fluids .

Considering these facts and the experimental procedure used to

freeze M. entomon, it is safe to assume that freezing of the hemolymph

occurred through inoculation of the hernolymph by the external ice. For

43



this inoculation to occur , the external ice would have to pass through

various barriers which might inclu de: the cuticle , the basement

membrane , membranes of the alimentary canal or any other barrier

between the ice and the hemolymph .

Permeability of the cuticle to ice. In vitro studies of seeding

across the cuticle substantiate the view that the cuticle is capable

of thwarting the growth of ice (Table 8). In this respect the cuticle

is quite different from the integument of some fishes through which

Ice easily grows (Scholander, 1957).

The structure of the cuticle in turn supports the view that the

cuticle is capable of being a barrier to ice propagation . Pore canals

wi th diameters comparable wi th those in the endocuticle and exocuticle

of the fiddler crab (Green and t~eff, 1972) are present in the endo-

cuticle and exocuticle of H. entomon. Such pores could be channels for

Ice propagation , but in H. entomon these pores, as examined in the

transmission electron microscope and SEM , terninate before they

traverse the outermost l ayer of the epicuticle. This result stands in

contrast to the cuticle of the crayfish in which much larger pores

traverse the entire cuticle (Travis , 1965), but Is similar to the

cuticle of the fiddler crab in which pore canals do not enter the

epicuticle. If the presence of this outermost layer of the epicuticle

In H. entor’on is primari ly responsible for preventing ice from growing

across the cuticle, then this l ayer would be serving a function simi lar

to the outermost layer of the epicuticle In many insects, which

determines the permeability of the cuticle to the transpiration of

water (Ebellng, 1964; Locke , 1965).
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On the other hand , the impermeability of the cuticle to the

growth of ice may prfrrarfly , or at least in part , be due to the small

diameters of the pores in the epicutic le (Salt, 1963). Determining the

temperature at which ice will grow through a pore of submicron dimen-

sions is equivalent to finding the freezing point of the solution in

the pore. Other things being equal , that freezing point depression is

inversely related to the diameter of the pore (Mazur , 1966).

Mazur (1966) deri ved a quantitative expression describing the

growth of ice through pores in cellular membranes which is helpful in

determining if the diameter of the pore canals of M. entomon are small

enough to constitute a barrier to the propagation of ice. His expres-

sion is equivalent to the Kelvin equation and Is based on changes in

free energy associated wi th the transfer of ice in the environment to

ice in the pore and in the free energy changes associated with the

transfer of bulk water to water in the pore (see Fig. 1 in ~4azur , 1966).

In this expression the depression of the freezing point of pure water

in the pore (AT) is:
2V 1 Tf °sl C05 01~T = r Lf

where V~ is the molar volume of water, Tf is the freezing point of bulk

wa ter , is the interfac ial energy between the ice ard water, C is the

angle of contact between the ice and the wall of the pore , r is the

radius of the pore in angstroms,and Lf is the molar heat of fusion . By

estimating 
~~ to be 20 erg/cm

2 
for the ice-water interface (Fletcher ,

1962 in tiazur , l9~6), and assumi ng that 0 is 0° (complete wetting of the

45



.. — . — — . 
_
~

_
~
_.__

_••••••_ ••••••••____ •_________ •_____

~
___
~__ __ 

pore wall by water), and substituting numerical values for V 1, Tf, and

Lf) this equation becomes

= 222.
r

0
Hence , a pore wi th a radius of 25 A , as measured in the epicuticle of

H. entorion, would depress the freezing point ~f any solution it con-
0

tam ed by 12°C. A pore wi th a radius of 300 A would depress the

freezing point 1°C.

There i s ev idence , however , that the Kelvin equation in the final

form above may overestimate the depression caused by pores wi th small

diameters . The pores in cellular membranes are a case in point.

Estimates for the radi i of pores in the cellular membrane range from

3.5 A to 8 ~ (Solomon, 1960; tThitterrbury, 1962, V i llegas , 1963).

Thus , us ing the Kelv in equation one would expect a ce l lular membrane

to be a barrier to ice propagation somewhere between -38°C and -86°C.

Yet, there is a variety of experimental evidence (“azur , 1965) which

suggests that the cellular membrane ceases to be a barrier below -10°C.

Var ious numer i cal values in the Kelv in equation may be changed to

increase the agreemen t between the experimental data and the theoret-

ical predictions. For instance , if the angle of contact between the

ice and the pore wall is greater than 0°C, as one might expect if the

• . interior of the pores is hydrophobic , then cos 0 is less than 1 and the

freezing point depression is less than the previous estimate. Since one

might expect that the walls of the pore canals in U. entomon to be

hydrophobic , it is pleusib le that 12°C is an overestimate for the

freezing point depression of fluid in a pore with a radius of 25 A.

Also , as flazur (1965) himself notes and Viaud (1972) demonstrates , the
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Kelvin equation must be cautiously applied to mi croscopic systems

where concepts suc h as interfac ia l energies , contact angles , and radii
of curvature begin to lose their meaning. However , even wi th these

shortcomi ngs , the Kelvin equation is sufficiently accurate in its

predictions for one to assume that the diameter of pores in the

epicuticle of H. entomon could depress the freezing point of fluid they

contained an amount sufficient to constitute an effective barrier to

the penetration of ice , because even a depression as small as 1°C

would be effective In preventing ice propagation at the temperatures

relevant to N. entonton.

This conclus ion is supported by the experimental data of Viaud

(1972) who demonstrated that Millipore fi l ters having pores wi th a

radius of 125 A will lower the freezing point of water 2.05°C and
0

that those with pores wi th radii of 500 A will depress the freezing

point 1.65°C. These results further substantiate the contention that

the impermeability of the cuticle to the growth of ice across it, as

directly measured in the In vi tro studies of ice propagation and as

required by the In vi vo freezing experiments , coul d be ex pla ined In

terms of pore size alone, since the pores in the epicuticle have radii

in the range of 25 to 100 A.
All of the above discussion of the effect of pore sizes on the

freezing point of water assumed , among other th ings , that the pores had

a uniform radi us and were fi lled only wi th pure water. Of course , the

di ameter of pore canals In the arth ropod cuticle are i rregular and

there is evidence that they contain fi l aments (Plate 10) (HevIlle and

Luke , 1969; HevIlle , et al ., 1969) whIch may be cytoplasmic extensions
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of the epidermi s (Neville and Luke , 1969), not to mention Inorganic

solutes and organic molecules. Salt (1963) qual~tatively discussed

some of these factors affecting the growth of ice through the cuticle

of insects. He also exper imentally demons trated that the cuticles of

several insects do retard the propagation of ice and prevent Inoc-

ulation while the cuti cle is in contact with ice and the blood is

supercooled several degrees centrigrade.

Wherever the actual site of inoculation , the mechanism of Inoc-

ula tion appears to be sensiti ve to the concentration of salts in the

hemolymph, as shown by the set of adaptation experiments in Fig. 5.

In these experiments animals adapted to seawater wi th a salinity of

15°/co froze in vivo at the temperature expected -on the basis of in

vi tro measurements , whereas those adapted to salinities of 340/00 and

420/00 froze approximately 0.3°C below the temperature expected on the

basis of in vi tro measurements. Although one would expect increased

sal t concentrations in the cuticular pores to decrease the freezing

point of the hemo lymph conta ined therein (Lusena and Cook, 1953), the

small diameter of the pores in the cuticle of H. entomon would alone

depress the freezing point a number of degrees centigrade below the

temperature at which inoculation occurs. Therefore, in the temper-

ature range of interest, freez ing of the pore fluid would not be

sensi tive to changes in salt concentrations. This consideration plus

the probable termination of the pores in the epicutic . ~~, make It un-

likely that inoculation occurs across the cuticle proper.
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Possible Site of Inoculation

In addition to a sensitivity to the concentration of salts in the

medium and/or hemolymph , another clue to the location of inoculation

is given In the dual probe experiment (Fig. 3). In both experiments

freezing first began in the anterior of the animal and moved poste-

riorly (Fig. 3). The one site in H. entomon which would be sensitive

to varying salt concentra tions in the hemolymph and i s also located

in the anterior of the animal , is the excretory organ , the maxillary

gland. If at low sal-inities this gland produced a urine hypotonic to

the hemolymph as part of the mechanism by which the hemolymph was

maintained hyperos~motic to the seawater, the freezing point of the

urine would be hi gher than that of the hemolymph. Since the maxillary

gland opens to the exterior by an aperture, freezing could begin in

this gl and before the temperature in the animal dropped to the

freezing point of the hemolymph . Also, if the fluid channels through

any barriers between the lumen of the gland and the hemolymph were

larger than the pores through the cuticle , the freezing point of the

fluid In them might be sensiti ve to changes in salt concentrations

in the temperature range at which Inoculation occurs. In the case of

a hypotonic urine , the freezing point of the fluid in the channel

between the gland l umen and the hemolymph mi ght be sufficiently high

to allow -the passage of ice wh i ch could in turn inoculate the hemo—

lymph. If the urine were isoosmotic wi th the hemolyr.ph at salinities

of 32°/oo and above, the freezing point of the fluid between the

gland and the hemolyriph night be high enough to prevent inoculat ion

until the temperature dropped to a critical point, i.e., 0.3°C below
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the in vitro freezing point of the hemolymph.

Whether or not the above is a plausible description of how inoc-

ulation might occur in the maxillary gland , depends both on the

morphology of the maxillary gland and its physiologi cal capabilities.

The latter has never been studied In the maxillary gland of any

crustacean and the former is only very generally known for Isopods

(Goodrich , 1945). In the brine shrimp Artemia saUna, however, the

ultrastructure of the maxillary gland is at least consistent wi th the

ultrafi l tration of a primary urine (Tyson, 1968), which could be

hypoosmotic to the hemolymph. Thus , the impermeability of the cuticle ,

the probably location of the inoculation site In the anterior of the

anima l and the apparent sensitivity of the inoculation temperature to

the salt concentration of the hertolymph are at best circumstantial

evidence in favor of the maxillary gland as the site of Inoculation .

Actual identi fication of the inoculati on site would require additional

investigation .

Concludi ng Remarks

A number of questions and problems raised in this study remain un-

resolved. For instance , is it the small diameter of the pores or the

integri ty of the outermost layer of the epicuticle which is primarily

responsible -for the impermeability of the cuticle? Experimentally this

problem could be approached by removing this layer and looking for

permeability changes in vitro. If the l ayer Is important , its

chemical composition would be of real interest. Also in terms of Inoc-

ula ti on mechani sms , the site of inoculation should he identified.
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Another problem which received little attention in this study , but

warrants investigation , is the complicated relationship between

freezing , physiolog ical Impairment, and death. In this study slight

freezing did not seem to harm most (but not all) organisms , whereas

prolonged freezing (more than 12 hours) at temperatures as little as

2°C below the In vivo freezing point caused paralysis of some

appendages and often death.

There are also a number of intriguing evolutionary questions. For

instance , do the mechanisms used by H. entorron to resist freezing

represent special adaptations to the Arctic environment or are they

preadaptations? Cuticular Impermeability and the ability to take up

Ions from solu tion are , of course , characteristics shared by many

arthropods . In terms of the general cuticle structure which Is

respons ibl e for at least part of the mechanism, there do not appear

to be any large differences between the cuticle of fl. entomon end
that of other crustace4ns, al though there are too few studies on other

species to warrant a searching comparison. Finally, it would be

enlightening to learn if other polar invertebrates , especially other

crustaceans living in similar habitats utilize the same mechanisms

as £4. entomon to resist freezing. Both of these questions mi ght be

best answered through comparative studies on other polar Invertebrates

and closely related temperate species.

_  
__



SUTMMARY

1. Specimens of Mesidotea entomon were collected through

1.9 m of sea Ice from shallow areas of Elson Lagoon in seawater with

a salini ty of 33°/oo and a temperature of -1.8°C. The hemolymph from

these animals was isoosmotic wi th the seawater and had concentrations

of sodium and chlortde equal to that in the seawater. By adapting

specimens to four di fferent salinities (4, 8, 16, 32, and 44°/oo) at

four different temperatures (2, 0, -1 , -2°C) It was determined that

salini ty, but not temperature , affects the in vitro freezing point

of the hemolymph . At salinities of 4, 8 and 16°/oo the hemolymph

was hyperosmoti c to the seawater , whereas it was Isoosmo tic at

44°/oo and either slightly hypoosrnotic or i soosmotic at 32~/oo.

2. The hemolymph of specimens of H. entonon adapted to salinities

of either 34 or 42°/oo froze in vivo approximately 0.3°C below the

expected in vi tro freezing point of the hezrolymph. In contrast, the

hemolymph of specimens adapted to seawater wi th a salinity of l5°/oo

froze in vivo at the same temperature as It did j~ vi~~g.~

3. The difference between the in vi tro and in vivo freezing

poin ts of the hemolymph was not due to an antifreeze similar to the

glycoprotein found In fish of the genus Trematomas for the following

reasons. Fi rst, there was no hysteresis between the In vi tro melting

- . - ____  - - - 
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and freezing points of the hemolynp~. Second , the amount of

glycoprotein In the heirolymph was small; and third , the in vivo

freezing point of the animal did not change when the hemolymph was

replaced with seawater.

4. Instead , the di fference appears to be due to the following

mechanism: As the surrounding water began to freeze and the ionic

concentration of seawater increased , the concentration of ions in the

hemolymph also increased , which In turn depressed the freezing

point of the hemolymph . The animal did not freeze as ions were taken

up from solu tion, even though i t was surrounded by ice , because the

cuticle prevented the external Ice from Inoculating the hemolymph.

Without this barrier the hemolyniph would have frozen along with the

seawater, because at no point was the freezing point of the hemolynph

lower than that of the seawater.

5. Measurements of the permeability of the cuticle In vitro

demonstrated that the cuticle was sufficiently impermeable to act as

a barrier to ice propagation In the temperature range of Interest.

6. The structure of the cuticle was also consistent with

Its functional Impermeability. Pore canals arising from the epidermis

and extending through the endocuticle , exocu ticle , and the proximal

epicuticle did not appear to traverse the outermost layer of the

epicuticle. Even If they had , their small diameters In the epicuticle

(50 A to 200 A) would have depressed the freezing point of any fluid
they contained more than enough to create an effective barrier to the

propagati on of ice.
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7. Due to the impermeability of the cuticle , the sensitivity of

the inoculation temperature to the concentration of salts in the hemo-

lymph , and evidence that freezing began in the anterior of the anima l ,

It was suggested that the hemolymph may not have been inoculated

through the cuticle , but rather through some specialized anterior

region such as the maxillary gland.

I
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3— Description of the anatomical, biochemical and physiological adaptations

of selected species of animal species.

The main objective in these studies has been to establish the adaptive

properties of visual organs, particularly the photoreceptors , of a vertical

migrating copepod and of the arctic cod (Arctogadus borisovi) which is

thought to be a component of arctic scattering layers.

The Spectral Sensitivity of the Naupliar Eye of a Copepod : Calanus hyperboreus.

by Hector R.C. Fernandez and Douglas Yingst. to be submitted to the Journal of

Comparative Physiology .

In this investigation the spectral sensitivity of the naupliar eye of C. hyper—

boreus was measured. The sensitivity exibits two maxima. The most prominent of

the two is near 540nm and matches very closely the maximum intensity of down—

welling light in the arctic water column.

Structural and Functional Proeprties of Rods and Twin Cones in the Retina

of the Arctic Cod Arctogadus borisovi. by Hector R.C. Fernandez , David E.

Menter and David. W. Corson, Jr. submitted to Journal of tJltrastructural

Research.

This investigation represents the most complete description of a retina

which contains twin cones. The anatomical and functional properties of

the photoreceptors suggest that it is admirably suited for operation in

relatively bright photoenvironments as found in the vicinity of iceleads

and for a predatory mode of life.
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Abstract -

The spectral sensitivity of the dark adapted naupliar

eye of C. i~ perboreus has been obtained from the response—

log intensity curve and the spectral efficiency. The ERG

• has similar polarity, shape and time characteristics to the

ERG of the compound eye of other crustaceans. The spectral
• -

sensitivity of the dark adapted eye is maximal near 543 nm

and declines rapidly on either side of the maximum. There

• . • is a shoulder between 440 nm and 480 nm. It is proposed

that the bimodal character of the spectral sensitivity is

an adaptation to the photic environment which c. hyperboreus
eücounte~s during its vertical migration in the Arctic Ocean.
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• Introduction

Li9ht is one of several environmental factors which

seem to play an important role in the vertical migrattons

of some marine organisms. So far, the physiological aspects

of this important question have not received the degree of

• attention which they deserve .

Recently in our laboratory, Dawson (1972) described the

annual vertical distribution of the copepod Calanus hyper—

boreus Kroyer in the Central Arctic Ocean and he found that. -

the distribution pattern appears to be very closely assoc i-
• ated with the annual light cycle . The eye of C. hvperboreus

• is of the naupliar type. In adult females , it is situated

ventra lly, jus t posterior to the large pair of antennas and

- is composed of three clusters of receptor cells. One of the

clusters is central to the other two and is composed of ten

• . receptors . • The remaining two clusters are dorsolateral to

the central one and each has nine receptors. It seems that

each receptor gives rise to an axon.

In this paper we describe the spectral sensitivity of

the dark adapted eye of adult females of ~~~. hyperboreus. As

• 
• far as we know, thi s is the first naupliar eye ever studied

in this manner. .
. 

•

H • 

• 

-
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Materials and Methods

Adult females of C. hyperboreus were collected in the

Central Arctic Ocean from Ice Island T—3 by means of verti-

cal tows. The specimens were then sent in refrigerated con—

• tainers to our laboratory in Los Angeles, where they were

- kept- in aquaria at 4°C. In this manner, the animals could

be maintained for periods of six months or longer in good

physiological condition. -

- 

For recording purposes , the animal was mounted on a

small aluminum block and held immobile with the aid of rub—

ber bands and cotton moistened in sea water. The mounted
• • specimen was then placed in a dish filled with sea water

• .

whose temperature was maintained at 3°C. 
• 

-

The recording electrode was a glass pipette filled with

3M KC1 and with a tip diameter of 35j i. By means of a chlo—

rided silver wire, the pipette was connected to an AC coupled

. 
preamplifier with a time constant of one second . Another

.
chiorided silver wire, in contact with the sea water bathing

the animal, served as a reference electrode. The recording

• • electrode was placed near the eye through a small opening

- 
.
. 

• - .. in the exoskeleton. Responses to light stimuli were displayed

on an oscilloscope screen from which they were photographed

with a movie camera . .

• 
•

4 •
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The light source was a 150 watt xenon arc lamp. Flashes

of 0.5 second duration were obtained with an electronically

controlled camera shutter. A set of narrow band interference

- 

- filters (Baltzer B—40, half band width 9 nanometers) was used

• to isolate spectral bands from 407 nanometers (nm) to 701 nm

in approximately 20 nm intervals. The intensity was controlled

with a circular neutral density wedge with an attenuation range

of 4 log units . The stimulus was focused to a spot of 0.4 milli—

meter in diameter . The optical system was calibrated with an

- • Eppley thermopile. Furthermore, in order~ to obtain the spec—

• tral efficiency of the eye, appropriate settings of the neu-

tral density wedge were calculated for each wave length so that

one could stimula te with flashes of equal quantum content. By

- • stimulating the eye in this manner, one obtains the spec-

tral efficiency curve of the eye. Before each experiment , the

animal was dark adapted for one hour .
I

Results -

~lectroretinogram

The electroretinogram (ERG) of ~~. lwperboreus is a neg—

ative slow wave . It is similar in many respects to the ERG of -

Pig. 1 decapod crustaceans. A typical ERG is shown in Pig. 3 .  At low

light intensities, near threshold, the re sponse ii sustained

while the stimulus is present . At high intensities,

S



the response reaches its ‘naximum amplitude shortly after the

onset of the stimulus and then declines slowly during the re-

maining time of the stimulus. The maximum amplitude of the

response varied from one experiment to another but in gen-

eral it ranged from 40 microvolts to 200 microvolts. The la—

• tency near threshold was 85 milliseconds, and as the amplitude

• of the response increased, it became shorter so that a response

- 
• 

. of 110 microvolts had a latency of 20 milliseconds . 
•

Spectral Sensitivity • - 
• -

- - The spectral sensitivity of the dark adapted eye was

calculated from the spectral efficiency and the response—log

intensity curve at the wave length of maximum sensitivity . -

The spectral sensitivity is defined as the logarithm of the

reciprocal number of quanta required to ellicit a response
If .

•
-

- . of constant amplitude. It was assumed that the response—log

• 
intensity curves for all wave lengths tested were essentially

parallel to each other. The response—log intensity curve for

Fig . 2 540 iun is shown in Fig. 2. It can be seen that the amplitude

of the response is linearly related to the stimulus intensity

- over 2.5. log units. The spectral efficiency curve,f or the same

• . eye from Which the reponee—log intensity curve of rig. 2 was

Pig. 3 obtained , is shown in Fig. 3. The response is maximal when the

- 
• . 

- . 

-.

. .
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eye was stimulated with a light of 540 nm. On either side

of the maximum, the responses decline fairly rapidly and

there is a prominent shoulder in the region of 440 nm to

- 480 nut. The spectral sensitivity was calculated from these

Fig. 4 
• 

data and it is shown in Fig. 4. The maximum sensitivity lies

near 543 nut and it is about one log unit higher than the sen—

• eitivity at the shoulder between 440 nm and 480 nut. Fig. 5

- 
Pig. 5 shows the average spectral efficiency frOm three different

animals. There is a clear maximum near 540 nut and a secondary

• 

- 
maximum near 460 nut . -

• Discussion

• . 
- 

• 

The ERG of the naupliar eye of ~~~. hyperboreus has 
•

• 

•• several characteristics which are similar to the ERG ’S from

the large compound eyes of other crustaceans (Goldsmith &

Fernan dez, 1968). It is a negative, slow potential change - -

- 

-
. 

whose amplitude is linearly related to the logari thm of the

• stimulus intensity over several log units. The latency is

- - inversely related to the amplitude . In addition, the shape

- . 

• 
- of the response changes with the amplitude. At low ampli—

tudes the response is sustained while the stimulus is on.

At larger amplitudes, it reaches a maximum very quickly,

• 

• 

shortly after the onset of the stimulus, and then declines



• 
• 

• 

• 
• gradually.

The fact that the spectral sensitivity of the dark

- • 
adapted eye is bimodal -with a maximum near 543 nm and a

shoulder between 440 nm and 480 nut raises some interesting

points, when one considers the migratory habits and the

- type of photic environment in which ~~~. hyperboreus lives.

Dawson (1972) has shown that in the Central Arctic Ocean

~~~. hyperboreus undergoes an annual vertical migration which

- follows very closely the annual light cycle. He has also

• shown that the mi4ratory depth range for adult females is

from the surface to 400 meters. This means that C. hyper—

• boreus must deal with a complex photic environment with

• 
great variations in intensity and spectral quality. At pre-

sent there is no adequate information on the spectral proper—

• • ties of the ambient light in the waters of the central Arc-

tic Ocean and one can only speculate on the spectral char-

acteristics of the photic environment. However, measure-

ments of waters from northern latitudes have been made by a

number of investigators . Tjtterback (1936) found that in the

upper five meters of North Pacific waters the wave lengths

• of maximum transmission were 515 nut, 520 nm, and 490 nut .

V Jerlov and Kullenberg (1946) reported that the wave lengths

of maximum transmission in Gullutar Fiord ranged from

530 nut to 590 nut. J.rlov (1970) has also found that in the
/

8
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Baltic Sea the wave length of maximum transmission is

- 

around 550 nm in the upper 20 meters . Greenbank ( 1945)

has shown that certain ice conditions have a strong f ii—

tering effect on the wave lengths of transmitted light

which tend to favor the transmission of the reds and greens

and to a smaller extent the blues , In add ition , the pres—

• 

• 
ence of phytop lankton in the upper layers of the water and

in associati on with the undersurface of the ice must have

similar wave length selective effects on the light. Re—

- 

• 
cently Fernande z (1971) reported that the spectral sensi— 

•

tivity of a pelagic amphipod from the surface waters of the

Central Arctic Ocean had two maxima : one at 560 nut and

- 
another at 500 nut . On the other hand as the light pene—

trates deeper, the usual selective filtering effect of the

- water will tend to eliminate primarily the long wave length

components so that the relative contribution of the blue •

components will increase . Thu s one can say that in all

• 

- 

• 
probabi1ity~~. hyperboreus must encounter a changing spec—

tral background during its vertical migration. One way of

• coping with the changing spectral background is to have a

• broad spectral sensitivity range, which in fact is the case

• in ~~~. byperboreus. Furthermore, th. fact that the spec— 
• 

- 

- 

- ‘

tral sensitivity is bimodal suggests the possibility that

9
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• 
• 

the eye of C. hyperboreus has two receptor types with
maximum sensitivity near 543 nm and around 460 nut respective-
ly. Preliminary selective adaptation experiments suggest

that this is the case.

• 

•

. 

•
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Figure Leger~ds

• Fig. 1. The ERG of the dark adapted eye (upper trace).

The response is preceded by a calibration pulse

of 200 microvolts amplitude and 100 milliseconds

duration. The lower trace is the response of a

• 

• 

photocell to the stimulus flash.

• 
• Fig. 2 Response—log intensity curve to stimuli of 540 nut.

• Fig. 3 The spectral efficiency curve of the dark adapted

• 
- eye . 

•

Fig. 4 The spectral sensitivity of the dark adapted eye

• 

• obtained from the spectral efficiency curve of
• 

• 

• Fig. 3 and the response—log intensity curve of

• 

• 

Fig. 2.

Pig. 5 The mean of three spectral efficiency measurements

- obtained from three different animalè . The verti—
I

• cal bars are the standard error of the mean:
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Abstract

The retina of the arctic cod Arctogadus borisovi has been examined by

means of light and electron microscopic methods, retinal visual pigment

extracts have been analyzed and the spectral sensitivity of eye cup prepara-

tions in dark and red light adapted states have been measured .

The structural analysis reveals a retina with many characteristics commonly

found in other gadids, in particular those species which live in bright photo—

environments and which are active predators. The retina has also many ultra—

structural features which are found in other nongad id species. Of special

importance are the large dimensions of the twin cones in the Arctogadus re-

tina and the well defined ‘cone mosaic. The cones show many indications of

being in a very active metabolic state. Visual pigment extracts contain one

predominant component which absorbs maximally at 5O3nin . The extract also con—
I

tains a second component which is mainly sensitive to blue lights and which

on the basis of spectral sensitivity measurements it is thought to be the

visual pigment from a blue sensitive cone. Spectral sensitivity measurements

indicate that in the scotopic tondition the cones may be responsible for part

of the sensitivity at wavelengths longer than 540nm. Eye cup preparations

adapted to 60m m light have a spectral sensitivity with two distinct maxima

located near 460nm and 540nm and which probably represent two different types

of cones.
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Introduction

The gadid retina has been a subject of considerable interest to investi-

gators of retinal anatomy and evolution for several reasons. First of all , due

to the phyllogeny of the family Cadidae, Walls (1942) considered the 3tudy of

these retinas essential to the ellucidation of the origin of twin cones. The

family is composed of a large number of species which are found in many differ-

ent kinds of habitats and which have many different modes of life (Walls, 1942;

Engstrom , 1961, 1963; Au and Hanyu, 1963; Ali et al, 1968). Thus gadids are

a convenient group in which to study anatomical and functional adaptations of

the retina. In addition to the above reports, there have been many others , some

dating back to the last century , which are also concerned with the anatomy of

gadid retinas (Nunnely , 1858; Cobbold , 1862; Friis, 1879; Krause, 1925 , 1929;

Menner, 1929; Lyall ,1957 a,b).Despite these numerous reports, however, there

are no previously published descriptions of gadid photoreceptor ultra3tructure

and with the exception of a recent description by Borwein and Hollenberg (1973)

of the twin cones of Anableps anableps (a nongadid species) there are no other

reports on the ultrastructure of twin cones. Dartnall and Lythgoe (1965) and

Beatty (1969) have analyzed visual pigment extracts from nine species of gadids

but there are no previous studies of the physiological porperties of gadid photo—

receptors

This paper presents recent observations made on the retina of a predatory

arctic cod Arctogadus borisovi. According to Walls (unpublished observations)

arctic cod retinas have the largest cone photoreceptors that he ever observed

during his extensive anatomical study of vertebrate retinas. Arctogadue is one

of several species of cods found in the Arctic Ocean , It is usually found in

the vicinity of sea ice , particularly where breaks in the ice occur (ice leads),

exposing the underlying sea to the atmosphere . The cod feeds primarily on large

arctic amphipods which are found at these locations . In the Arctic Ocean where
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even in the summer months most of its surface is covered by an ice sheet , the

ice lead is an important ecological factor. It is here that the surface waters

are exposed directly to solar radiation, thus making this location a relatively

bright photoenvironment. This report includes light and electron microscopic

observations, visual pigment analysis and measurements of the spectral sensi-

tivity of dark adapted and red light adapted retinas .

Materials and Methods

Specimens of the arctic cod Arctogadus borisovi (Drjagin) were collected by

hook and line from ice leads, at the time of ice break-up in late June , in

Barrow , Alaska. In the laboratory they were kept up to several months in re—

0frigerated aquaria near 0 C and fed regularly small pieces of shrimp meat. All

observations were performed on specimens which ranged in standard length from

12cm to 14cm.

Anatomical Studies

For structural studies only light adapted specimens were used. After enu—

cleation the eyes were fixed in 2 percent glutaraldehyde in either Millonig

phosphate or sodium cacodylate buffer (pH 7.45 and 7.2, respectively). Then the

retinal tissues were postfixed in 1 percent osmium tetroxide in Millonig phos-

phate buffer and imbedded in Epon 812. Thick and thin sections were obtained

with a Sorvall ~ff—2 ultramicrotome. Photomicrographs were taken with a Zeiss

photomicroscope and a Leitz orthoplan orthoniat compound microscope. Thin sec-

tions were examined with a Philips 201 electron microscope operated at 80 kv.

The dimensions of the photoreceptors were obtained directly from light micro-

scopic observation of thick sections and from electron micrographe of thin sec-

tions.

Visual Pigment Analysis

A visual pigment extract was prepared using 2 percent aqueous digitonin

(w/v, Fisher Scientific Co.) from the retinas of six dark adapted fish. Details

4
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of the extraction procedure are described elsewhere (O’Day and Fernande -~, 1974).

All steps in the extraction procedure were carried out either in darkness or in

dim red light (Kodak filter no. 1) and near 0
0 
C.

Spectral analysis of the extract was performed with a Zeiss PM QII spectro—

photometer in which the cuvette compartment was maintained at 5 ± 1
0 
C. The

visual pigment was characterized by the difference spectrum and according to

the partial bleaching methods of Dartnall (1952) in the presence of O.04M hydro—

,cylamine neutralized with sodium hydroxyde. A 150 watt quartz—iodine lamp

(Ealing) was used to bleach the extract in conjtnction with interference filters

(Balzers B—40, half band width 10mm), and heat filters (Corning no. 3391 and

1cm water). Further information on the color filters is given in the text and

appropriate figure legends . -

Physiological Studies -

Spectral sensitivity measurements were made in eye cup preparations. After

enucleation in dim red light, the frontal half of the eye was removed along with

the lens. Some of the vitreous humor was also removed with filter paper. The

eye cup was then placed on a piece of filter paper in contact with a chlorided

silver wire which served as reference electrode inside a chamber which was main-

tained at 5
0 
C. A second chlorided silver wire was lowered into the eye cup

with a inicromanipulator until it made contact with the vitreal surface of the

retina and served as recording electrode . The electrodes were connected to an

AC— coupled preamplifier (Tektronix 122) which was operated at one second time

constant and 1 kHerz . Further details on the recording procedure as well as

on the characteristics of the photosti mulator are given elsewhere (Fernandez ,

1973). In these experiments the entire retina was stimulated with flashes of

250 macc duration that were administered every three minutes to avoid light

adaptation . The stability of the preparation was monit ored at regular time

intervals by measuring the sensitivity of the retina to a standard flash of
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50m m light. Eyes prepared in this manner remained in good physiological con—

dition for at least six hours.

The relative spectral sensitivity (the logarithm of the reciprocal of the

relative number of quanta required to ellicit a response of constant amplitude)

was obtained in the following manner. The eye cup was stimulated with at least

three different intensities at ten different wavelengths from 403nm to 60m m.

A plot of the response amplitude in inicrovolts versus the logarithm of the

stimulus intensity at each wavelength was used to find the relative energy re-

quired to produce a criterion response of 15 microvolts- amplitude in the height

of the b—wave of the elecr’roretinogram . These values were then expressed in

terms of the relative number of quanta. A total of nine experiments were per-

formed. In seven of them the spectral sensitivity was measured after the retina

was allowed to dark adapt for one hour. In the remaining two experiments the

spectral sensitivity was measured while the retina was exposed to an adapting

light of 60m m. All calculations of spectral sensitivity were performed with

a computer program designed by one of us (D.W.C.) using an IBM 360 computer.

Results

Anatomy and Ultrastructure

The retina of Arctogadus is characterized by well defined layers (Fig 1 ,A

and B). One of its most prominent features is the pallisade of very large cones

in the receptor layer. The cones appear to be exclusively twins and the base

of their myoids is located at the outer limiting membrane (Fig. 1 A). In con-

trast , the rods are considerably smaller and are located at various levels with

respect to the twin cones (Fig. 1 A). Tangential sections at the level of the

cone ellipsoids reveal that twin cones are the only type of cone present (Fig. 2).

The twin cones are arranged in rows which are staggered with respect to each

other. This arrangement produces a cone mosaic in which each twin cone is

surrounded by six of its neighbors in a hexagonal pattern (Fig. 2). Rods are
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TABLE I — PHOTORECEPTOR DIMENSI ONS5OF ARCTOCADUS BORISO VI

RODS CONES
x ( j~m ) Range X ( ~.1m ) Range

rods between 60.8 58 63
Length from synapse to ellipsoids 101.4 94 105

rods betweentip of outer segment 87.9 83 93outer seg .

Length from synapse to 72.8 67 77
oute r segment base

rods between 9.7 7 15
Oute r segment length ellipsoids 28.1 19 30rods between 12.5 10 15oute r seg.

Diamete r of outer 2.9 1.8 4.0  5.2 4 .5  5.5
segment base

3.0 1.8 4.5 5.2 4 .5  5.5

Diameter (X P- ) from l0~ 2.5 1.0 3.3 4.6 3.7 5.1
outer segment base

‘Sii 2.0 0.5 3.0 4 .2  3.5 4.5

Ellipsoid length 6.0 4.5 8.2 23.8 22 27

across
single 11.4 10.3 12.7
widthMaximum ellipsoid 3.0 2 .2  3.5 acrossdiameter double 14.5 13.6 15.3
width

outer 0.6 0.5 0.7
Mitochondria 1.2 0.5 1.6 edges
diameter near 1.3 1.1 1.5center

Nucleus length 6.3 4.9 9.1 10.6 9.1 12.7

Nucleus width - 2 .3  1.5 3.3 4 .2  3.6 4.5

Synapse length 4.3 2 .4  7 .3  8.3 7.8 9.5

Synapse width 2.2 1.1 2.5 8.8 7.4 13.1

a) each mean value is based on ten measurements

_  
___ 
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located in the inte rst ices between the cones and are not arranged in any special

pa t t e rn (Fig. 2 ) .  Table 1 summarizes the main dimens ional characteris t ics  of

rods and twin cones. Receptor density was estimated from receptor counts in

tangen t ia l  sections at various levels of the receptor layer . There are about

8,400 cones/mm 2 and 14 ,600 rods/mm
2 of re t inal  surface.  Thus there is a rat io

of cones to rods of 0 .57.

Rod s

Rod oute r segments vary markedly in u ltras t ructura l  appearance and in over-

all dimensions (Table t , Figs . 3 and 5). Outer segment disc membranes appear

compact in some and loosely organized in others (Fig. 3), while in tangential

sections , oute r segments ~isually appear ir regularly shaped (Figs 2 and 4 ) .  The

inner and outer segments are much smaller than those of the twin cones (Table I- ,

Figs . 4 , 6 and 7) ,  In many sections a basa l bod y and lateral sacs can be

readily seen (Figs . 5 and 6) .  The ellipsoid contains few but large mitochondria

which f i l l  complete ly the cytop lasmic space in this reg ion of the cell (Figs. 3

5, 6 and 7) .  Mitochondrla vary considerably In shape and the membrane prof i les

are thin (Figs . 5, 6 and 7) .  At their vitreal end the ellipsoids taper rapid ly

Into a myold which assumes various lengths . Many microtubules are present in

the cytopla sm In this region (Fig. 7) .  Rod nuclei are also smaller than those

of cones (Table j ,  Fig. 8) and their nuclear mater ia l  appears very dense , ma in l y

as hete rochromat in . The perinuclear space between outer and inner membranes of

the nuclea r env elope is gr ea t l y enlarged in these cells; Slender cytop lasmic

bridges traverse this gap and are associated with  nuclea r pores (Figs . 8 and 9) .

In radial sections throug h the outer nuclear layer , the rod nuclei appear ar-

ranged in columns bounded on the sides by twin cones (Figs. 8 and 11).

Cones

Random samp ling of different regions of the retina revealed that only large

twin cones are present .  The members of each twin cone appear s imilar  in every

8
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respec t and are in close apposition to each other along the v i t real  end of t h e i r

outer  segments , ellipsoids and nuclear regions .  In t angen t ia l  section , the outer

segments appear almost circular and near the j unc t ion with  the inner segment

they are surrounded by calical processes (Fig. 3 , inse r t )  Cone e l l ipsoids are

very lar ge (Table I , Figs. 4 and 7) and exhibit  many interest ing u l t r a s t r u c t u r a l

character is t ics .  For examp le , hi ghly concentrated and i rregularl y shaped mito—

chond ria f i l l  most of the cytop lasmic space with  the exception of a narrow band

of cytoplasm which separates them from the p lasma memb rane (Fig. 4 ) .  With  the

exception of those mitochondria which are located in the periphery,  the more

central ly located have very dense membrane profi les  (Figs. 4 and 6) .  Each mi to—

chond rion appears to be contained within a double membrane network (Fi g. 6 . inse r t ) .

Furthermore , close examination of the membr~ ne prof i les  where the two ellipsoids

are juxtaposed also reveals the presence of subsurface membranes which form a

flattened membrane 3ac in each cone cell. The subsurface membranes are found

adjacent to and parallel to the plasma membrane along the entire length of the

ellipsoids (Fig. 4 , inser t ) .  Tangential and radial sections through the myoid

also show finlike extensions of the plasma membrane (Fig. 10) . The ext racel lu lar

space bet ween the f ins  is mostly occup ied by slender processes from Mu l le r  cells

Most cone nuclei lie jus t  below the outer l imit ing membrane . They are large

and elongated in shape (Table I , Fig . 8). The nuclear material  appears dispersed

mainly as in the euchrochromatin state. In addit ion , the perinuclear space is

much reduced and many cytop lasmic bridges traverse it (Figs. 8 and 9). The sur-

round ing cytoplasm contains an extensi~~ endoplasmic reticulum network with

many cisternae which appear to be preferentially alligned with the longitud inal

axis of the cell. Also alligned in similar manner are numerous microtubules and

microf ilaments (Fig. 9).  In contras t  to the ellipsoid region the p lasma men—

branes where the two cells are juxtaposed are very close to each other and there

9



are no subsurface membranes associated with them (Fig. 9).

At their scieral ends , both rod s and twin cones are in close contac t with

a well developed p igmen t ep ithelium. In these ligh t adap ted prepara tions , the

pigmen t epithelium cells contain rod shaped melanosomes which are concentrated

sclerally to the cone outer segment tips and portions of phagocytosed outer

segments wi thin large phagosomes (Fig. 7, insert).

Photoreceptor Terminals

Cone ped icles are read ily dis t inguished from rod spherules on the basis of

several characteristics (Table I, Fig. 11 and 12). Pedicles usually terminate

more vitreally and in some sections appear paired . They are furthe r distinguished

from spherules by their greater cytoplasmic density , higher concen t ra tion of

presynaptic vesicles, greater number of presynaptic ribbons and more comp lex

post synaptic ultrastructure (Figs. 11 and 12).

Visual  Pigment Analysis

Seven bleaching experiments were carried out in 0.04M hydroxy lamine. In

three experiments , samples of the extract were bleached comple tel y with a sing le

light exposure of wavelengths longer than 560nm (Corning filter 3480). Three

other samples were bleached in succeasive stages with ligh ts of 664nm , 639mm ,

618mm , and 506nm , in that order . The first three exposures yielded d if f e r ence

spectra with maximum absorbance loss near 503nm. The last exposure , however ,

yielded a d ifference spectrum that was shifted towards shorter wavelengths and

with a maximum near 500mm . A seventh experiment was performed which is shown

I n Fig. 13 and illustrates the observed phenomenon . In this experiment , af ter

an ini tial measuremen t of the absorbance spec trum , the extrac t was exposed for

3.5 hours to a light of 639mm. The spectrum was measured once again and the

extract was bleached completely with a light of 506mm , The resulting differ-

ence spec tra (Fig. 13, cIrcles and triangles respectively) are compared with

the spectrum for VP SO3~ (Fig . 13 , solid line) from the nomogram of Darnall
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(1953). Inspection of the figure indicates that the difference spectrum pro-

duced by the 639nm ligh t agrees well wi th the nomogra m spectrum while that

produced by the 506nm light is disp laced towards shorter wavelengths . In this

exper iment the exposure with 506mm represented 17 percent of the total ab—

sorbance change at 503mm . Figure 14 (circles) shows the averaged normalized

difference spectrum for the seven experiments. The solid line Is the normalized

spec trum for V.P. 503
1 

from the nomogram of Dartnall (1953). The agreement is

quite good. Finally, the endproduct in every bleaching experimen t absorbed

maximally near 367nm and identifies the oxime of retinal.

Spectral Sensitivity

Spect ral sens i t iv i ty  dete rminations were made in seven dark adapted eye cups;

figure 15 (circles) illustrates the averaged results. The sensitivity maximum

is rather broad extending from 480mm to 540mm . Beyond this range the sensitivity
I

fa l l s  rapidly . The dark adapted spectral sensitivity is compared with the spec-

trum for VP 503
i 

assuming a visual pigment absorbance in the retina of 0.39

(Fig. 15, solid line). There is good agreement between the two sets of data at

wavelengths shorter than 520nm.

In two additional experimen ts , the spect ral sensitivity was measured while

the eye cup preparation was illuminated with a constant background of 60 1mm.

The intensity of the adapting light was adjusted so that the sensitivity at

SOlnm was depressed an average of 1.35 log units; the results are shown in

Fig. 16. The spectral sensitivity curve now consists of two well defined maxima,

one near 460nm and another near 540mm .

Discussion

The present anatomical studies ind icate that the retina of Arctogadus bears

a strong resemblance to other gadid retinas , particularly those species which

are predatory and which live in bright  photoenvironments (Walls , 1942; Engstrom ,

1961, 1963; Ali and Hanu ’, 1963; All et al., 1968 ; Au and Wagner , 1975). In

other gad id species the retinal layers are well developed and even though both
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rods and cones are present , the cones appear to play a dominant role. Further-

more, the cones form a well defined mosaic and in addition to single cones, these

retinas contain double and twin cones. In the case of Arct ogadus all these

features are present with the peculiarities that the cones are exclusively twins

and the receptor mosaic has a hexagonal pattern .

There are no previous reports on the ultrastructural characteristics of

gadid retinas and there is only one earlier report which discusses twin cone

ult ras t ructure  (Borwein and Hollenberg, 1973) in a nongadid teleost. The present

findings indicate that there are strong similarities in ultrastructure between

the photoreceptors of Arctogadus and those of nongadid species which have been

previously studied . For e~cample the mitochondria in the twin cone ellipsoids

have membrane profiles which resemble those of Lebistes reticulatus (Berger ,

1967 , Borwein and Hollenberg, 1973). Esox lucius (Braekvelt, 1975), Anableps

anableps, Stizostedion vitreum and S. canadense (Z ysnar and All, 1975) and

Fundu lus heteroclitu s (Anctil and All , 1976). These mitochondrial specializa-

tions enable the co ne el lipsoids to funnel incoming light rays onto the photo—

receptor outer segments. In some fishes (Berger , 1966; Borwein and Hollenberg ,

1973; Arnott and Best, 1973; All and Anctil, 1913) the initochondria fur ther  spe-

cialize Into oil droplets , however , this does not occur in Arctogadus. The mem-

brane network which surrounds each individual mitochondrion is similar to that

in Esox lucius (Braekvelt, 1975) and subsurface membranes in the cone ellipsoids

have also been reported in double cones of Lebistes reticulatus (Berger, 1967) .

Calical processes in cones and lateral sacs in both rods and cones have been

described in many other species of teleosts (Engetrom , 1961, 1963; Stell, 1965;

Dathe, 1969; Locket, 197 la , 1971b; Borwein and Hollenberg, 1973; Fineran and Nicol,

1974; Fredericksen, 1976; Hunk, 1977). Finally, finlike extensions of the

plasma membrane in the myoid region have been found in some labrid fishes (Fine-

ran and Nicol, 1974), Anabieps anableps (Borwein and Hollenberg, 1973) and Scho—

12
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pelarchus guntheri (Locket, l97l b )~

There are marked differences in ultrastructure between rods and twin cones

of Arctogadus. The twin cone inner segment , nuclear region and synaptic ter-

minals have a general appearance which is usually indicative of cells with

high metabolic activity. This is supported by the preponderance of euchromatin

In the nuclear material, the presence of numerous cytoplasmic bridges which

connect the nucleus with surrounding cytoplasm, an elaborate endoplastnic

reticulum network and many microtubules and microfilaments. The cytoplasm in

the cone pedicles is also more dense and contains a greater number of presynap—

tic vesicles and ribbons.

Identity of the Visual Pigments

Dartnali and Lythgoe (1965) and Beatty (1969) have extracted and identified

ten visual pigments from nine gadid species. In eight species only one photo—

pigment was found ; their absorption maxima ranged between 485mm and 500mm . In

the lake dwelling species Lota iota Beatty (1969) found two photopigments with

respective maxima at 523nm and 527nm. All these visual pigments have retinal

as chromophore with the exception of the 527nm photopigment of Lota lota which

has 3—dehydroretinal; all are presumably of rod origin.

In Arctogadus extracts there appears to be a mixture in. which the main

component absorbs maximally at 503nm. When the absorption spectrum of this

photopigment was compared with the spectral sensitivity in the dark adapted

state (Fig. 15) and assuming a retinal absorbance of the photopigment of 0.39

(Witkovsky et al., 1973), there is good agreement between them at wavelengths

shorter than 520nm. This suggests that the 503nm pigment is the main rod

pigment in the retina of Arctogadus. In addition to this pigment however , there

seems to be at least one more photosensitive component in the extrac t but it

is present in very small concentration. Even though its absorbance spectrum
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could not be determined , it must lie at shorter wavelengths than the 503mm pig-

ment because onl y li ghts of relatively short wavelengths caused d i f fe rence

spectra with max ima different from 503nm. At present , one can not exclude the

possibility that this is a second rod pigment , however , the spectral sensitivity

of retinas adapted with 60m m light clearly shows a distinc t maximum near 460nm.

This maximum most probably represents a blue sensitive cone and thus the blue

sensitive photopigment might represent the visual pigment of this type of cone.

Although generally cone pigments are not amenable to conventional methods of

extraction, Munz and McFarland (1975) have recently presented evidence which

indicates that some extracts from teleost retinas contain cone visual pigments.

Spectral Sensitivity -

The dark adapted retina of Arctogadus has a very broad spectral sensitivity

maximum (Fig. 15). When the sensitivity spectrum is compared with the spectrum

of V.P. 
~~~~ 

assuming a retinal density of 0.39 (Witkovsky et al., 1973), there

is good agreement between them at wavelengths shorter than 520mm. At longer

wavelengths they differ markedly from each other. This discrepancy could be

due to a contribution by the eones to the spectral sensitivity in the dark

adapted retina. There have been earlier reports (Burkhardt, 1966; Witkovsky,

1968) which indicate that in some teleosts the spectral sensitivity in the dark

adapted state is much more sensitive to long wavelengths than would be predicted

by the spectrum of the rod pigment present in them. The difference has been

attributed to a contribution by the cones. In contrast to these observations,

in other teleost species there appears to be a good match between the rod vi-

sual pigment spectrum and the scotopic spectral sensitivity (Easter and Hamasaki,

1973). In Arctogadus the anatomical evidence indicates that the retina is not

only relatively rich in cones (cone/rod ration of 0.57) but that the cones by

virtue of their greater dimensions occupy a larger proportion of the retinal sur-

face. Thus it is conceivable that even in the dark adapted state they may be

14 

- . . 
- 

- 
- - - - - ~~~~~~~~~~~~~~~~~



involved in determining sensitivity. In addition , selective adaptation experi-

ments indicated that by only depressing the sensitivity 1.35 log units from the

dark adapted state, the spectral sensitivity curve underwent a marked change in

shape, which can only be attributed to a shift from a rod dominated to a cone

dominated condition . In the latter condition the spectral sensitivity has two

distinc t maxima near 460mm and 540mm and they probably represent the maximum

sensitivity of two different cone types. The present results cannot exclude

the possibility that there might be other cone types although that seems un-

likely, nor can they determine the spectral characteristics of each cone cell.

However, Harosi and McNichol (1974) and Stell and Harosi (1976) have reported that

in goldfish double cones one member is green sensitive while the other is red

sensitive. There is no previous evidence for spectrally -pure double or twin

cones and thus it is possible that in Arctogadus twin cones the two members are

also spectrally different .

- 
Finally, there remains the question of the relation- between anatomical and

functional properties of this retina to the: photic environment and mode of life

of Arctogadus. Recent measurejnent of the spectral distribution of light beneath

sea ice in Barrow, Alaska (Maykut and Grenfell , 1975) indicates that the pre—

ence of ice and in particular such factors as ice thickness and age, snow cover ,

and presence of an algal layer in the ice displace the wavelength of maximally

transmitted light to the green region of the spectrum . In Arctogadus the scotopic

spectral sensitivity is rather broad and its maximum fits fairly closely the wave—

lenth range of maximally transmitted light below the ice. Furthermore , the

anatomical characteristics of the retina are in accord with features found in

other predatory species, namely well def ined retinal layer s, a strong representa—

tion of cones (in this case twin cones), and a well developed retinal mosaic.
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Figure Legends 

- - -

Fig. 1. Radial section of the Arctogadus retina

A — Receptor layer , i -
~ rods and cones, ii — outer limiting membrane ,

iii — outer nuclear layer. (500X)

B — Continuation of the same section showing central regions of the
retina . iii — outer nuclear layer , iv — outer plexiform layer ,
v — bipolar and horizontal cell bodies , inner nuclear layer ,
vi — inner plexiform layer 1 vii — ganglion cell layer. (SOOX)

Fig. 2. Tangential section at the level of twin cone ellipsoids. Twin cones
form hexagonal cellular arrays of adjacent rows. The ellipsoids (cyto—
plasmic) membranes of twin cone pairs show an increase in complexity
at the twin juncture. Rod outer segments (arrows) occupy the inter-
stices between twin cones. (SOOX)

Fig. 3. Radial section through the outer segments of the Arctogadus retina .
Rods appear at various levels in relation to the twin cones (T).
Note the loose appearance of the rod outer segment disc membranes.
In comparison , twin cone outer segment membranes appear more compact.
Lateral sacs course alonside rod and cone outer segments , (arrows).
(4000X). Insert — Twin cone outer segments in tangential section near
their base. Note the calical filaments In cross section which partically
surround each outer segment (arrows). (3000X)

Fig. 4. Tangential section through a twin cone ellipsoid . Mitochondria increase
in size from the cell periphery Inwards. The largest mitochondria lie
next to the subsurface membrane complex (Sm) . A peripheral band of
cytoplasm surrounds the ellipsoid . Section passes through rod outer
(ro) and inner (ri) segments. In some rod inner segments the basal
body is clearly visible. (6,650X) -

Insert — shows the subsurface membrane complex of a twin cone ellipsoid .
(35 , 000X)

Fig. 5. Radial section showing rod outer segments and inner segment ell ipsoids
(re) as well as myoids (tm). Note the irregular size of the mitochondria
and the presence of basal bodies (b) in rod ellipsoids. Rod ellipsoids
taper rapidly into elongated myoids which are filled with microtubules.
(l9,000X)

Fig. 6. Radial section through rods and cones illustrates the difference in their
ultrastructure. Basal bodies (b) commonly seen In rod inner segments
were never observed in twin cones. Twin cone mitochondria have dense
membrane profiles and appear surrounded by a membrane matrix (insert ,
43 ,000X). Mitochondria of rods are more polymorphic and lack comparable
matrices. Both rods and cones exhibit cytoplasmic extensions of inner
segments (arrows) in the form of calical processes (Cones) and lateral
sacs (rods and cones). (l4,000X)

Fig. 7. Twin cone ellipsoid in radial section. The subsurface membrane complex
extends along the entire length of ellipsoid region . (3450X)
Insert — Portion of the pigment epithelluin cell which contains rod
shaped melanosomes and phagosomes, (p). (5950X)
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Fig. 8. Radial section throug h the scleral end of the outer ruclear layer. Rod
(rn) and MUller cell (M) nuclei are arranged in column s between cones.
All rec’~ptor nuclei lie ritread to the outer limiting membrane (ol).
(3275X)

Fig. 9. Radial section throug h the outer nuclear layer at higher magnification .
Chromatin material is mainly in the euchromatic state in twin cone nuclei
(cn) and in the heterochromatic state in rod nuclei (rn). The pen —
nuclear space appears enlarged in rods when compared to cones and cyto—
plasmic brid ges connec t the nucleus with surrounding cytop lasm at the
area of the nuclear pores (arrows). In twin cones the cytop lasm Is
filled with smooth and rough endoplasmic reticulum as well as micro—
filaments and microtubules. Note the distinct appearance of a MUller
cell nucleus (M). (8000X)

Fig. 10. Radial section showing the juction between the ellipsoid and myoid re-
gions of a twin cone. The section shows cytop lasmic extensions of a twin
cone at the level of the ellipsoid/myold j unction . The extensions are
separated by spaces filled with MUller cell processes (arrows).
(47 OOX)

Fig. 11. Radial section 1~llustrating the relative position of photoreceptor nuclei.
Cone ped icles (ct) are located vitread to rod spherules (rt). Note
the complexity of horizontal and bipolar cell processes which inter—
digitate with cone terminals. In contrast rod spherules contain fewe r
invaginations. Variations in cytoplasmic density between them are also
clearly visible. (3800X)

Fig. 12. Radial section of a cone pedicle (ct) and adjacent rod spherules (rt).
Note the greater complexity, number of presynaptic ribbons and density
of presynaptic vessicles in the cone pedicles. (7375X)

Fig. 13. Partial bleaching of an alliquot of digitonin extrac t from Arctogadus
retinas. Filled circles represent the difference spectrum which re-
sulted when the extrac t was bleached with a light of 639nm for 3.5
hours, while the triangles represent the resulting difference spectrum
when the extract was subsequently bleached with a light of 50lnm for
15 m m .  Solid line is the spectrum for VP 503

1 
(Dartnall , 1953) .

Fig. 14. Comparison of the averaged difference spectra with the nomogram spectrum
of VP 503 . The filled circles represent the average of seven exner-I—
ments, while the solid line is the nomogram spectrum (Dartnall , 1953).

Fig. 15. Averaged scotopic spectral sensitivity determined from seven experiments
(filled circles), vertical bars indiacte the 95% confidence limits.
Solid line represents the logarithm of relative absorption of VP 5O3~(Dartnall , 1953) computed for a maximum optical density of 0.39 in tfie
retina. The expression in the right hand y—axis is the formula for the
logarithm of relative absorption.

Fig. 16. Averaged spectral sensitivity determined from two experiments in which
the eye cup preparation was continuously exposed to an adapting light
of 60m m. The adapting light depressed the sensitivity 1.35 log units
at 50lnm. Vertical bars indicate the 95% confidence limits.

18
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4— Adaptations of the energy storage mechanisms , particularly the storage of
lipids.
Lipid composition of three species of arctic amphipods. by Mr. Philip Oshel.
The present investigation by Mr. Oshel, during the time of the contract , has
focused on the analysis of the fatty acid composition of phospholipids in
three species of arctic amphipods.
In this investigation specimens of three speceis of amphipods (Pseudalibro—
tus littoralis, Gammarus locusta and Anonix nugax) were collected over the
period of one year . Total lipid extracts were prepared by the Folch method
for lipid extraction . The first phase of the work consisted in the separation
of the var ious lipid classes by two stage thin layer chromatography. From this
separation, the phospholipid fraction was taken an after hydrolysis and subsequent
meth ylation , the fa t ty  acids composition was analysed by liquid gas chromatography.
Sample records of the chromatograms are shown as Figs. 1 ,2,and 3.

• Inspection of the chromatogram reveals a rather unusual fatty acid pattern .
In all three species there is a high proportions of very low chain and very
long chain fatty acids. Middle range fatty acids, those with carbon chain lengths
of 14 to 18 are in very small concentration. The fatty acids were identified through
the use of standards and by the retention time. A high degree of unsaturation
in the carbon chains was found, suggesting an adaptation of the molecular compo-
sition of the membranes to ambient low temperatures. Eventhóugh there was va-
riation from one species to another in tha actual identity of the fatty acids ,
there is a general pattern which the three share. That is that the chains tend
to be mostly unsaturated and-of great length when compared to species of lower
latitudes. Further investigation of these lipids is being carried out presently.
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